A localized Gaussian type orbital-periodic boundary condition-density functional theory study of infinite chiral single-walled carbon nanotubes with various tubular diameters
*Bo-Cheng Wang, Wen-Hao Chen
Department of Chemistry, Tamkang University
Abstract

Localized Gaussian type orbital-periodic boundary condition-density functional theory (LGTO-PBC-DFT) was used to determine the electronic and detailed geometrical structures of (n, m) chiral type single-walled carbon nanotubes (SWCNTs) with infinity tubular axis extension from (6, m) to (17, m) which include the whole (6, m), (7, m) and (8, m) series chiral SWCNTs. It is found that the optimized structure of chiral SWCNT showed three non-equivalent calculated C-C bond lengths. The calculated average C-C bond length of (n, m) chiral SWCNts decreases when the calculated tubular diameter increase except (n, 1) series SWCNTs. For the calculated energy gap (Eg) between HOCO and LUCO of (n, m) chiral SWCNTs, there are lower calculated Eg for n - m divisible by 3.    
Introduction


Since the discovery of fullerene C60 by Smalley et al. in 1985 and carbon nanotubes by Iijima in 1991, the unusual electronic and structural properties of carbon nanotubes have been received the increasing attention of chemist and physicists. The electronic properties of carbon nanotubes vary widely with their length, diameter and chirality. Carbon nanotubes can be metal or semi-conductor and are potentially used in a wide variety of applications. Being the potential applications in optical and electronic devices, many experimental efforts have been proposed to manufacture and separate the single walled carbon nanotube (SWCNT). But there are very few experimental measurements presented to confirm the geometrical structure for a single SWCNT. Odom and Clauss reported the scanning tunneling microscopy (STM) image of the atomic and electronic structures of SWCNT. (ref5,6) Last year, Ijima et al. confirmed several chiral SWCNTs by using an aberration-corrected transmission electron microscopy (TEM). They revealed that the metallic and semiconducting properties for selected SWCNTs.(ref4) 
Theoretically, the geometrical structure of SWCNT is a rolled-up 2-D graphite sheet as a hollow cylinder shape or a one-by-one layered cyclic carbon shape as a 1-D tubular axis infinity extension. SWCNTs with defect free have various types of cylindrical sharps with respect to the array of benzenoids in carbon nanotubes. According to geometrical analysis, there exist armchair, zigzag and chiral tubules among SWCNTs.

Although a bundle of papers were published related to the manufacture of carbon nanotubes, the separation technique for SWCNT is not well established. Thus, the theoretical prediction in SWCNT may play an important role to predict their physical properties. Recently, the geometric and electronic structures of zigzag and armchair SWCNTs with infinite tubular length have been studied in details by LGTO-PBC-DFT method at VSXC level with 6-31G(d) in our previous paper. We conclude that the bond lengths of the optimized zigzag and armchair SWCNTs is the C-C bonds of the zigzag SWCNTs at large diameter being regarded as those of 2-D graphite sheet while those of the armchair SWCNTs cannot. In particular, the chiral SWCNTs are much more complicated with periodic to infinite systems, since their helicity and curvature can be deviated significantly. During the last decade, a few calculations, which include the DFT and the tight-binding theory calculations, were used to generate the electronic and geometrical structures of chiral SWCNTs; they considered the finite system of SWCNTs only. Although the tight-binding method could deviate larger bulk graphite system, it assume that the SWCNTs contain only one type C-C bond length during the whole system and ignore the curvature and the sp2 and pπ rehybridization. DFT calculation determined three different C-C bond lengths in chiral SWCNTs which is opposite to that of tight-binding theory calculation. Recently, the optimized structures of chiral SWCNTs were investigated using the density functional tight binding (DFTB) method by Morokuma et al. They determined the same results as that of DFT calculation. Akai et al. generated the details of electronic and geometric structures of the chiral SWCNTs with diameters between 8 to 20 Å based on the local density approximation (LDA) in the framework of the DFT theory.(refs) Unfortunately, these calculations limited to finite tubular length, so that they are not the real model of SWCNTs.

