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Calculation of Raman parameters of real-size
zigzag (n, 0) single-walled carbon nanotubes
using finite-size models+

Teobald Kupka,** Michal Stachow,® Leszek Stobinski® and Jakub Kaminsky*©

Structural and selected Raman features of pristine single-walled carbon nanotubes (SWCTNs) with
diameters from 0.4 to 1.2 nm and total lengths up to 2.15 nm were studied using the density functional
theory (DFT) at the UB3LYP/6-31G* level. Models of different lengths (1, 4, 6 and 10 adjacent bamboo-
units) of zigzag (n, 0) SWCNTSs, for n ranging from 5 to 15, were studied. Highly systematic changes of
individual CC bond lengths and angles along the nanotube axis were observed and described for the
longest models. Predicted Raman active radial breathing mode (RBM) vibrational frequencies regularly
decreased upon increasing the nanotube diameter and only a negligible effect of the tube length was
observed. The changes in calculated RBM frequencies with increasing diameter were close to values
estimated using empirical formulas. The experimental G-mode characteristics were reasonably well
reproduced using the 4-unit model, especially for tubes with the diameter d > 1 nm. Raman features
were also determined for cyclacenes representing the shortest models of SWCNTs. Calculated RBM
frequencies of cyclacenes match closely the values for longer SWCNT models but are too inaccurate in
the case of the G-mode. For the first time, the Raman properties of SWCNTs were also determined
using the Cartesian coordinate tensor (CCT) transfer technique, thus providing reasonable frequencies of
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Introduction

Carbon nanotubes'™ together with fullerenes® and graphene,’
new allotropes of ordered carbon, have attracted enormous
attention>° causing a “golden rush” in nanotechnology.” One of
the most important structural parameters characterizing carbon
nanotubes is their diameter typically ranging from ~ 0.3 to tens of
nanometers.>®*® Apart from SWCNTSs stabilized by confinement,
no freestanding ultranarrow carbon tubes have been observed
so far.®'>171922 Begides standard SWCNTSs, pristine, as well as
functionalized carbon nanotubes, is produced nowadays repre-
senting thus integral parts of basic research or industrial
applications.”**"* Single-walled carbon nanotubes of different
diameters are able to hold various small molecules in their
inner space and could thus serve as pots for chemical reactions
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Raman active bands for long tubes consisting of 10 bamboo-units.

in very small dimensions® or as reservoirs for encapsulated
small molecules.”®*™°

The energy gap E, (in eV) between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) is important in terms of potential practical
applications of carbon nanomaterials.*"**> For example, the
electrical conductivity of SWCNTs is related to their E,, diameter
and chirality.* Originally, (1, m) tubes with 4 = mod(n - m, 3) = 0
were considered as metallic,>® however, due to the curvature
effects and s-p hybridization in extremely small-diameter
SWCNTs, the rule is broken and, e.g., the (5, 0) SWCNT is
considered metallic according to theoretical predictions.** Thus,
the relationship between the diameter, chirality and E, is of great
interest, especially in terms of borderlines between metallic
and semiconducting nanotubes. Nevertheless, dividing (1, m)
SWCNTs into families according to their 2 = mod(n - m, 3) value
is still generally valid and will also be used in this work.

Our earlier theoretical modeling studies on linear acenes,
cyclacenes and finite SWCNTs showed a sensitivity of E, to the
size (length or diameter) of the studied system.*>*® Furthermore,
E, converged in a regular and smooth (exponential-like) way
toward values close to zero upon extending the length of
polyacenes (linear polyaromatic hydrocarbons***®), which are
considered to be fragments of infinitely wide nanotubes.
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The convergence was less regular and more scattered in the
case of growing cyclacenes (in terms of their diameter).***® It is
generally accepted that the chemical reactivity of such molecular
systems decreases with the increase of their E, value.’”** For
example, a very small E, value of longer polyacenes is related to
their high reactivity reflected by difficulties in experimental
synthesis.’® It is known that benzene and the first homolog
members of linear acenes (naphthalene, anthracene, tetracene
and pentacene) are stable, planar molecules well characterized
experimentally, and the next longer homologues are getting
more and more reactive.’***> Their electronic structure and
reactivity are related to open-shell ground states.*> Nanocarbon
compounds are very important in electronics as ‘versatile
organic semiconductors” and their practical use is possible due
to various substituents stabilizing the “core” of the molecule.*?

In contrast to linear acenes, sometimes called oligoacenes,***!
no zigzag type cyclacenes have been known experimentally.>*"*%*
Interestingly, the concept of belts formed by [n]-cyclacenes was
proposed by Heilbronner in the middle of the last century.*® As
in the case of longer acenes, the cyclacenes are characterized by
open-shell singlet ground states.”

The energy gap of SWCNTSs is inversely proportional to their
diameter.”” E, values of about 3.17, 1.27 and 1.14 eV, respec-
tively, were recently modeled for three (n, 0) zigzag cyclacenes
(n = 4, 6 and 8).>° Obviously, upon enlarging the tube diameter
these structures converge toward nearly non-curvy systems with
a flat surface, typical for graphene with the limiting value of
E, = 0. At the same time, we observed a smaller E, value of
1.08 eV for a (4, 0) zigzag nanotube consisting of 5 bamboo-
units, which was substantially smaller than the E, obtained for
the corresponding (4, 0) cyclacene (i.e. the shortest tube with an
analogous diameter).

