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Abstract: The formalism of line symmetry groups for one-periodic (1D) nanostructures with rotohelical symmetry has
been applied for symmetry analysis of single-walled titania nanotubes (SW TiO2 NTs) formed by rolling
up the stoichiometric two-periodic (2D) slabs of anatase structure. Either six- or twelve-layer (101) slabs
have been cut from TiO2 crystal in a stable anatase phase. After structural optimization, the latter keeps
the centered rectangular symmetry of initial slab slightly compressed along a direction coincided with large
sides of elemental rectangles. We have considered two sets of SW TiO2 NTs with optimized six- and
twelve-layer structures, which possess chiralities (−n, n) and (n, n) of anatase nanotubes. To analyze the
structural and electronic properties of titania slabs and nanotubes, we have performed their ab initio LCAO
calculations, using the hybrid Hartree-Fock/Kohn-Sham exchange-correlation functional PBE0. The band
gaps (∆εgap) and strain energies (Estrain) of six-layer nanotubes have been computed and analyzed as
functions of NT diameter (DNT). As to models of 12-layer SW TiO2 NTs of both chiralities, their optimization
results in structural exfoliation, i.e., the multi-walled structure should be rather formed in nanotubes with
such a number of atomic layers.
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1. Introduction

As a well-known semiconductor with a numerous tech-nological applications, titania is comprehensively studied
∗presented at the 6th International Conference on Functional Materialsand Nanotechnologies, March 17-19, 2010, Riga, Latvia
†E-mail: re1973@re1973.spb.edu

in materials science [1]. The total number of TiO2 poly-morphs, discovered so far, is seven [2]. However, rutileand anatase undoubtedly prevail because of their higherstability as compared to other titania phases. Titaniananotubes (NTs) were systematically synthesized duringthe last 10-15 years using different methods and care-fully studied as prospective technological materials [3–11]. Depending on the conditions of TiO2 NTs synthe-sis, further XRD analysis identified their phase as either
492



Robert A. Evarestov, Yuri F. Zhukovskii, Andrei V. Bandura, Sergei Piskunov

anatase or rutile (the anatase phase was prevailing attemperatures below 450°C) [4]. In other experiments, thewalls of synthesized TiO2 nanotubes were described as apolycrystalline mixture of both anatase and rutile phases[5]. Two types of morphologies were observed in recentlysynthesized titania tubular nanostructures: cylindrical-like multi-walled (MW) and scroll-like, e.g., containingvarious types of defects and impurities [3]. Their diam-eters usually vary from several to tens nm, with inter-wall distances ∼ 0.5 nm and lengths up to several µm[7, 8]. Beyond the synthesis of pure titania nanotubes, anumber of studies was performed for titanate nanosystemsas possible precursors in the synthesis of TiO2 NTs afterthermal and chemical treatment [10]. They were also syn-thesized as layered nanotubes with structures of protoniclepidocrocite HxTi2−x/4�x/4O4 (� indicates a Ti vacancy)[11] as well as polytitanic H2TinO2n+1 acids and relatedalkali-containing compounds [6].Since the growth mechanism for TiO2 nanotubes is stillnot well defined, their comprehensive theoretical stud-ies attract enhanced attention. In most theoretical sim-ulations on titania nanotubes performed so far, a model3D→2D→1D of structural transformations described inRef. [12] was applied, i.e., the bulk (3D) phase turnsinto a lamellar product (3D→2D), then the latter isbent and rolled to a single-walled (SW) nanotubularform (2D→1D). For 2D structure, a slab model of ther-modynamically stable anatase TiO2(101) surface [1] wasmainly applied, which can be easily organized in doublesub-sheets consisting of the two formula units with six-layer O-Ti-O_O-Ti-O structure with a centered rectan-gular morphology [13]. Nevertheless, the latter was veryscarcely considered for simulation on TiO2 NTs, during thelast three years only [14–16], while a number of earlier andrecent simulations on TiO2 NTs were limited by triple-layered O-Ti-O structure, with optimization resulted ina hexagonal fluorite-like morphology [17–21]. This is notonly due to computational limitations, e.g., insufficient ap-plication of formalism of rotohelical symmetry in ab initiocalculations, but also due to a presence of 3-layer frag-ments in structural units of separate walls in MW TiO2NTs [8]. As to anatase TiO2(001) surface, it was foundto be considerably less stable than (101) surface [1]. Ac-cording to theoretical simulations [22, 23], the former canbe reconstructed to a surface with lepidocrocite structureused for ab initio simulations on the corresponding TiO2nanotubes [17, 24]. Only SW TiO2 NTs were simulated sofar.In this study, we continue theoretical study on titania nan-otubes with anatase structure as considered previously[16]. In Section 2, we describe the line group symmetryof various TiO2 nanotubes with centered rectangular mor-phology. A new approach to the generation of the line