In the present study, we focused on the 37 chiral SWCNTs from (6, 1) to (17, 2) with defect free which include the whole (6, m), (7, m) and (8, m) series chiral SWCNTs. The more detail geometrical and electronic structures of chiral SWCNTs with infinity tubular axis extension were generated by using the LGTO-PBC-DFT calculation with VSXC level and 6-31G(d) basis set. We briefly mention the calculation detail in section 2. The optimized structures, band structures and band gaps of the chiral SWCNTs are discussed in section 3. The comparison will address with the tight-binding calculation in this section also. Section 4 concludes the present study. The curvature and chiral effects were investigated in these chiral SWCNTs also.
Brief Theoretical Background and Calculation Details


The geometrical structure of SWCNT can be mathematically described by a chiral vector 
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 on a 2-D graphite sheet where 
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 with n and m being integers; the tubular axis is perpendicular to chiral vector
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. Conveniently, SWCNT is presented by a (n, m) pair of indices; (n, 0), (n, n) and (n, m) that designate the zigzag, armchair and chiral types SWCNTs, respectively. The (n, 0) zigzag type SWCNTs are arranged as cis-polyenes with a single circular of carbon; the (n, n) armchair type SWCNTs is obtained by rolling up hexagons in a 
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 symmetry plane such that the carbon atoms are arranged as trans-polyenes with a simple circular plane of carbon atoms. The (n, m) chiral SWCNT is the helicity structure with chiral angle
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 in a chiral SWCNT was generated in Table 1, which mentions the most possible predict chiral angle 
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 from (n, m) indices. 
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 = 19.1∘, 13.9∘ and 10.9∘, when n = 2m, 3m and 4m, respectively. For example: (6, 3), (8, 4), (10, 5), (12, 6) and (14, 7) have the same chiral angle 
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 (=19.1∘); (6, 2), (9, 3), (12, 4) and (15, 5) have the same chiral angle 
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 (=13.9∘) also. Considering the average C-C bond length d, a (n, m) chiral SWCNT has the tubular diameter r =
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For the PBC-DFT calculation of chiral SWCNTs, the single chiral segment is used for the starting unit cell and extended it along the tubular axis to infinite length by the PBC model. Fig. 1 shows the atomic arrangement of the starting unit cell for chiral SWCNTs. For example, (9, 1) chiral SWCNT, the starting unit contains 58 carbon atoms with a helical structure and extend it to infinite tube in the calculation. (Fig. 1).  
Recently, the optimized and electronic structures of zigzag and armchair types SWCNT were published by used the LGTO-PBC-DFT method with VSXC functional and 6-31G(d) basis set, which was implemented in Gaussian 03 revision C.02 program package in our previous paper. The PBC model in the Gaussian 03 package is based on Gaussian type orbitals (GTOs) that are transformed ‘crystalline orbitals (CO)” by employing the Bloch function, and then the energy per unit cell can be computed several algorithms. The HOMO and LUMO of a finite system, the highest occupied crystalline orbital (HOCO) and the lowest unoccupied crystalline orbital (LUCO) can be defined in this case, the energy gap (Eg) between the energy of HOCO and that of LUCO corresponds to the band gap, and thus we use the definition given by Eg = ELUCO – EHOCO.

In our previous paper, several test calculations were carried out to examine the performance and efficiency of various functionals and basis sets with the LGTO-PBC-DFT method. We used the VSXC functional and 6-31G(d) basis set for the geometry optimization and band structure calculations of the zigzag and armchair SWCNTs. Thus, we will continue using the VSXC functional and 6-31G(d) basis set with PBC-DFT method to determine the optimized and electronic structures of chiral SWCNTs in the present study.
Results and Discussion