Unlike typical chemical synthesis, which is prone to produce
a desired product (preferably a single chemical compound
with only a small amount of side-products), ordered carbon
systems are obtained as a highly non-uniform mixture of
slightly different products accompanied by amorphous carbon
and often also metallic impurities from the catalyst.* Thus, it is
difficult to separate individual products, for example carbon
nanotubes or fullerenes, of desired characteristics. Besides,
any kind of characterization of various nano-products is very
challenging and relies mostly on microscopic examination
(AFM™), often supported by X-ray diffraction or UV-VIS or NIRF
spectroscopy.® Their purity is typically determined using
thermogravimetric analysis. Another method used in examining
the CNT and graphene products is Raman spectroscopy that
often supports X-ray and microscopic determination of SWCNTSs’
structural parameters.*%>'77

In general, there are two main features in the Raman spectra
of carbon nanotubes: the radial breathing mode (RBM) and
tangential mode vibrations that form the so-called G-band.
It has been observed that the RBM (4,, symmetry) can serve
as a convenient parameter for the determination of the tube
diameter as the frequency is inversely proportional to the
tube diameter.>'**'7>%3% A general relationship between the
RBM frequency (wgpym in ecm ™) and the nanotube diameter
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d (in nm) can be defined for a common SWCNT of selected
chirality as:*”*9%*
V18|

C1
[0} = +o=—+0 1
RBM ac_c+/3(n* + nm + m?) d (1)

where the carbon-carbon distance ag_¢ = 0.144 nm, ¢; and ¢,
are empirically derived parameters (223.5 and 12.5 cm
respectively) and n and m are integers that define the diameter
of zigzag (n, 0) or armchair (n, m) carbon nanotubes. Several
other empirical formulas can also be found:®>

248
WRBM = 7

or

219
WRBM :7

+15

Since the RBM decreases with increasing tube diameter and
the RBM in the limit of infinite diameter yields unrealistic
frequencies, more sophisticated formulas based e.g. on a cubic
expansion have been reported.®® Note that in the low frequency
region there are two other bands (E;, and E,, symmetry) structu-
rally related to the diameter, e.g. the elliptical deformation
mode (EDM),** and similar formulas to eqn (1) can be defined
for those modes.**

The second most important Raman feature of SWCNTs, the
G-band, is related to the graphite E,, mode. This vibration
splits in SWCNTs theoretically into six modes, corresponding
to pairs of the A, E;; and E,, symmetries. The folding of the
Brillouin graphite zone into a 1D SWCNT zone causes the
splitting of the E,, mode. The symmetry of the system thus
lowers and two new directions (axial and circumferential)
can be distinguished.’®*> The shape of the G-band between
1500 and 1600 cm™' allows distinguishing between semi-
conducting and metallic nanotubes. Two differently intense
peaks are usually observed within the G-band region of semi-
conducting SWCNTs. The lower-frequency Lorentzian-shape
band wg (~1550 cm™') corresponds to vibrations along
the circumferential direction, while the higher band wg
(~1590 cm™ ") belongs to vibrations occurring along the tube
axis. The metallic tubes exhibit the wg~ band fitted with a
Breit-Wigner-Fano line shape®®®” and with comparable inten-
sity as the usually dominant ¢ band. Regarding the type of
vibration involved, it is obvious that wg is not much dependent
on the tube diameter, while wg exhibits the strong dependence
on the curvature, and hence on the diameter. There are also
other bands in the higher frequency region corresponding to
combination modes of the G-band and RBM or 2xRBM, respec-
tively, which are weak though.

Technical demands in materials science also stimulated
theoretical studies on carbon nanomaterials. In particular, many
DFT based studies on structural parameters, energetics or spectral
properties (mainly NMR) of SWCNTs have been reported.*®%%7*
Despite the fact that the Raman scattering is one of the
most common methods investigating SWCNTs experimentally,
theoretical studies on Raman characteristics of nanotubes
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using the first-principles methods are still rather rare. Popov
et al. using the tight binding approach studied Raman features
of pristine nanotubes.”>”® Aydin using the plane-wave based
density functional theory modeled Raman spectra of single- or
double-walled carbon and boron-nitride nanotubes, as well as
18,6364 Recently Saidi focused on the simula-
tion of Raman characteristics of defected carbon nanotubes
using the first-principles methods.””””® Recently, we reported
on the impact of -OH and -COOH carbon nanotube end-
substituents on structural changes, RBM, **C chemical shifts and
HOMO-LUMO gaps of ultra-thin (4, 0) zigzag SWCNTs.****®*> No
detailed studies on the prediction of RBM and G-band frequencies
of large (n, 0) zigzag cyclacenes as the shortest models of SWCNTs
have been published yet. There is an open question if the theore-
tical RBM and G-band frequencies of cyclacenes could accurately
substitute these spectral features in SWCNTs with diameters larger
than 0.5 nm. Besides, what is the nanotube length, i.e. the minimal
number of bamboo-units, enabling reliable reproduction of experi-
mental RBM or G-band parameters?

