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บทคดัย่อ  
ในงานวจิยัน้ี ไดศ้กึษาสมบตัเิชงิโครงสรา้ง พลงังาน การถ่ายโอนประจุ และสมบตัเิชงิอเิลก็ทรอนิค ของคารบ์อนนาโน
แคปที่โดปด้วยโลหะทรานสชินัคือ สแกนเดียมไทเทเนียมวานาเดียมโครเมยีมและแมงกานีส ศึกษาด้วยวธิทีฤษฎี
ฟงักช์นันลัความหนาแน่น ผลการคาํนวณแสดงใหเ้หน็วา่หลงัการโดปดว้ยโลหะเหล่าน้ี โครงรปูของคารบ์อนนาโนแคป 
เกิดการเปลี่ยนแปลงขึ้นอย่างชัดเจน ที่บริเวณตําแหน่งที่ทําการโดป ซึ่งมีรูปร่างคล้ายพีระมิด เมื่อพิจารณา
ความสามารถในการยดึจบัของโลหะกบัคาร์บอนนาโนแคป พบว่าไทเทเนียมอะตอมเกิดอนัตรกิรยิาที่แขง็แรงที่สุด 
ในขณะที่สแกนเดยีมอะตอมเกดิอนัตรกริยิาไดอ้่อนที่สุด กบัคารบ์อนนาโนแคปนอกจากนี้งานวจิยัน้ียงัได้รายงานถงึ  
ออบทิลัเชงิโมเลกุล พลงังานออบทิลัและความหนาแน่นสภาวะของคารบ์อนนาโนแคปทีโ่ดปดว้ยโลหะเหลา่น้ีดว้ย 

คาํสาํคญั: คารบ์อนนาโนแคป  ทฤษฎดีเีอฟท ี โลหะทรานสชินั  สมบตัเิชงิโครงสรา้ง  สมบตัเิชงิอเิลก็โทรนิค 
 
Abstract 
The structure, energy, charge transfer, and electronic properties of carbon nanocap (CNC) doping with the 
first row transition metals, i.e., Sc, Ti, V, Cr, and Mn atoms were studied using the density functional theory 
method. Calculated results showed that after doped with those metal ions, the geometrical structures of the 
CNC dramatically change at the doping site to form the pyramidal shape. The binding ability indicated that Ti 
and Sc atoms exhibited the strongest and the weakest interactions with CNC. In addition, frontier molecular 
orbitals, orbital energies, and density of states of TM-doped CNC were also reported. 

Keywords: Carbon nanocap, DFT, Transition metals, Structural property, Electronic property 
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Introduction 
A lot of research topics are concentrated on some 
properties of carbon–based nanostructures. It is 
well known that their structures are shown 
outstanding chemical and physical properties 
depending on their large specific area and 
lightweight. Carbon nanotube (CNT) is a new kind 
of nanostructures, which was established since in 
1991 by using carbon arc–discharge evaporation 
method.1 Single–walled carbon nanotube 
(SWCNT) is expected to be good candidates for 
the promising materials in the future. Since the 
electronic structure of SWCNTs depends on 
geometrical structure and chirality, SWCNTs can 
be typically metallic or semiconducting. 
Therefore, they have been attracted significant 
attention over the past few years. Due to 
excellence properties, their applications in 
materials science and nanotechnology fields were 
widely studied.3The large potential technological 
applications of sensors, storage materials, and 
electronics were reviewed.-6 In particular, many 
researches focus on a new typical sensor from 
the viewpoint of modified surface nanomaterials. 

In the case of sensor applications, a good 
example obtained in this class known as sidewall 
modification with free metals has been achieved 
to improve their electronic properties. Up until 
now, doping elements onto the sidewall surface 
reactivity and the tip of the tube is interestingly 
challenged. Surface modifications of CNTs by 
doping metals were found to significantly enhance 
the surface reactivity which were widely used as 
substrate to small gas adsorption.,7,8 

Especially, the closely rerated transition metals 
(TMs)–doped SWCNTs have been reported. 
Decorating of atomic TMs on SWCNTs or related 
carbon frameworks has been studied using the 
density functional theory (DFT) 

calculations.9,1Interestingly, TM–doped carbon 
frameworks (e.g., bucky bowls, fullerenes, and 
nanotubes) have been investigated under the DFT 
method.11 These results suggested that TM–
doped nanotubes may offer opportunities to 
achieve complementary selectivity in comparison 
to traditional Lewis acid catalysts. In addition, their 
structures interacted with a dopant TM atom are 
exhibited and imparted additional stability to these 
otherwise highly reactive. In a similar way, TM 
atoms doped on surface of SWCNTs with both 
exo and endo doping configurations have been 
studied within DFT method.1In the results, the 
geometric and electronic properties of these TM–
doped SWCNTs are much changed and exhibited 
to enhancements and improvements in selectivity.  

 

 
Figure 1. Optimized/modeled structures of a 

pristine CNC (a) side view and (b) top view with 
doping configuration sites for various transition 
metal doped structures. The modeled doping 
configuration sites are presented in the letter, 
namely C1, C, and C3 for doping configuration 
systems. The bond lengths are presented in Å. 
 

