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SiC nanotubes: DFT calculations of 29Si and 13C NMR properties

Maryam Mirzaei • Mahmoud Mirzaei

Received: 20 March 2010 / Accepted: 13 June 2010 / Published online: 6 July 2010

� Springer-Verlag 2010

Abstract We performed density functional theory (DFT)

calculations to investigate the properties of electronic

structures of representative armchair and zigzag silicon

carbide nanotubes (SiCNTs). The model structures were

optimized and the NMR parameters were calculated at the

sites of silicon-29 and carbon-13 atoms in these structures.

Our results indicated that different electronic environments

could be detected by using the atoms of nanotubes in which

the atoms of tips, especially for zigzag SiCNT, exhibit

distinctive properties among other atoms.
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Introduction

Since the discovery of carbon nanotubes (CNTs) by Iijima

[1], some researchers have focused on the characterization

of other kinds of nanotubes. Among these investigations,

the theoretically predicted CNT-like tubular structures of

boron nitride (BN) and silicon carbide (SiC) have been

successfully synthesized [2–5]. In contrast to CNTs, which

are metal or semiconductor depending on the tubular

diameter and chirality, both BNNTs and SiCNTs have

always been viewed as semiconductors [6–8]. In addition,

the difference between the electronegativities of C and Si

atoms induces polarities in the SiCNTs in contrast to the

non-polar CNTs. The structural counterparts comprising Si

and C atoms have been viewed as being more stable than

the structures consisting of only C or Si atoms [9]. More-

over, the larger length of the Si–C bond (1.80 Å) versus

B–N (1.44 Å) and C–C (1.42 Å) bonds makes the SiCNTs

a more suitable candidate than BNNTs and CNTs for

applications in storage materials [10]. Although theoretical

and experimental researchers have investigated the prop-

erties of SiCNTs [11–15], none of them have yet reported

the NMR properties of these structures.

Nuclear magnetic resonance (NMR) spectroscopy is

among the most important and versatile techniques to

investigate the properties of the electronic structure of

matter [16]. Chemical shielding (CS) tensors are very

sensitive to the electronic environment at the sites of

dipolar atoms such as 29Si and 13C and could be used to

detect any changes of this environment.

We therefore investigated the properties of electronic

structures of representative (4,4) armchair and (6,0) zigzag

single-walled SiCNTs (Fig. 1) by density functional theory

(DFT) calculations of their NMR properties (Table 1). The

representative structures were firstly optimized and then

the CS tensors were calculated for these structures. Our

results indicated that the Si and C atoms can be used to

detect different electronic environments in the structures of

SiCNTs, which could be detected by using the calculated

NMR properties.

Results and discussion

Table 1 presents the absolute values of isotropic (riso) and

anisotropic (Dr) CS properties of the investigated (4,4) and
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(6,0) SiCNTs (Fig. 1). The numbers in Fig. 1 indicate that

the atoms of nanotubes could be divided into layers in

which the atoms of each layer are used to detect similar

electronic environments. The Si atoms are designated by

odd numbers and the C atoms are designated by even

numbers. As a result of the similarities between the tips of

armchair nanotube (Fig. 1a), this structure could be divided

into two similar parts; hence, we have only designated the

layers of one part of this model. In contrast, the zigzag

nanotube (Fig. 1b) has two different tips, the Si- and C-tip.

The atoms of armchair SiCNT are divided into five

layers for Si atoms and five layers for C atoms based on the

similarities of NMR properties of atoms of each layer. The

results indicated that the atoms of different layers have

different values of NMR properties which means that these

atoms can be used to detect different electronic environ-

ments in the structure of armchair SiCNT. As can be seen

from Eq. 1, the value of riso is directly proportional to the

electronic density at the atomic sites. For Si atoms, the

largest value of riso belongs to the Si-1 layer which is part

of the nanotube tip incorporating the C-2 layer; however,

for C atoms, the value of riso for the C-2 layer is not the

largest one among the C layers. The major contribution to

Dr stems from the orientation of the CS tensors in the

z-axis of the molecular frame, which can be seen from

Eq. 2, and this value is the largest for the C-2 layer among

the C layers but not for the Si-1 layer among the Si layers.