The aim of the current study is to answer the above stated
questions. Thus, we will verify the possibility of reliable theoretical
prediction of structures, energetics and Raman vibrational
frequencies of real-size (n, 0) zigzag SWCNTs using models of
cyclacenes and nanotubes of different diameters and lengths.
DFT characterization of finite-size fragments of selected carbon
nanotubes with lengths up to 2.14 nm and diameters up to
1.2 nm will be performed. We estimate the rim effect of
hydrogens in our pristine models and show the dependence
of the studied parameters on the model length. In particular,
the potential use of cyclacenes,®>%%%3% a5 the shortest and
simplest models of SWCNTs, will be discussed.

The DFT is considered as a fairly good method for predicting
vibrational wavenumbers. It overestimates experimental values
significantly less than the Hartree-Fock method, especially for
the C-H, N-H and O-H stretching modes.®*®® The Ilatter
method could produce 5-10% errors. It is significantly more
difficult to calculate accurate vibrational intensities. Therefore,
in the current study we will limit our predictions to the RBM
and G-band frequencies.

The obtained results should provide a reasonably accurate and
time-effective way for predicting spectral features of end-
functionalized SWCNTs,>**%%% and chiral nanotubes or conjugates
of nanotubes with biomolecules (e.g. hyaluronic acid-nanoparticles
for medical applications) where the standard periodic calculations
are not feasible due to the large system size (large unit-cells
necessary for the periodic-boundary calculations).

their derivatives.

Computational details

Two distinct model systems were chosen: (n, 0) zigzag type
cyclacenes and finite length (n, 0) zigzag SWCNTs (Fig. 1).
These models were constructed from a single benzene ring
joined with next ones to form closed molecular loops (belts,
bamboo-units) and by systematically increasing their diameter
from 0.4 to 1.2 nm (see also ref. 35, 39, 83, 84). SWCNTs of three
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Benzene

Fig. 1 Benzene as a basic building block of (n, 0) zigzag cyclacene belts
(n = 5-16) and (n, 0) zigzag SWCNTSs formed by 10 cyclacene belts (n = 5-9).

different lengths were constructed consisting of 4, 6 and
10 bamboo-units with the longest size of 2.14 nm. Obviously,
one should be aware that typical real-size SWCNTs are still
significantly longer. Nevertheless, the diameter of our models
is of comparable size to experimentally observed narrow carbon
nanotubes.

All DFT calculations for finite size models were performed
using the Gaussian 09 program.’’ A hybrid B3LYP density
functional®®®* combined with the 6-31G* basis set was used.
The unrestricted approach (UB3LYP®*) was used for the better
description of open-shell singlet states in polyaromatic systems
(see also our earlier study®®). Optimizations were carried
out using the loose symmetry, tight SCF and optimization
thresholds, and the grid-size of 150590. The calculations of
vibrational frequencies, including harmonic and Raman active
frequencies, for all optimized geometries (confirming also the
minimum on the potential energy surface), were performed at
the same level of theory.

Alternatively, for 10-unit (n, 0) SWCNTs with n > 9, where
the fully DFT approach appeared to be computationally too
demanding, the Raman frequencies were obtained by the
Cartesian coordinate tensor (CCT) transfer’® using the library
comprising seven shorter pristine nanotubes (Fig. 2). From the
target 10-unit SWCNT structure, shorter fragments containing
4 bamboo-units were generated along the entire tube by its
fragmentation. The Cartesian Hessian (second energy deriva-
tives) and polarizability tensors were transferred atom-by-atom,
according to the local best overlap of the target 10-unit SWCNT
with the library geometries. Then the Hessian was diagonalized
and vibrational normal modes thus obtained were combined
with the polarization tensors to provide the backscattered
Raman intensities.’® Parameters for shorter library tubes were
obtained at the B3LYP/6-31G* level of theory. Note that although
the polarization tensors and the Hessian were calculated using
the Gaussian program, any other available program providing
these characteristics (e.g. Dalton, Orca, Turbomole, etc.) could be
basically exploited if it provides explicitly the Hessian matrix Fi,g
and the polarizability tensors o,p.

The CCT approach has been shown as an efficient way
for simulating the vibrational spectra of large molecules®” or
very flexible systems.’®® This method is based on an idea of a
molecule being a system of individual groups each having a
dipole moment, electric dipole-electric dipole polarizability,
magnetic dipole-electric dipole polarizability, etc."® For the
Raman tensors (polarizability derivatives) mutual interactions

This journal is © the Owner Societies 2016
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Fig. 2 Schematic description of the tensor transfer CCT approach: for
each atom 1 of a real-size nanotube (left, grey), the tensor derivatives (e.g.,
of polarizability «) were transferred from shorter tubes (right) providing the
best local overlap. The force field (second energy derivatives) comprising
two atoms was transferred similarly.

between groups need to be considered even in the independent
group model. Then, molecular properties are written using a
common origin, while the group properties are considered in
terms of local origins, in order to derive the dependence
between groups. The total tensors are then expressed as
sums of individual group contributions accounting for both
origin-dependent terms and mutual polarization terms. Only
the electric dipolar interaction is taking into account the
mutual polarization terms. Thus, the polarizability tensor can
be expressed as:'"' aup =3 tliop + O iy Tijyedicp, Where
i j#i

the tensor T;;,p is the distance tensor defining the mutual
positions of interacting groups.