The chiral SWCNTs possess the C2 symmetry axes, which is perpendicular to the tubular axis and going through the center of hexagon. On the basis of the structure analysis, Table 2 presents the optimized tubular diameters, HOCO, LUCO and Eg calculated by using the PBC-DFT calculation for the infinite tubular length chiral SWCNTs from (6, m) to (17, m). The calculated diameters increase while the n and m increasing. For example, the calculated diameters are 5.062 Å, 7.670 Å and 14.206 Å for (6, 1), (6, 5) and (17, 2) SWCNTs, respectively. The predicted tubular diameter of SWCNT could be generated by using the equation based on (n, m) indices that is mentioned in the above section. The STM measurements for tubular diameters reveal that the (11, 2), (12, 2) and (12, 3) chiral SWCNTs are 9.5 Å, 10.3 Å and 10.8 Å. Comparing with our PBC-DFT calculation, the calculated tubular diameters for these three SWCNTs are 9.516 Å, 10.284 Å and 10.750 Å, respectively. (ref1) Thus, our calculation results are consistent with the experimental STM measurement. These calculated tubular diameters of SWCNTs agree very well with the tight-binding theory and DFTB calculation results, also.(ref2) Theoretically, zigzag SWCNTs contain two unique C-C bond lengths; the bond length of armchair SWCNTs convergd to almost one C-C bond length. The zigzag SWCNTs at a large tubular diameter can be regarded as those of a 2-D graphite sheet while those of armchair SWCNTs cannot. Furthermore, chiral SWCNTs have the helicity structure and twisted hexagonal array, thus, their formation mechanism may not the same as those of zigzag and armchair SWCNTs.
According to the optimized structures of chiral SWCNTs by PBC-DFT calculation, there are three nonequivalent C-C bond lengths, which are denoted by bonds a, b and c (Fig. 2). Bond a is parallel to the tubular axis for zigzag (n, 0) SWCNTs; bonds b and c are located in both side of tubular axis and it dihedral the angle between bonds b and c for zigzag (n, 0) SWCNTs. Bonds a, b and c are rotated by the chiral angle θ counterclockwise with respective to the tubular axis 
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 of chiral SWCNTs from θ = 0∘(zigzag) to θ = 30∘(armchair). Fig. 2 presents the relation between chiral angle 
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 and tubular axis 
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 for (6, m) chiral SWCNTs. Compared with three nonequivalent calculated C-C bond lengths in chiral SWCNTs, bonds b and c are the largest and smallest in these SWCNTs (Fig. 3), respectively. Since the chiral SWCNTs contain three nonequivalents calculated C-C bond lengths, there is not the regular honeycomb array in the surface of chiral SWCNT surface. The average C-C bond length is 1.435 ± 0.005 Å for all of the chiral SWCNTs with tubular axis infinite extension. Fig. 3 shows the calculated C-C bond length and average bond length in the (6, m), (7, m) and (8, m) series chiral SWCNTs. According to this figure, we can see that the (6, 1), (7, 1) and (8, 1) chiral SWCNTs have the largest calculated average C-C bond length, then, the calculated bond length decrease gradually to armchair SWCNT during its corresponding series SWCNT. For the smaller diameter SWCNTs (6, m) series, the calculated average C-C bond lengths are between 1.437 Å to 1.431 Å and the while m increasing from 0 to 6. Bond a decreases while m increases up to (6, 4) then increasing to armchair (6, 6) SWCNT. For the (n, 1) series chiral SWCNTs, there are larger C-C bond difference (e. g. (9, 1) 1.3924 Å to 1.4760 Å and (10, 1) 1.386 Å to 1.477 Å). Fig. 4 shows the calculated average C-C bond lengths vs. 1/d in the SWCNTs; (n, 1) series SWCNTs have larger calculated average C-C bond lengths comparing to that of others SWCNTs. The calculated C-C bond lengths change of (n, 1) series SWCNTs are presented in Fig. 3, which indicated the calculated C-C bond lengths of bonds a and c increase while n increase; contrarily, that of bond b decreases. The calculated diameter for larger tubular diameter (16, m) and (17, m) series SWCNTs are between 1.37 Å to 1.47 Å. 
According to our previous calculation results, the tubular surface of armchair and zigzag SWCNTs have almost regular honeycomb hexagon array. The geometry structures of chiral SWCNTs were optimized; they have three non-equivalent optimized C-C bond lengths (Fig. 3). Thus, we conclude that the tubular surface of chiral SWCNTs is the twisted hexagon array. Clauss et al mentioned a twisted SWCNT by STM imaging, also. (refq) Unfortunately, the detail STM measurement of single chiral SWCNT was not determined. Table 3 shows the calculated bond angles (α, β and γ) and bond lengths (a, b and c) for chiral (6, m), (7, m) and (8, m) series SWCNTs. Initially, there are equal calculated bond angles α and β for (6, 0), (7, 0) and (8, 0) zigzag SWCNTs; and calculated bond angle γ are 113.7∘, 115.5∘ and 119.3∘for the corresponding zigzag SWCNTs, respectively. Increasing the tubular diameter should increase bond angle γ and converge to 120∘for the armchair SWCNTs. More twisted hexagonal array appear in the (6, 1), (7, 1) and (8, 1) SWCNTs since more variable bond angle change in these SWCNTYs. Since the smaller tubular diameter (6, m) SWCNTs have more curvature effect, their calculated bond angle are more variable than others. On the basis of the structure analysis, the prominent structural property of chiral SWCNTs, as compared to zigzag and armchair SWCNTs, are the existence of buckling on the tubular surface, which may the same as those of boron-nitride nanotubes.