group irreducible representations is suggested, which isbased on the isomorphism between line and plane groups.Section 3 describes computational details that used forcalculations on TiO2 sheets and nanotubes with centeredrectangular (anatase) structure. In Section 4, we analyzethe results calculated for 6- and 12-layer models of SWTiO2 NTs with anatase morphology, systematize and dis-cuss them. Section 5 summarizes the main conclusionsobtained in this study.
2. Symmetry of TiO2 single-walled
nanotubes

The simplest description of the nanotube symmetry andstructure is based on the so-called layer folding whichmeans the construction of the cylindrical surfaces of nan-otubes by rolling up the two-periodic (2D) crystalline lay-ers (sheets and slabs).The anatase TiO2 bulk crystal is characterized by tetrag-onal space group 141 (I41/amd) with two formula units inthe primitive unit cell (Table 1). We consider here threetypes of the nanotubes constructed from initial anataseslabs. The 3-layer model of the anatase (101) slab con-sists of three atomic layers (O-Ti-O), however, its struc-tural optimization results in formation of fluorite-type(111) slab [17, 19] in which the symmetry can be at-tributed to the layer group 72 (P3m1). It is the samefor 3-layer slab with both anatase and fluorite structures,although the space symmetry of fluorite TiO2 bulk crys-tal is described by cubic space group 225 (Fm3m). Inthe case of 6-layer model (O_O-Ti_Ti-O_O), all the sixatoms of the bulk primitive unit cell are included. The 12-layer (O_O-Ti_Ti-O_O_O_O-Ti_Ti-O_O) model containsthe two quasi-separated 6-layer slabs. The layer group18 (C2/m11 with a centered rectangular lattice) describesthe symmetry of both 6- and 12-layer slabs. Bulk titaniawith lepidocrocite structure can be attributed to the or-thorhombic space group 63 (Cmcm). The 6-layer modelof the lepidocrocite (010) slab consists of six atomic lay-ers (O-Ti-O_O-Ti-O) [24]. The layer group 46 (Pmmnwith primitive rectangular lattice) describes its symmetry.Let a and b be the primitive translation vectors of the two-periodic (2D) lattice of the layer and γ the angle betweenthem. To specify the symmetry of nanotubes as monope-riodic (1D) systems, it is necessary to define a finite 1Dtranslation vector L = l1a + l2b along the nanotube axisand normal to the chiral vector R = n1a + n2b, (l1, l2, n1and n2 are integers). The nanotube of the chirality (n1, n2)is obtained by folding the layer in a way that the chiralvector R becomes circumference of the tube.
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Table 1. Line symmetry groups of SW TiO2 NTs, rolled from two periodic titania layers.