The energy gaps (Ey) for optimized structures were derived
from energies of the HOMO and the LUMO. Estimations of
selected parameters of finite-size models of infinitely long
tubes (or very large diameters) were performed using a typical
two-parameter formula,'®” which is efficient in estimating
electronic energies and energy related parameters in the com-
plete basis set (CBS) limit.'**>"%?

Additionally, calculations on infinitely long (n, 0) SWCNTs,
with n = 6-15, were performed using the plane-wave based
density functional theory first-principles method as implemen-
ted in the CASTEP code.'% Using the code, the initial structures
of pristine SWCNTs within the hexagonal unit-cell of appro-
priate size in @ and b directions ensuring an inter-tube separa-
tion of ~0.8 nm were optimized (the cell parameters were not
optimized) and then Raman transitions were calculated.
A Monkhorst-Pack k-point grid of dimensions (1, 1, 50) has
been used for all isolated SWNTs where m was determined to
ensure the convergence of the total energy, force constants, and
Raman intensities with acceptable numerical precision. The
PBE'® functional along with the norm-conserving pseudo-
potential (OP_OOPBE) was used in all periodic calculations.
Besides, the “ultra-fine” 680 eV plane wave basis set cut-off,
BFGS optimization method, “precise settings” of convergence
criteria (1 x 10 ° eV for the energy convergence and 1 x 10> eV
for the Efield energy tolerance) were set up. Raman intensities
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defined as changes in polarizability of the compounds under
excitation of a phonon mode (0u/0R) were calculated using the
hybrid Gonze’s variational DFPT"%/finite-displacement method.
No additional scaling was used for the Raman features.

Results and discussion
Convergence of the structural parameters of SWCNTs

Obviously, the characteristic structural parameters of benzene
rings (the aromatic CC bond length is ~1.40 A and the
CCC bond angle is ~120.0 degrees), considered as the main
building blocks of finite carbon nanotubes® in the current
study, will change in a regular way upon gradually extending
the system in all three dimensions. In the limiting case for a
very large tube diameter, we could assume a typical sp> carbon
character (CCC angle of ~120 degrees), like in planar benzene
molecules. In the case of smaller tube diameters, the CCC angles
will decrease due to a partial sp> carbon atom re-hybridization
toward sp® (in the limit it will reach 109.7 degrees, and 1.54 A
for a single CC bond). As a result of increasing nanotube length
it is reasonable to expect some convergence of geometrical
parameters to a certain value for relatively long nanotubes far
from values at nanotube rims. Thus, in real-size systems the
inner part of the tube should be practically unaffected by the
edges. Indeed, by selecting two kinds of CC bonds, parallel
to the tube axis (f-type) and at the ~ 60 degree angle to the axis
(c-type) it is possible to demonstrate the above mentioned
statements in our models of (n, 0) zigzag CNTs formed by
10 bamboo-units (Fig. 3). For brevity, the calculated CC bond
lengths and CCC angles, with bond and angle numbering
shown, are gathered in Tables S1 and S2 in the ESL.f The CC
bonds at the rim differ significantly from corresponding inter-
nal CC bonds due to the rim effects, caused by carbon atoms
capped with hydrogens (for pristine SWCNT). In principle,
characteristic elongation (c-type) or shrinking (f-type) patterns
of CC bond lengths could be observed for tubes of different
curvatures (diameter) as a function of the distance from the
rim. Such patterns for different kinds of bond lengths shown in
Fig. 3 follow symmetric “U-letter” or upside-down ‘‘U-letter”
shapes, respectively. The biggest difference between the c-type
CC lengths (Fig. 3, right panel) at the rim and in the middle of
the tube can be found for tubes of the smallest diameters (n =5)
and can reach up to 0.030 A, while for wider SWCNTs the
difference decreases to 0.015 A. Similar effects with different
amplitudes are observed for the f-type bonds. Note that while
the f-type bonds decrease their length from the rim to the
middle, an opposite trend is found for the c-type bonds.
In contrast, the f-type bonds are getting longer with increasing
diameter, while the c-type bonds are getting shorter. The
difference in bond lengths among nanotubes of different
diameters in the middle of the tube (bond No. 5-6) shows a
span of about ~0.035 A.

Variations of CCC bond angles in the model pristine (n, 0)
zigzag SWCNTs with regularly growing diameter from 0.4 to
0.7 nm (i.e. n = 5, 6, 7, 8 and 9) are shown in Fig. S1 (ESIY).
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Fig. 3 CC bond length patterns of two types of bonds along the SWCNT tube axis: (left) f-type and (right) c-type. Pristine 10-unit long zigzag (n, 0)
SWCNTs with increasing diameter (n = 5-9) were inspected. Lines connecting the points are provided to show trends. Extrapolation of the distances to

an infinitely wide SWCNT is indicated by the “Infinity fit” value.