 For the C-C bonding orbital investigation of chiral SWCNTs, Haddon et al. applied the π-orbital axis vector (POAV) to analysis the rehybridization of sp2 and pπ orbitals in the fullerenes. The curvature of the tube surface at a carbon atom could be described by the pyramidalization angle [
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], which is shown in Fig. 5. In the 2-D planar graphite sheet, the carbon atoms are all equivalent and pyramidalization angle (
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) is 0∘. According to the geometrical analysis of SWCNT, the rehybridization of sp2 and pπ orbitals are equivalent for the zigzag and armchair types. The pyramidalization angle 
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 is 15∘for (6, 0) zigzag SWCNT and decrease to 5.3∘for the (17, 0) zigzag SWCNT. They generated the structures and energies for distorted ethylene as a function of POAV pyramidalization angle (
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). Theoretically, increasing the C-C bond length may increase the s orbital character. We conclude that bond b in the chiral SWCNT has shorter C-C bond length comparing to those of bonds a and c, thus, it contains more C-C double bond character. Thus, bond b may favor for the tubular surface oxidation reaction in chiral SWCNTs.
Theoretically, the SWCNTs have moderate-gap or narrow-gap semiconductor or metallic properties depending on their (n, m) indices. According to Table 2, two different calculated Eg by a PBC-DFT calculation were presented: the chiral SWCNT with three different optimized C-C bond lengths and with one constrained C-C bond length, respectively. The latter is similar to the assumption of tight-binding theory which contains only one type C-C bond length during the whole SWCNT model. Thus, the surface of SWCNT has regular hexagonal shape due to the tight-binding theory model. In particular, the tight-binding theory assume that the SWCNT is the rolled up graphite sheet, thus, the physical properties are depend on the (n, m) indice as following n – m divisible by 3 having the metallic property for chiral SWCNT. Our calculation results are consistent with the tight-binding theory with constrained all the C-C bond lengths in the chiral SWCNTs to be 1.42 Å, which is the most tight-binding theory calculation assumed. For example: the calculated Eg are 0.2336 eV, 0.1108 eV, 0.2409 eV, 0.1188 eV, 0.2031 eV, 0.051 eV, 0.0314 eV, 0.1156 eV, 0.0938 eV and 0.1385 eV for (7, 1), (8, 2), (9, 3), (10, 1), (11, 2), (12, 3), (13, 1), (14, 2), (16, 1) and (17, 2) chiral SWCNTs, respectively. These chiral SWCNTs are following n – m being divisible by 3 and having the lower calculated Eg (below 0.5 eV), which are near metallic property. Except these, the calculated Eg are near semiconductor for other SWCNTs. The smaller diameter chiral (6, m) SWCNT, the curvature effect apparently, so that the calculated Eg in this series does not follow the tight-binding theory assumption. Since the tight-binding theory predicts the possible chiral SWCNTs, which may have the metallic property. According to our calculation results, (7, 1), (8, 2) (8, 5), (9, 6), (10, 1), (11, 2), (12, 3), (13, 1), (14, 2), (16, 1) and (17, 2) have lower calculated Eg than those of neighboring chiral SWCNTs. This conclusion may obey the tight-binding theory assumption. Comparing the calculated Eg for chiral SWCNTs, our calculation results imply that the real model of chiral SWCNTs do not follow the tight-binding theory assumption. Thus, the chiral SWCNT may not the roll-up of 2-D graphite sheet. Recently, Ijima et al. used the statistical analysis generated the (n, n) armchair and (n, n-3) chiral SWCNTs with large chiral angles (
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) being metal. Since the computing limitation, our calculation can not reach to the Ijima’s case in the SWCNTs.  
In order to determine the general regularity of physical properties of SWCNT, we may from two different directions: closed tubular diameters and same chiral angle. Machón et al. used ab initio calculation to investigate the optical properties and electronic band structures of 4 Å diameter SWCNTs, which contain (3, 3), (5, 0) and (4, 2) SWCNTs.(ref3) Since these SWCNTs grow within the channels of a zerolite, they constrained the tubular diameter during the synthesis process. According to the experimental prediction of SWCNT, the closed tubular diameters SWCNT have the similar tubular cap; thus, we investigate the physical properties for these SWCNTs by PBC-DFT calculation with the systematic study. The (5, 5), (6, 4), (7, 3), (8, 2) and (9, 0) SWCNTs have the closed calculated tubular diameters (7 ± 0.1 Å) which are shown in Table 2, their tubular cap may have the semi-dome of C60. Furthermore, (6, 6), (8, 5), (10, 0) and (11, 1) SWCNTs have the closed calculated tubular diameters (8 ± 0.1 Å), also. Although the SWCNTs with the closed tubular cap, they can not generate the similar physical properties. 