Object Spacegroup layer Layer group Line groupsfor specialchiralitiesa

Pi Line groups for generalchiralities (n1,n2)
3-layer hexagonal 225

Fm3m (111) 72 (P3m1) 4h (2n)n/m8g (2n)nmc C2nh
C2nv 1nq(Cq)

6-layer centeredrectangular 141
I41/amd (101) 18 (C2/m11) 4e (2n)n/m8d (2n)nmc C2nh

C2nv 1nq(Cq)
12-layer centeredrectangular 141

I41/amd (101) 18 (C2/m11) 4e (2n)n/m8d (2n)nmc C2nh
C2nv 1nq(Cq)

6-layer primitiverectangular 63 Cmcm (010) 46 (Pmmn) 11c
n/mmmb(2n)2mc

Dnh 5nq 22(Dq)
aspecial chiralities: c - (n, 0), (0, n); d - (n, n); e - (−n, n); g - (n, 0), (0, n), (−n, n); h - (n, n), (−n, 2n), (−2n, n);i - (n, 0), (0, n), (−n, n), (n, n), (−n, 2n), (−2n, n)
bfor even n
cfor odd n

The orthogonal vectors R and L are connected with the 2Dlattice translation vectors a and b by the transformation
(

R
L

) = Q
(

a
b

)
.

The determinant
q = ∣∣∣∣∣ n1 n2

l1 l2
∣∣∣∣∣

of the matrix
Q = ( n1 n2

l1 l2
)

is equal to the number of 2D lattice points in the 2D-supercell formed by the chiral R and translation L vectors.The orthogonality relation (RL) = 0 can be written in theform:
l1
l2 = −n2a2 + n1ab cos γ

n1b2 + n2ab cos γ , (1)
where a = |a| and b = |b|.The symmetry of nanotube is defined by: (i) nanotubechirality (n1, n2), (ii) translation vector components (l1, l2)found from the orthogonality relation, Eq. (2), (iii) pointsymmetry of the rolled 2D lattice (see below).The orthogonality relation is realized in different formsfor different 2D lattices. For the hexagonal and rectangu-lar lattices, this relation (1) is transformed to hexagonal(cos γ = 0.5;a = b):

l1
l2 = −2n2 + n12n1 + n2 , (2)

rectangular centered (cos γ 6= 0, 0.5;a = b):
l1
l2 = −n2 + n1 cos γ

n1 + n2 cos γ , (3)
rectangular primitive (cos γ = 0;a 6= b):

l1
l2 = −n2a2

n1b2 , or l1n1b2 = −l2n2a2. (4)
It is well seen from Eqs. (2)-(4) that the translational sym-metry of the nanotube may exist for any arbitrary chi-rality (n1, n2) if the nanotube is obtained by folding thelayer with hexagonal 2D lattices. However, there are re-strictions on the chiralities for rectangular lattices: (n, 0),(0, n) for rectangular primitive and (−n, n), (n, n) for rect-angular centered ones. These chiralities are known asspecial chiralities and are given in column 5 of Table 1.The chiralities (n, 0) and (0, m) introduced earlier in [14–16] for description of 6-layer anatase-type TiO2 nanotubes(where formalism of rotohelical symmetry was not yet ap-plied) correspond to chiralities (−n, n) and (n, n) used inthe present study. Both former chiralities refer to therectangular primitive lattice described by Eq. (4).The translations of the layer become rotohelical opera-tions T r

q on the nanotube, giving the first family sub-group 1nq of the NT line group L (Table 1). The lat-ter has the same parameters for the ray of the nanotubes(n1, n2) = n(ñ1, ñ2), differing by n.Apart from the translational invariance, the layer groupshave rotational symmetry generated by the rotationsaround the axis perpendicular to the layer. But after thelayer rolling only the second order axis U survives, beingcompatible with the monoperiodic symmetry. In addition,
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the non-oblique 2D lattices have both vertical mirror andglide planes, but not all of them continue to be symmetricoperations for nanotubes. Thirteen families of line groups
L are known [25, 26]. In column 5 of Table 1, the numberof line group families is given with the special chirali-ties and factor group Pi = L

T , where T is the group ofone-dimensional translations along the tube axis.
3. Computation details