Two angles o and f were selected and their meaning is also
depicted in Fig. S1 (ESIT). Notice a scattering of angle values when
going from one rim toward the other one (for example, the o angle
starts from the left end as C(CH)C, and on the right end is formed
by the (CH)C(CH) angle). The CCC value scattering close to the
rim is less pronounced for larger diameter tubes. A larger depen-
dence of the o angle than the B type on the diameter, as well as on
the distance from the rim is apparent from Fig. S1 (ESIT). The o
bond angle changes from ~ 112 degrees (n = 5) to an average value
of ~118 degrees (n = 9). In contrast, the f angle is nearly
constant (~120 degrees). Another conclusion made in Fig. S1
(ESIY) is that the rim effect on CCC angles practically vanishes
after more than three benzene layers from the rim.

HOMO-LUMO gap

Changes in the HOMO-LUMO energy gaps (in eV) upon increasing
the diameter of (n, 0) cyclacenes (n = 4 to 16) and 4-, 6- and
10-unit long (n, 0; where n = 4-12) SWCNTSs are presented in
Fig. 4. It is apparent from the figure that upon increasing the
tube diameter from 0.4 nm to 0.70 nm a significant change in
the HOMO-LUMO energy gap occurs (from —1.2 to —0.1 eV).
The general pattern of changes in E, according to increasing
diameter is the same for both cyclacene models and SWCNTs.
Only the values for cyclacenes are shifted toward larger E,. We
see the E, value approaching a limiting value of ~—1.1 eV for
cyclacenes, while for SWCNTs it is getting closer to 0 eV (~ —0.2 eV)
as is the value for graphene. In addition, the changes in Eg
resulting from the model increase (both in its diameter and
lengths) are shown in Fig. S2 (ESIt). The energy gap after the
initial big decrease (absolute value) stabilizes at a certain value
for longer tubes (more than 3 bamboo-units) and n > 8.
HOMO, and LUMO values and the corresponding energy
gaps calculated at the B3LYP/6-31G* level are gathered in
Table S3 (ESIf). The E, values reproduce accurately the earlier
calculated values® (only in the case of the (11, 0) system a
difference of about 0.4 eV is observed). Similar data for selected
finite models of (r, 0) SWCNTs, where 7 is 1-10 and the longest
model contains 10 bamboo-units, are shown in Table S4 (ESIT).

25062 | Phys. Chem. Chem. Phys., 2016, 18, 25058-25069
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Fig. 4 The B3LYP/6-31G* calculated HOMO-LUMO gap (Eq in eV) vs.
diameter d (in nm) for selected pristine 4-unit, 6-unit and 10-unit long
zigzag (n, 0) SWCNTSs, respectively, and the corresponding cyclacenes.
Lines connecting the points are provided to show trends.

Unfortunately, due to computational burden, the calculations
for larger diameter SWCNTSs (n > 12) could not be performed.
Nevertheless, calculated data for very large ordered carbon
systems are available in the literature.>**%°° A number of
authors employed periodic boundary calculations on a crystal
cell and thus obtained data for theoretical infinite tubes. For
example, Zhou et al'®” observed, using the B3LYP/6-31G*
calculations, a decrease of absolute value of E, with the
elongation of the C,oH,, fragment of finite-size metallic (5, 5)
armchair SWCNTs. The E, decreased systematically until it
reached a converged value of ~1.0 eV for C,0Hz0.

Raman radial breathing mode (RBM)

Although (n, 0) cyclacenes represent the simplest, and often an
imperfect model of SWCNTs, we have observed®>*® on a set of
small selected cyclacenes a direct correlation between their
diameter and the RBM frequency, similar to the relationship
found for SWCNTs.>>*?%¢! Molecular vibrations characteriz-
ing the RBM are depicted in Fig. 5. Note that G-band char-
acteristics can be simulated using the cyclacene models only
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approximately and will be discussed briefly in the next
chapter. In this study, the rim effects were minimized using
significantly longer finite tube models comprising 10 bamboo-
units. Calculated RBM frequencies upon increasing the
diameter of isolated infinite SWCNTs (CASTEP calculations)
or as isolated finite-length tubes are presented in Fig. 6. Data
obtained with the empirical relation from eqn (1) are shown
for comparison. Detailed comparison of individual theoretical
approaches is summarized in Table S5 (ESIt), which com-
prises also results obtained for shorter SWCNTs (4 and 6
bamboo-units; optimized at the B3LYP/6-31G* level, Raman
frequencies were acquired at the same level). Our DFT calcula-
tions reproduce a fairly well reported dependence of SWCNTSs’
RBM frequencies on the diameter,'>*%16:18:22,108

The CASTEP data for infinite tubes were taken as reasonable
references, because they represent a model closest to real
SWCNT samples. A closer look at the left panel of Fig. 6 (or
Table S5, ESIT) reveals that significantly poorer description of
RBM is obtained for very narrow (6, 0) metallic tubes, where the
surface of the tube is very distorted. Note that RBM of another
metallic tube (9,0) SWCNT calculated using the 4-unit model
also shows a significantly large deviation (33 cm™") from the
CASTEP value. Nevertheless, RBM converges with the increase
of the model length to 329 cm ™" obtained with the 10-unit
model that is close to the CASTEP value (324 cm ‘). Fortu-
nately, this problematic convergence of RBM with respect to the
system size in metallic tubes slowly disappears for wider tubes.
This significantly slower convergence of calculated Raman
frequencies in the case of metallic tubes with respect to the
model size was also observed by Saidi.”® The author obtained a
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blue shift upon increasing his model, while we observed a red
shift. Note that Saidi used plane wave based DFT calculations
with a unit cell containing three or four bamboo-units.
It is also noteworthy that his RBM value for the (9, 0) SWCNT
is significantly lower (239 or 275 cm™'; according to the
model length) than our values or any published RBM
summarized in Table S5 (ESIf). Thus, it is apparent that
slightly longer models (6-units) are necessary for correct
predictions of RBM frequencies for metallic SWCNTs com-
pared to semiconducting ones.