The atoms of the tips are very important in determining the

electronic properties of nanotubes in which we could see

that the Si and C atoms of the tip of armchair SiCNT

behave differently. The results indicated that similar elec-

tronic environments are detected for some layers in which

the electronic environments for Si-3 and Si-7 layers and

also for Si-5 and Si-9 layers are almost similar. Interest-

ingly, the corresponding C layers of the mentioned Si

layers are also used to detect similar electronic environ-

ments in which similarities could be seen between the

properties of C-4 and C-8 layers and also for C-6 and C-10

layers. It is worth noting that the electronic densities at the

atomic sites of nanotubes are very important for interac-

tions occurring between nanotube and other molecules or

atoms. Here, by means of the values of riso we could

conclude that similar electronic densities could be detected

for Si and C atoms in the side wall of the armchair SiCNT.

The calculated NMR properties of zigzag SiCNT

(Fig. 1b) are divided into six layers for Si atoms and also

six layers for C atoms based on the similarities of the

properties of atoms of each layer. The structure of zigzag

nanotube due to having two different tips is completely

different from armchair nanotube which has similar tips.

Si-tip and C-tip are completely distinguished in the

investigated zigzag SiCNT by their typical NMR properties

among the Si and C layers of zigzag nanotube. For the Si

layers, with the exception of Si-3 layer, the value of riso for

the Si-1 layer (Si-tip) is the largest one and that of Dr is the

smallest one among other Si layers. Interestingly, reversed

results are observed for the C layers in which the value of

riso for the C-12 layer (C-tip) is the smallest one and that of

Dr is the largest one among other C layers. The NMR

properties of atomic layers are used to detect several

changes along the nanotube which means that the atoms of

different layers highlight different electronic environments.

From Si-1 to Si-9, the values of Dr are increased but this

value is decreased for the Si-11 layer, which is involved in

chemical bonding with the atoms of C-tip. In the same

direction, the value of riso is increased from Si-1 to Si-2 but

this value is deceased from the Si-2 to Si-11 layer. For C

layers, the value of riso is increased from C-12 to C-2

which means that the changes of values of riso follow

opposite directions for Si and C layers. Interestingly, a

similar trend could be concluded for the changes of the

Fig. 1 Armchair (a) and zigzag (b) models of SiCNTs. For clarity,

only the 2D views are shown. The odd numbers designate the Si

atomic layers and the even numbers designate the C atomic layers

Table 1 NMR properties (ppm) of the models of SiCNTs

29Si

atoms

Armchair

modela
Zigzag

modela

13C

atoms

Armchair

modela
Zigzag

modela

1 289; 142 347; 104 2 116; 102 132; 106

3 284; 140 363; 108 4 127; 88 131; 84

5 275; 158 310; 116 6 115; 96 121; 84

7 288; 135 281; 142 8 124; 84 119; 88

9 278; 150 278; 142 10 120; 92 125; 95

11 – 272; 131 12 – 104; 145

Atom labels are shown in Fig. 1
a The first number is the isotropic (riso) and the second number is the

anisotropic (Dr) chemical shielding parameter
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values of Dr in which this value is decreased from C-12 to

C-4. The increasing of Dr for C-2 is due to chemical

bonding of the atoms of this layer with the atoms of the

Si-tip.

Conclusions

We investigated the properties of the electronic structures

of representative armchair ad zigzag SiCNTs by DFT

calculations of NMR parameters. Our results indicate that

the atoms of nanotubes could be divided into atomic layers

based on the similarities of the calculated NMR properties

of atoms of each layer. This trend is due to the detection of

similar electronic environments by using the atoms of each

layer. However, the atoms of different layers are used to

detect different electronic environments as could be seen

by their different NMR properties. In both the armchair and

zigzag SiCNTs, the atoms of the tips of nanotubes exhibit

distinctive properties among other atoms in the structure of

nanotubes and this trend is much more significant for

zigzag SiCNT, which has two different tips.