The first principles LCAO (Linear Combination of AtomicOrbitals) calculations of various titania sheets and nan-otubes have been performed using the hybrid HF-KS(PBE0) exchange-correlation functional [27, 28] as imple-mented in CRYSTAL-061 code. The small-core pseudopo-tential [29] of Ti atom is used in titania nanotube calcula-tions (3s, 3p, 3d and 4s-electrons were taken as valenceelectrons), while the all-electron BS for O-atom has beentaken from Ref. [30]. It is well known that in the LCAOcalculations of crystals the BS of free atom has to bemodified as the diffuse functions cause numerical prob-lems because of the large overlap with the core functionsof the neighboring atoms in a dense-packed crystal [31].
There exist a number of different algorithms for mini-mization of many-variable functions [32]. The compara-tive study of their efficiency for the basis set optimizationin crystals has been performed recently [33]. To optimizethe BS in present study, we use the minimization methodwithout calculations on the total energy derivatives de-veloped by Powell [34] and often called ‘the method ofconjugate directions’. It is estimated as one of the most ef-ficient direct minimization methods. Being interfaced withthe CRYSTAL06 LCAO computational code1 our programpackage OPTBAS [33] has been applied for the BS op-timization. The BS exponential parameters less than 0.1were excluded from the AOs and the bound-constrainedoptimization has been performed for the remaining expo-nential parameters with a 0.1 lower bound.
The diffuse exponents of valence s, p and d-orbitals havebeen optimized for stable anatase phase of bulk titania.Its atomic and electronic properties have been reproducedin good agreement with the experiment (the experimen-tal values are given in brackets): the lattice parameters
a = 3.784 Å (3.782 Å) and c = 9.508 Å (9.502 Å), the
1 R. Dovesi, V.R. Saunders, C. Roetti, R. Orlando,C.M. Zicovich-Wilson, F. Pascale, B. Civalleri, K. Doll,N.M. Harrison, I.J. Bush, Ph. D’Arco, M. Llunell,CRYSTAL-2006 User Manual (University of Turin, 2006)

dimensionless parameter for relative position of oxygenatom u = 0.2074 (0.2080), although the reproduced valuesof ∆εgap are worse, being overestimated: 4.0 eV vs. 3.2 eV.In any case, these results for the bulk titania (anatase)agree with the experimental data better than those givenin [35] for both plane wave (PW) and LCAO calculationswhen using the different exchange-correlation potentials.Certain improvement of substantially underestimated val-ues of ∆εgap for bulk anatase in the DFT PW calculationswas achieved recently [21] when using the LDA+U method(2.7 eV).
The monoperiodic translation symmetry has been adoptedfor our nanotube calculations as it was implemented withPOLYMER option in CRYSTAL061 code. Unfortunately,this option takes into account only the symmetry of rodgroups being the subset of the nanotube line groups aspresent in Table 1. Serious attempt to overcome this dif-ficulty has been undertaken recently: the last release of
CRYSTAL package2 contains a special input option whichallows generation of 1D nanotubes from 2D slabs. How-ever, the formalism of line groups has not been imple-mented in CRYSTAL09code.

4. Structural and electronic
properties of TiO2 slabs and
nanotubes

4.1. 6- and 12-layer titania sheets with initial
anatase (101) structure

TiO2 sheets with a thickness of a few atomic layerswere found to be remarkably stable [23]. In the presentstudy, we have optimized the structures of 6- and 12-layeranatase (101) slabs (Fig. 1) cut from anatase bulk aswell as calculated their properties. Both 6- and 12-layeranatase (101) slabs keep initial symmetry (Table 1) afterstructural optimization, although their lattice parametersdiffer from those in bulk, especially c (Table 2). Both six-and twelve-layer slabs expose five-fold coordinated tita-nium atoms, while oxygen atoms can be both two- andthree-fold coordinated (Fig. 2).
2 R. Dovesi, V.R. Saunders, C. Roetti, R. Orlando,C.M. Zicovich-Wilson, F. Pascale, B. Civalleri, K. Doll,N.M. Harrison, I.J. Bush, Ph. D’Arco, M. Llunell,CRYSTAL-2009 User Manual (University of Turin, 2010),http://www.crystal.unito.it

495

http://www.crystal.unito.it


Symmetry and models of single-walled TiO2 nanotubes with rectangular morphology

Figure 1. Five-fold coordination for Ti atoms in six-layer centered
rectangular titania sheets.