Data for the (5, 0) SWCNT were not obtained due to conver-
gence problems. Thus, these tubes were excluded from the
analysis of RMSD (see Table S5, ESI) of calculated RBM obtained
using finite-size models from infinite CASTEP calculations. It can
be summarized that all DFT models of finite-length tubes or
cyclacenes reproduce the CASTEP RBM with a relatively high
precision (RMSD smaller than 20 cm™'). Raman characteristics
for long SWCNTs (10-units) with bigger diameters (n > 9) were
obtained using the CCT transfer approach. Interestingly, the
average error of RBM for cyclacenes is smaller than or compar-
able (RMSD + 8 cm™ ') with longer models (4- and 6-units) of
SWCNTs. This is also apparent from Fig. 6 (right panel), where
the correlation of cyclacenes’ results with the CASTEP data on
infinite tubes was slightly better than for finite-length SWCNTs.
The RBM frequencies obtained with eqn (1) are even closer to the
CASTEP results (RMSD of about 4 cm ™). Note that the error for
10-unit long SWCNTs is the smallest among all finite-length
models (~5 cm™"). Nevertheless, it can be concluded that a
significantly less computationally demanding model of zigzag
(n, 0) cyclacene is sufficiently accurate to predict the RBM
frequencies of zigzag (n, 0) SWCNTs of the same radius.

There is a similar vibration to RBM in our finite-length
models of pristine cyclacenes or nanotubes that is coupled
with RBM. It is the symmetric wagging of hydrogen atoms at
rims of tubes, which contaminates the spectrum at lower
frequencies. A dependence of this vibrational mode upon
increasing of the model diameter is depicted in Fig. S3 (ESIt)
for (n, 0) cyclacene and SWCNTs consisting of 4 bamboo-units.
It is obvious that for the SWCNT model the wagging mode
frequency decreases with increasing diameter until it reaches
approximately the same value as RBM for SWCNTs with n > 11.
The wagging mode behaves differently in cyclacenes though. It
started as a lower-frequency mode (compared to RBM) for small
diameter cyclacenes. Then, while the RBM frequency decreases
with the system diameter, the wagging mode remains approxi-
mately the same (max. deviation from an average value is
24 cm™Y). Such behavior can be to some extent explained by
exploring the potential energy distribution (PED) of internal
coordinates for selected stretching (v), bending (), and torsion
() vibrations displayed in Fig. S4 and S5 (ESIt) showing only
subtle differences in 6(CCH) and t(CCCH) patterns of cycla-
cenes and SWCNTSs.

Tangential G-band

Tangential modes refer to all phonon bands of a SWCNT
originating from the optical phonons of graphite. The tangential
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Fig. 6 Convergence patterns of Raman RBM wavenumbers (cm™) vs. diameter d (nm) of SWCNTs (left). The results obtained by three different
approaches are displayed: CASTEP calculations of isolated infinite SWCNTSs (blue full circles), the B3LYP/6-31G(d) DFT calculation of isolated 10-unit long
SWCNTSs (red triangles) and estimation of vibrational frequencies using empirical egn (1) (empty circles). Calculated RBM on finite models (cyclacenes or
10-unit long SWCNTs) are related to calculations on infinite tubes performed in CASTEP on right. Two narrowest SWCNTs (5, 0) and (6, 0) were excluded

from the correlation.

modes involve predominantly the sp® in-plane carbon-carbon
bonds that are extremely strong. The most intense Raman-
active vibrations of the tangential modes manifest in the
Raman spectrum as the G-band. It was experimentally observed
on sets of SWCNTs with the diameter from ~1 nm to ~3 nm
that the position of the most intense G-band feature, wg
(~1590 cm ™), corresponding to vibrations along the tube axis
(Fig. 5), is only negligibly dependent on the tube diameter.®® In
contrast, wg (~1550 cm™ ') corresponding to vibrations along
the circumferential direction should depend on diameter d. The
difference between SWCNT bundles and isolated nanotubes is
small in this region (4 ~ 2 ecm™). The isolated SWCNTs provide
bands with significantly smaller widths (~10 cm™' compared to
~20 cm™ " in SWCNT bundles®>*”'%), In this work we investi-
gated the wg (Ayy) and wg (Ey) frequencies for narrower
SWCNTs of a diameter from 0.4 to 1.2 nm. The efficiency
of our finite-size models was estimated by a comparison with
the CASTEP calculations on infinite isolated tubes and with
reported experimental data. Calculated frequencies of the wg
are summarized in Fig. 7 according to the tube family. It can be

seen that while for RBM the cyclacenes represented a reasonable
model, for mg they provide too low frequencies no matter what
A-family is inspected. The 4-unit models provide frequencies at
an average of ~1608 cm™", which is slightly above experimental
values®® found for tubes with d > 1 nm, nevertheless still
closer to experiment than the cyclacenes’ values with an average
of ~1530 cm™'. The 4-unit model provides already converged
results with respect to the model length, because the wg
frequencies obtained using other two longer models are almost
identical. Note that the frequencies for the 10-unit model were
acquired by the CCT approach using the library of small 4-unit
long fragments (see Computational details), and thus their
similarity is obvious.