To investigate the chiral effect in the SWCNTs, we selected (6, m), (7, m) and (8, m) chiral SWCNTs as model for the whole series study. For (6, m) chiral SWCNTs, m is between 0 and 6; the chiral angle increase while m increasing (e.g. 7.6∘for (6, 1) up to 27.0∘for (6, 5)) and (6, 0) and (6, 6) are zigzag and armchair SWCNTs, respectively. The calculated Eg for these series chiral SWCNTs are shown in Fig. 5. (7, m) and (8, m) series SWCNTs have the oscillate properties for calculated Eg. (7, 1), (7, 4) (8, 2) and (8, 5) chiral SWCNTs have the lowest calculated Eg in their corresponding series but they can not reach to metal. The previous tight-binding calculation reveals that the calculated Eg for (8, 2) and (8, 5) chiral SWCNTs are metal since they obeyed the n - m divisible by 3 for (n, m) indices and they contain the C-C bond length in the chiral SWCNTs. Contrarily, (8, 1) and (8, 7) SWCNTs have larger calculated Eg since more twisted hexagons are in the tubular surface. Due to the smaller tubular diameter and curvature effect, the (6, m) series SWCNTs have not the oscillate property in the calculated Eg. Blasé et al. showed that the SWCNTs increase the curvature while they are smaller than (6, 0) SWCNT.(ref 9) In particular, our calculation result mentioned that (6, 3) chiral SWCNT decreases comparing with that of neighboring (6, 2) and (6, 4) chiral SWCNTs. In particular, the PBC-DFT calculation for (6, 3) chiral SWCNT does not follow the tight-binding theory assumption, since the curvature effect may play an important role in the smaller tubular diameter SWCNTs. Akai et el. generated the calculated Eg and the distribution of bond lengths depending on the chiral angle 
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 based on the local density approximation. Similarly, the calculated Eg for the (9, m) and (10, m) chiral SWCNTs the 3m oscillate property may occure, thus, (9, 3) and (10, 1) chiral SWCNTs may have the lowest calculated Eg in these series. 
Conclusion 
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Following up on our previous work on zigzag and armchair SWCNTs, we have performed systematic PBC-DFT calculation on the chiral and defect free type SWCNTs with infinite tubular length from (6, m) to (17, m). According to our calculation results, the optimized geometrical structure of chiral SWCNTs may have three non-equivalent calculated C-C bond lengths. In particular, this prediction does not consistent with the simple π tight-binding calculation, which assume only one C-C bond length for the chiral SWCNTs. The calculated average C-C bond length is 1.435 ± 0.005 Å for all of the chiral SWCNTs with tubular axis infinite extension. For whole series (7, m) and (8, m) chiral SWCNTs, the calculated Eg has the 3m oscillate property; (7, 1), (7,4) (8. 2) and (8, 5) SWCNTs contain the smallest calculated Eg in these series, but, they can not reach to metallic property. Similarly, (9, m) and (10, m) chiral SWCNTs should have this 3m oscillate property for the calculated Eg, also. 
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Table 1

	
	(n, m) Chiral SWCNTs
	Chiral Angle

	n= 2m
	(6, 3)、 (8, 4) 、(10, 5)、(12, 6)、(14, 7) …
	19.106

	n= 3m
	(9, 3)、 (12, 4) 、(15, 5)、(18, 6)、(21, 7)…
	13.898

	n= 4m
	(12, 3)、 (16, 4) 、(20, 5) 、(24, 6)、(28, 7) …
	10.890

	n= 5m
	(15, 3)、 (20, 4) 、(25, 5) 、(30, 6)、(35, 7) …
	8.948


	(n, m)
	Diameter

(Å)
	HOCO
	LUCO
	Eg (eV)
	(n, m)
	Diameter

(Å)
	HOCO
	LUCO
	Eg (eV)

	(6, 1)
	5.062
	-4.4064
	-4.0151
	0.3913
	(10, 1)
	8.286
	-4.1031
	-3.6713
	0.4318