Surface and formation energies of both titania slabs arequalitatively similar to those calculated earlier [13, 21, 23]:the former grew when increasing the thickness of slab,and the latter reduced. Results presented in Table 2 alsoindicate a certain convergence of titania sheet propertiesto bulk ones with increasing of slab thickness. Image ofcross-section for 12-layer TiO2 sheet (Fig. 2b) shows nonoticeable structural change unlike the same for 6-layertitania slab. When comparing ∆εgap for 6- and 12-layerslabs (Table 2) we can conclude that when increasing athickness of titania sheet, the band gap should approachto the value of anatase bulk.

a b

Figure 2. Models of stoichiometric (101) titania sheets of different thickness optimized from the corresponding slabs with initial geometry of bulk
anatase (atop and across images): (a) 6-layer slab (thickness 0.24 nm); (b) 12-layer slab (thickness 0.58 nm).

Table 2. The atomic and electronic structure of TiO2 bulk vs. various slabs (Figs. 1, 2).

models ofTiO2 bulkand sheets
latticeparameters,(Å)

thickness
hNT,(Å)

bond length dTi-Oa, (Å) effectivecharge
qTib, e

Erelax perTiO2 unitc,eV
surfaceenergy
Esurf d,J/m2

∆εgape,eV
a c Ti-O1 Ti-O2 Ti-O3 Ti-O4bulk 3.78 9.51 - 1.935 1.935 1.973 1.973 2.35 - - 4.096-layer 3.51 5.45 2.39 1.75 1.89 1.91 2.05 2.28 -1.09 0.64 5.1412-layer 3.71 5.46 5.83 1.77 1.83 1.95 2.01 2.30 -0.55 0.67 4.92

athe corresponding bonds are shown in Fig. 1
baveraged effective charges qO are as twice as smaller than qTi , with opposite sign
cErelax is a difference of energies between slab with “bulk” geometry and that with optimized structure
dEsurf (n) = 12S (En − nEb), where En is the total energy of n-layer slab per primitive surface unit cell, S its area, while Eb the total energy perprimitive bulk unit cell
eall band gaps considered in this Table are indirect
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4.2. Six- and twelve-layer single-walled TiO2
nanotubes
The six-layer titania sheets with anatase-type (101) struc-ture can be rolled up to 6-layer titania SW NTs with(i) (−n, n) chirality and (ii) (n, n) chirality. Fig. 3 showsthe optimized structures of the selected 6-layer nanotubesof both chiralities. A specific feature of these six-layer ti-

tania sheets and nanotubes is that both Ti sublayers arerearranged in the middle between both surfaces of thesheets and nanotubes (Figs. 2a and 3), i.e., their opti-mized structure O_O-Ti_Ti-O-O differs from O-Ti-O_O-Ti-O according to a sequence of TiO2 formula units in thebulk anatase structure.

a across and aside images of optimized 6-layer (−3, 3) TiO2 nanotubewith a [010] orientation of axis and DNT = 1.00 nm. b across and aside images of optimized 6-layer (10, 10) TiO2 nanotubewith a [1̄01] orientation of axis and DNT = 1.18 nm.

c across and aside images of optimized 6-layer (15, 15) TiO2 nanotubewith a [1̄01] orientation of axis and DNT = 1.73 nm. d across and aside images of optimized 6-layer (−6, 6) TiO2 nanotubewith a [010] orientation of axis and DNT = 1.98 nm.
Figure 3. Four 6-layer anatase-like SW TiO2 nanotubes with different chiralities and diameters.