Calculated frequencies of ¢ for finite tubes well correspond
to values for infinite-size tubes of A =1 and A = 2 families. The
average frequency for those two families is 1589 cm ™. Infinite
SWCNTs of the A = 0 family exhibit an increase of o¢ frequen-
cies with the increase of diameter converging to the value of
~1580 cm ™" for SWCNTSs of d = 1.2 nm. Experimental data for
isolated extremely narrow tubes (d < 0.5 nm) are not available,
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Fig. 7 Calculated frequency of ¢ for various SWCNT models as a function of their diameter d (nm). Wavenumbers of isolated infinite tubes calculated in
CASTEP are shown for comparison. Plots show trends separately for 2 = 0 and 1 = 1, 2 SWCNT families.
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nevertheless those few experimental frequencies for tubes with
d ~ 1 nm exhibit larger dispersion around the average value
than e.g. tubes with d ~ 1.5 nm.® It is also interesting that
when the extreme case of the (6, 0) SWCNT is excluded, the
cyclacene models of the 4 = 0 family provide the same trends of
w¢ frequencies as the periodic CASTEP calculations even with
close absolute values. Note that the data for the infinite (5, 0)
SWCNT (4 = 2 family, d = 0.4 nm) could not be obtained,
because the calculations did not converge. Nevertheless, we
could anticipate similar extreme behavior as the (6, 0) SWCNT
(4 = 0 family, d = 0.47 nm). Since we saw the model-length
dependence of wg" frequencies in our finite-size models, it is a
question, whether something similar could not be seen (likely
to a lesser extent) also for periodic calculations on infinite
tubes. In this work, the unit cell consisting of only one ribbon
of benzene rings was used. A larger unit cell consisting of more
bamboo-units could lead to a shift of w frequencies to slightly
higher values. However, this was not part of this work and
cannot be commented more.

Calculated frequencies of wg for infinite tubes, as well as for
finite-length models, are presented in Fig. 8. In contrast to wg,
there is a significant increase of frequency with the increase of
diameter for all A families. In general, all finite-length models
follow trends obtained for infinite tubes. Nevertheless, the
cyclacene data are least regular. For the 4 = 1 family, the
cyclacenes show too low frequencies, while for 1 = 2 they match
the 4-unit model. The data for the 4 = 0 family are more
scattered but the trend is still obvious. The small-diameter
tubes (n = 5 and 6) again represent extreme cases for all models
that do not fit to a linear trend line defining the wg increase
with d. Nevertheless, it cannot be clearly said whether this is
due to a computational error or due to the nature of the narrow-
tube surface, because experimental data for such narrow iso-
lated nanotubes are not available. The 6-unit model frequencies
practically match results for the 4-unit model, as well as results
for 10-unit models and thus the 10-unit model data are not
plotted in Fig. 8 for better transparency of the figure.

Reported experiments on isolated nanotubes also revealed
the increase of wg frequency with the increase of diameter.®®
However, the slope is less steep despite what was observed with
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1 nm71

our models. The authors showed a change of ~30 cm™
for semiconducting and ~50 cm™' nm™ " for metallic nano-
tubes. All our models predicted 2-3 times faster increase than
that shown experimentally. Thus, if experimental values for the
tube of d ~ 1 nm are ~1540 cm™ ' for semiconducting and
~1520 cm ™" for metallic tubes, respectively, we can see that
our CASTEP data well correspond to those values, while
frequencies for finite-length models are overshot. In this con-
text, frequencies for A = 1 cyclacenes seem to be in good
agreement with experiment, but this is probably only due to a
coincidental error cancelation. Nevertheless, again we would
like to notify that experimental data reported in ref. 65 corre-
spond to SWCNTs of d usually larger than 1 nm.

In the end, we would like to point out that to the best of our
knowledge this is the first time the Cartesian Coordinate Tensor
transfer technique was used to obtain the Raman frequencies of
carbon nanostructures (here to obtain the frequencies for tubes of
n > 9 and length of 10 bamboo-units). This approach has been
proven to provide Raman features of even whole proteins in
reasonable quality,” and thus its extension to nanomaterials
was only a logical step. Note that even if the quality of the method
can be for some (especially coupled or phonon) modes limited,
it works perfectly for the RBM frequencies (an average error of
+3 cm ™' between RBM obtained by the CCT and fully DFT; see
Fig. S6, ESIt). The agreement within the less local G-band
modes is similar for RBM or lower but comparable with results
for 4 or 6-unit models, because of the fact that only relatively
short fragments (4-units) were used for the transfer.