	(6, 2)
	5.744
	-4.3160
	-3.9588
	0.3572
	(10, 2)
	8.758
	-4.2772
	-3.5209
	0.7562

	(6, 3)
	6.242
	-4.1641
	-3.6162
	0.5479
	(10, 3)
	9.322
	-4.4953
	-3.4321
	1.0632

	(6, 4)
	6.982
	-4.5580
	-3.3778
	1.1801
	(10, 5)
	10.404
	-4.3228
	-3.5640
	0.7588

	(6, 5)
	7.650
	-4.5886
	-3.2321
	1.3565
	(11, 1)
	9.064
	-4.3786
	-3.3751
	1.0034

	(7, 1)
	5.964
	-3.9842
	-3.7506
	0.2336
	(11, 2)
	9.516
	-4.0373
	-3.8358
	0.2015

	(7, 2)
	6.486
	-4.5632
	-3.6309
	0.9323
	(11, 3)
	10.104
	-4.0305
	-3.7774
	0.2531

	(7, 3)
	7.024
	-4.3611
	-3.5608
	0.8003
	(12, 1)
	9.762
	-3.9791
	-3.7178
	0.2573

	(7, 4)
	7.584
	-4.1042
	-3.7356
	0.3685
	(12, 2)
	10.284
	-4.4222
	-3.5227
	0.9043

	(7, 5)
	8.202
	-4.4913
	-3.4053
	1.0860
	(12, 3)
	10.750
	-3.9795
	-3.9284
	0.0511

	(8, 1)
	6.702
	-4.5830
	-3.3995
	1.1835
	(13, 1)
	10.622
	-4.1415
	-3.6302
	0.5113

	(8, 2)
	7.150
	-3.9696
	-3.8608
	0.1088
	(13, 2)
	11.124
	-4.1119
	-3.7206
	0.3894

	(8, 3)
	7.848
	-4.3597
	-3.4248
	0.9348
	(14, 1)
	11.426
	-4.2014
	-3.4473
	0.7548

	(8, 4)
	8.280
	-4.3683
	-3.5527
	0.8156
	(14, 2)
	11.920
	-4.1102
	-3.7738
	0.3364

	(8, 5)
	8.986
	-4.0684
	-3.8074
	0.2609
	(15, 1)
	12.174
	-3.8863
	-3.8361
	0.0544

	(8, 6)
	9.532
	-4.3878
	-3.5028
	0.8849
	(15, 2)
	12.666
	-4.3119
	-3.5183
	0.7941

	(8, 7)
	10.263
	-4.4592
	-3.4193
	1.0399
	(16, 1)
	12.978
	-4.1703
	-3.6154
	0.5548

	(9, 1)
	7.532
	-4.1264
	-3.5072
	0.6192
	(16, 2)
	13.484
	-4.0036
	-3.8333
	0.1702

	(9, 2)
	8.022
	-4.4126
	-3.5409
	0.8716
	(17, 1)
	13.776
	-4.0831
	-3.5962
	0.4869

	(9, 3)
	8.512
	-4.0501
	-3.8091
	0.2409
	(17, 2)
	14.206
	-4.1536
	-3.7389
	0.4147


Table 2

Table 3

	(n, m)
	α
	β
	γ

	(6, 0)
	119.914
	119.925
	113.675

	(6, 1)
	117.393
	123.338
	113.784

	(6, 2)
	116.598
	121.273
	117.618

	(6, 3)
	116.332
	120.685
	119.093

	(6, 4)
	114.993
	120.849
	121.318

	(6, 5)
	116.019
	119.292
	121.924

	(6, 6)
	119.043
	119.679
	119.043

	(7, 0)
	119.922
	119.927
	115.502

	(7, 1)
	116.884
	124.365
	114.580

	(7, 2)
	118.393
	120.329
	117.512

	(7, 3)
	118.605
	120.113
	118.213

	(7, 4)
	117.529
	120.313
	119.518

	(7, 5)
	115.865
	120.491
	121.396

	(7, 6)
	116.776
	119.499
	121.796

	(7, 7)
	119.293
	119.755
	119.293

	(8, 0)
	119.944
	119.969
	116.396

	(8, 1)
	116.097
	125.427
	115.161

	(8, 2)
	119.850
	119.876
	117.389

	(8, 3)
	119.328
	120.691
	117.497

	(8, 4)
	119.644
	119.712
	118.475

	(8, 5)
	118.163
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Fig 3
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Fig 4
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Fig 5
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