In Table 3, we present results obtained after structuraloptimization of 6-layer TiO2 NTs with (i) (−n, n) chi-rality (for n = 3, 4, 6, 9, 12) and (ii) (n, n) chirality (for
n = 6, 10, 15, 20, 24). One of the main parameters of nan-otube stability, i.e., the strain energy Estrain, is definedas the difference between the total energies of the opti-mized nanotube (ENT) and the corresponding slab beforerolling up (Eslab), taking into account the number k of slabunit cells in nanotube unit cell containing m formula unitsTiO2 (measured in kJ/mol per TiO2 formula unit):

Estrain = 1
m

(ENT − kEslab) . (5)
Obviously, the number of atoms per surface unit in (−n, n)nanotubes is markedly smaller than that in (n, n) NTsof the same diameter, thus, the latter can be calculatedfaster. For a small DNT (low chirality indices), the ab-solute values of both Erelax and Estrain are large enough,and trying to reduce these diameters even more, we face

an enhanced instability of NTs. For example, the conver-gence of calculations on (4, 4) nanotubes has been foundto be rather poor. Since hypothetical nanotubes with in-finite diameter should coincide with sheets of the samethickness, a consequent growth of the NT diameters leadsto a substantial decrease of both relaxation and strainenergies (down to zero at infinity), whereas the values of
hNT, dTi-O, qTi and ∆εgap (Table 3) approach to those for6-layer titania slab with a hexagonal structure (Table 2).
We also analyze dependence of Estrain and ∆εgap on DNTfor six-layer TiO2 NTs simulated in present study (Figs. 4and 5, respectively). We have considered a large enoughrange of nanotube diameters, from 0.5 nm to 4.0 nm, witha number of atoms per NT unit cell increased from 36 upto 288. To construct both plots on Figs. 4 and 5, we haveperformed calculations with the total geometry optimiza-tion for altogether 12 one-periodic models of SW TiO2NTs of different morphologies.
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Table 3. The structural and electronic properties of the six-layer SW TiO2 NTs (Fig. 3)a.

NTchiralityindices
Na lNT b,Å DNTc,Å hNT,Å dTi-O, Å (Fig. 1) qTi,

e
Erelax ,eV/TiO2 Estrain,kJ/mol perTiO2

∆εgap,deV
Ti-O1 Ti-O2 Ti-O3 Ti-O4

(−n, n) nanotubes - (2n)n/m group(−3, 3) 36 3.66 9.98 2.45 1.795 1.86 1.925 2.025 2.28 -0.82 16.86 4.92 (i)(-4,4) 48 3.60 13.30 2.41 1.775 1.89 1.94 2.01 2.21 -0.35 12.20 5.40 (i)(-6,6) 72 3.54 19.84 2.39 1.765 1.87 1.92 2.11 2.19 -0.14 6.47 5.26 (i)(-9,9) 108 3.52 29.68 2.39 1.77 1.875 1.91 2.09 2.27 -0.05 4.57 5.19 (i)(-12,12) 144 3.52 39.55 2.39 1.77 1.88 1.90 2.085 2.27 -0.03 3.20 5.17 (i)
(n, n) nanotubes - (2n)nmc group(6,6) 72 10.32 7.22 2.44 1.79 1.835 1.96 2.01 2.27 -1.68 34.54 4.76 (d)(10,10) 120 10.39 11.85 2.46 1.80 1.835 1.945 2.02 2.27 -0.45 18.39 5.05 (d)(15,15) 180 10.33 17.33 2.43 1.785 1.87 1.92 2.01 2.27 -0.14 12.25 5.36 (i)(20,20) 240 10.33 22.84 2.41 1.78 1.875 1.91 2.01 2.28 -0.07 8.51 5.28 (d)(24,24) 288 10.33 27.24 2.41 1.78 1.875 1.895 2.01 2.28 -0.03 6.57 5.24 (d)

adefinition of the most of values is the same as in Table 2
blength of nanotube unit cell
cdiameters are given for the middle cylinders between the external and internal walls of NTs
ddirect and indirect band gaps are marked by superscript indices (d) and (i) , respectively