Fig. S6 (ESIf) showing the comparison of Raman active
bands calculated for 10-unit long (9, 0) SWCNTs using the
CCT approach and fully DFT also reveals some limitations of
the transfer technique. Generally, for significantly delocalized
phonon modes the quality of the transfer technique is supposed
not to go much beyond the quality of transferring fragments that
are used for building up the final spectrum of the targeted
molecule (here 10-unit SWCNT). There is an artificial band
splitting caused by rim effects in the wg region of small
fragments. Carbons closer to the rim (consisting of hydrogen
atoms in pristine tubes) in the 4-unit fragments vibrate with
lower frequencies than the most inner carbons (not shown).
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Fig. 8 Calculated frequency of wg for various SWCNT models as a function of their diameter d (nm). Wavenumbers on isolated infinite tubes calculated
in CASTEP are shown for comparison. The results for 10-unit models practically copy data for 4-unit models and they are not shown for better
transparency of the figure. Plots show trends separately for 2 = 0 and 4 = 1, 2 SWCNT families.
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In such a model the inner carbons represent only small part of
all carbon atoms and thus their vibrations manifest as a
shoulder on the dominant w¢ band of carbons affected by the
rim. With increasing size of the tube the effect of the rim
diminishes, as seen for the fully DFT calculated tube in Fig. S6
(ESIT), where the shoulder is almost undetectable. By transfer-
ring frequencies and intensities from the fragment to a large
molecule, as done by the CCT technique, the splitting is also
suppressed, but only to a certain extent (Fig. S6, ESIt). It is
mostly because the CCT transfers properties atom-by-atom,
according to the local best geometry overlap between a carbon
from the fragment and carbon in the target 10-unit SWCNT. We
also tried to suppress the artifacts caused by light hydrogens in
our pristine models by deleting the polarizability derivatives of
hydrogen atoms before the final visualization of the spectra,
but in the case of unlocalized modes only
partly. Despite all aforementioned, it is clear that the transfer
technique models the spectra of long nanotubes with accuracy
comparable with fully DFT calculations. The accuracy of the
CCT can be further increased if longer fragments are used for
the transfer (6-units or beyond).

it works

Conclusions

Cyclic acenes and H-capped finite-size zigzag (n, 0) SWCNTs
were chosen to model structural and Raman parameters of real-
size SWCNTs using the DFT methodology. The UB3LYP/6-31G*
level of theory was used to fully optimize their structure and
calculate the Raman active RBM and G-band vibrational fre-
quencies. The size of studied carbon nanosystems varied from
5 to 15 conjugated benzene rings and the length of nanotubes
was up to 2 nm (10 bamboo-units). Some regular changes
(saturation of their values going from the rim to the middle
of the tube) in the CC bonds and CCC angles upon increasing
SWCNT diameter were observed. These parameters converged
toward the limit values for diameters larger than 1 nm. The
RBM values calculated for cyclacenes and SWCNTs of the same
diameter were very close to each other and in agreement
with reported empirical formulas. A saturation of the RBM
frequency upon enlarging the SWCNT diameter was observed.
The Raman features for 10-unit long finite-size SWCNTs were
also successfully modeled using the Cartesian Coordinate
Tensor transfer technique.

This study demonstrates a possibility of using the DFT
modeling on finite-length models instead of expensive calcula-
tions for periodic systems, to make realistic predictions of
the Raman features for small diameter CNTs. We showed
that (n, 0) cyclacenes are often too crude models for reliable
simulations of SWCNT properties. After all, calculations on
(n, 0) cyclacenes provided very accurate predictions of RBM
values of (n, 0) SWCNTs. Nevertheless, it might be only for-
tuitous accident. Starting from 4-unit long SWCNTs the quality
of predicted properties, even positions of G-band features,
becomes reasonable and obtained data well correspond to
experiment or to theoretical data obtained for infinite tubes.
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The 6-unit long models provide slightly better frequencies,
especially for metallic tubes, but also reduce the rim effect of
hydrogen atoms in pristine tubes. An increase of the model
length (up to 10 bamboo-units model) usually does not bring
any substantial improvement in achieved Raman frequencies.
Thus, the 6-unit models seem to perform best in terms of an
expense/accuracy ratio.

The results show a way, how to tackle the problem in
modelling of Raman spectral features with reasonable accuracy
and in an effective time-scale for nanotube systems, where
the standard periodic calculations are not feasible (e.g. end-
functionalized SWCNTs, chiral nanotubes or conjugates of
nanotubes with biomolecules like hyaluronic acid-nano-
particles for medical applications). Since typical studies on
nanotubes deal with non-ideal structures having a certain
amount of defects (dislocated or missing atoms etc.) it would
be valuable to model the spectral properties of real ‘“‘defective”
structures as well. We believe that the CCT approach could be
effectively employed in order to provide Raman characteristics
of such structures. With a model nanotube structure of sig-
nificant length (20-units or even more) and possessing a certain
amount of defects in hand it is possible to design both non-
defective and defective fragments that will be used for the
transfer. We presume that defective fragments need to be
longer than non-defective fragments (2x) in order to suppress
the rim effect. Nevertheless, the precise methodology, as well as
the quality of CCT predicted spectra in comparison with spectra
modelled with plane-wave codes, has to be studied closely in
some future work. Finally, we observed that spectra obtained by
the CCT using a library of 4-unit fragments could sometimes
also suffer from an artificial band splitting arising from
rim effects. Thus, utilization of larger fragments (6-units) would
be beneficial.
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