Computational details

In this research, representative (4,4) armchair and (6,0)

zigzag single-walled SiCNTs were investigated by DFT

calculations using the Gaussian 98 package [17]. Both

models (Fig. 1) consist of 36 Si and 36 C atoms, in which

the tips of the nanotubes are saturated by hydrogen (H)

atoms to avoid the dangling effects (since periodic

boundary conditions are not considered in molecular cal-

culations, the tips of nanotubes should be saturated by H

atoms to remove the effects of dangling bonds on the

properties of nanotubes [18]). In the initial step, the all-

atomic geometries of the structures were allowed to relax

by optimization at the level of the B3LYP method and

6-31G* standard basis set. In the last step, the chemical

shielding (CS) properties were calculated for the optimized

structures at the same method level but 6-31?G* standard

basis set to include diffusion effects in the calculations.

The NMR properties were calculated by employing the

gauge included atomic orbital approach (GIAO) [19]. It is

worth noting that the size of model considered and the level

of theory employed for the study of the properties of

electronic structures of the nanotubes have been validated

by results from previous work [20, 21]. The quantum

chemical calculations yield the CS tensors in the principal

axis system (PAS) with the order of r33 [ r22 [r11;

therefore, Eqs. 1 and 2 are used to convert the calculated

CS tensors to the absolute isotropic (riso) and anisotropic

(Dr) CS properties [16]. The NMR properties evaluated for

the investigated models of the (4,4) and (6,0) SiCNTs are

listed in Table 1.

riso ppmð Þ ¼ 1

3
r11 þ r22 þ r33ð Þ; ð1Þ

Dr ppmð Þ ¼ r33 �
1

2
r11 þ r22ð Þ: ð2Þ
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14. Baumeier B, Krüger P, Pollmann J (2007) Phys Rev B 76:085407

15. Taguchi T, Igawa N, Yamamoto H, Jitsukawa S (2005) J Am

Ceram Soc 88:459

16. Bovey FA (1988) Nuclear magnetic resonance spectroscopy.

Academic, San Diego

17. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Zakrzewski VG, Montgomery JA Jr, Stratmann

RE, Burant JC, Dapprich S, Millam JM, Daniels AD, Kudin KN,

Strain MC, Farkas O, Tomasi J, Barone V, Cossi M, Cammi R,

Mennucci B, Pomelli C, Adamo C, Clifford S, Ochterski J, Pet-

ersson GA, Ayala PY, Cui Q, Morokuma K, Malick DK, Rabuck

AD, Raghavachari K, Foresman JB, Cioslowski J, Ortiz JV,

Baboul AG, Stefanov BB, Liu G, Liashenko A, Piskorz P, Ko-

maromi I, Gomperts R, Martin RL, Fox DJ, Keith T, Al-Laham

MA, Peng CY, Nanayakkara A, Gonzalez C, Challacombe M,

Gill PMW, Johnson B, Chen W, Wong MW, Andres JL, Gonz-

alez C, Head-Gordon M, Replogle ES, Pople JA (1998)

GAUSSIAN 98. Gaussian, Inc., Pittsburgh

18. Bodaghi A, Mirzaei M, Seif A, Giahi M (2008) Physica E 41:209

19. Wolinski K, Hinton JF, Pulay P (1990) J Am Chem Soc 112:8251

20. Mirzaei M, Nouri A (2010) J Mol Struct (Theochem) 942:83

21. Mirzaei M (2009) Monatsh Chem 140:1275

SiC nanotubes: DFT calculations of 29Si and 13C NMR properties 943

123

http://dx.doi.org/10.1140/epjb/e2010-00020-y

	SiC nanotubes: DFT calculations of 29Si and 13C NMR properties
	Abstract
	Introduction
	Results and discussion
	Conclusions
	Computational details
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