Two curves Estrain(DNT) imaged in Fig. 4 show that thestrain energy of six-layer NTs with (−n, n) chirality issmaller than that for (n, n) NTs of a similar diameter, i.e.,the former are more stable energetically. This differenceremains noticeable for nanotubes with diameters 6 30 Å.When diameters of nanotubes increase up to 40 Å thestrain energies decrease and approach each other.For six-layer titania nanotubes of both chiralities,∆εgap(DNT) curves possess maxima at diameter range13-17 Å (Fig. 5). For larger values of DNT, both the relax-ation and strained energies of TiO2 nanotubes substan-tially decrease while their band gaps asymptotically ap-proach to that for the corresponding 2D slab (Table 2). Weobserve some discrepancy with the corresponding resultsobtained in Ref. [14] (where the authors obtain a relief forthe curves ∆εgap(DNT) qualitatively similar to changes ofthe band gap calculated for the hexagonal 3-layer tita-nia nanotubes [21] where ∆εgap is permanently growing).However, results obtained using the method of empiricalpotentials [14] cannot be properly compared with resultsof our ab initio calculations.We also have tried to simulate the twelve-layer single-walled TiO2 nanotubes with the anatase morphology. Themiddle of the 12-layer TiO2 slab described in Subsec-tion 4.1 consists of two sublayers containing oxygen atoms(Fig. 2b), and when we obtain the single-walled titaniananotube by rolling up this twelve-layer sheet its thick-ness is about 2.5 times larger than that for six-layer TiO2nanotube. As a result, the atomic structure of the in-ternal wall surface of this 12-layer NT is overstrained

Figure 4. Strain energies Estrain vs. DNT for the two sets of six-layer
SW TiO2 NTs with various chiralities.

even for moderate values of DNT. A comparison of imagesfor both six- and twelve-layer NTs with the same (−6, 6)and (12, 12) chiralities (Fig. 5) clearly shows quite smallgeometry relaxation of the former and drastic change ofmorphology of the latter which cannot be optimized at all,due to a divergence of the SCF calculations after severalsteps of geometry optimization.
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Figure 5. Band gaps ∆εgap vs. DNT for the two sets of six-layer SW
TiO2 NTs with various chiralities.

This instability can be also illustrated by a drastic dif-ference between the calculated strain energies (Estrain) of6- and 12-layer SW TiO2 NTs with the non-optimizedstructure after rolling up the corresponding slabs (Fig. 2)in the case of (−6, 6) and (12, 12) chiralities: 23.76 and41.78 vs. 224.04 and 498.62 kJ/mol per TiO2 formula unit,respectively. Thus, we can predict that for 12-layer tita-nia nanotubes, the more stable morphology has not to bethe exfoliating SW NT but the double-walled (DW) NTcontaining a pair of the separated six-layer nanotubes ofdifferent diameters and chirality indices.

(-6,6) chirality (12,12) chirality6-layer NTs 12-layer NTs 6-layer NTs 12-layer NTs
Initial morphology of nanotubes

DNT= 19.33 Å DNT= 19.67 Å DNT= 12.99 Å DNT= 14.13 Å

Nanotube morphology after complete (6-layer NTs) and partial (12-layer NTs) optimization

Figure 6. Cross-sections of 6- and 12-layer SW TiO2 NTs with (−6, 6) and (12, 12) chiralities, respectively (DNT for nanotubes with initial geometry
are defined as described in Table 3).
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5. Conclusions
1. Use of the line group formalism allows the construc-tion of nanotubes of different crystalline morphol-ogy. The exploitation of the rotohelical symmetryof NTs, usually quite high, permits to drasticallyreduce the computation time. A new approach issuggested for the generation of the line group irre-ducible representations. This approach is based onthe isomorphism between line and plane groups.
2. Ab initio LCAO calculations using the hybrid PBE0Hamiltonian allow us to perform the analysis of theatomic and electronic structure of TiO2 sheets aswell as nanotubes simulated using different models.
3. The strain energies of 6-layer SW TiO2 NTsdecrease with the growth of nanotube diame-ter, approaching to a minimum for infinite DNT.∆εgap(DNT) curves for both nanotube chiralitiesachieve maxima at diameter range 13-17 Å andafter its further growth both gaps asymptoticallyapproach to that for the corresponding 2D slab.
4. The twelve-layer SW TiO2 NTs have been found tobe energetically non-stable as single-walled nan-otubes. We can predict that for these nanotubes,the more preferable morphology has to be double-walled (DW) NTs of the same chirality consisting ofa pair of six-layer nanotubes of different diametersand chirality indices.
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