Many works have previously reported that 
synthesis of carbon frameworks are based on 
chemical vapor deposition method. Opened 
fullerene is generated a new type of carbon 
nanotube, they called the capped single–walled 
carbon nanotube.1Due to the strong catalytic 
activity of the transition metal, a new material 
doped with TM atom that could possibly be used 
in the field of sensor applications has been 
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designed. In this research, the geometrical, 
charge transfer, and electronic properties of 
single–walled carbon nanocap (CNC) and the first 
row TMs–doped CNCs have been investigated 
using the DFT.  
 
Computational details 
Geometry optimizations 
To obtain the most stable structures, all of 
calculations were carried out using the Gaussian 
9 computational package13 and DFT method. 
Based on the spin–restricted Kohn–Sham 
equation, these methods were solved for 
estimating the electronic structure. A hybrid 
density functional B3LYP, Becke’s three 
parameter exchange functional with the Lee–
Yang–Parr correlation functional was used to 
approximate the exchange–correlation 
interactions.1,1 The electronic wave functions 
were expanded in the Los Alamos LanLDZ split–
valence basis set with the core shell electrons 
represented by the LanL effective core 
potentials.16 As in Figure 1, capped single–walled 
carbon nanotube, compose of 6 carbon atoms 
with hydrogen atoms to saturate dangling bonds, 
was used as  model of the CNC. Doping atoms 
with the first row TM (Sc, Ti, V, Cr, and Mn) on 
the CNC were considered. The labeled positions 
C1, C, and C3 (see Figure 1b) were replaced by 
one of a TM atom. Therefore, the systems of TM–
doped onto CNC with each position were called 
TM–CNC(C1), TM–CNC(C), and TM–CNC(C3). 

 
 

Figure 2. . The Optimized structures of transition–
doped CNC at the various doping configuration 
sites as computed at the B3LYP/LanLDZ level. 
 

 
 
Figure 3. (a) The frontier molecular orbitals and 
(b) density of states (DOS) of pristine CNC. 
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Binding energies  
The binding energies (Eb) of CNCdoped with a 
TM atom at the difference sites were calculated 
as equation: 

Eb = ETM−CNC – ECNC – ETM  (1) 
whereETM−CNC are the total energies for TM–
doped on surface reactivity of a CNC at the 
difference configurations. The ECNC are the total 
energies of CNC with one vacancy carbon atom 
at doping site, while ETM is a total energy of free 

TM atom. A negative binding energy indicates that 
the system is an exothermic interaction. 
 
Partial charge transfers 
Considering the partial charge transfer (QT), the 
natural bond orbital (NBO) analysis was carried 
out to estimate the QT.17During the free metallic 
TM atom attacking on surface reactivity of the 
CNC, the QT is defined as a change of free 
metallic TM atom and TM charge during doping 
structures.

 
Table 1. Selected geometrical data of transition-doped CNC at the various doping configuration sites as 
computed at the B3LYP/LanLDZ level. 
Systems a 
 

Bond lengthb 
C1-C C1-C C1-C C-C8 C-C3 C3-C6 C3-C7 

CNC 1.63 1.63 1.8 1.7 1.7 1.393 1.8 
Sc-CNC(C1) .13 .13 .11 - - - - 
Ti-CNC(C1) .6 .6 1.9 - - - - 
V-CNC(C1) 1.981 1.981 1.899 - - - - 
Cr-CNC(C1) 1.931 1.931 1.819 - - - - 
Mn-CNC(C1) 1.91 1.91 1.8 - - - - 
Sc-CNC(C) - - .11 .133 .133 - - 
Ti-CNC(C) - - 1.9 .7 .7 - - 
V-CNC(C) - - 1.91 1.98 1.98 - - 
Cr-CNC(C) - - 1.8 1.933 1.933 - - 
Mn-CNC(C) - - 1.83 1.913 1.913 - - 
Sc-CNC(C3) - - - - .19 .9 .119 
Ti-CNC(C3) - - - - 1.996 1.897 1.998 
V-CNC(C3) - - - - 1.961 1.873 1.961 
Cr-CNC(C3) - - - - 1.9 1.819 1.9 
Mn-CNC(C3) - - - - 1.89 1.8 1.9 

aDetails of all systems were displayed in Figure .b In Å.  
 
Electronic properties 
After the most stable structures with optimized 
geometries were obtained, all of relative species 
were subjected for further single point energy 
calculations. Mulliken electronegative , 

electronic chemical potential ( ), and chemical 
hardness ( ), known as chemical indices18 for all 
CNC doped with a TM atom were computed using 
orbital energies of the highest occupied molecular 
orbital (EHOMO) and the lowest unoccupied 
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molecular orbital (ELUMO) at the B3LYP/LanLDZ 
level of theory. These chemical indices, �, �, and 
�, were derived from the first ionization potential 
(IP) and electron affinity (EA) of the N–electron 
molecular system with a total energy (E) and 
external potential (�(��)) using the relations: 

� � �− �������(��)   () 
� � −�

� (IP + EA)   (3) 
�� � � �� �

���
�����(��)   () 

The� � −�and� � �
� (IP − EA)are estimated for 

the electronegativity and the chemical hardness, 
respectively. The first IP and EA are computed 
using the formulae, IP = E(N–1) –E(N) and EA = 
E(N) –E(N+1).19 According to the Koopmans 
theorem, IP and EA were computed from the 
HOMO and LUMO energies using the relations: IP 
= –EHOMO and EA = –ELUMO. 

 
Table 2. Binding energy (Eb), partial charge transfer (QT), frontier molecular orbital energies, energy gaps 
(Egap), and chemical indices of transition-doped CNCs at the various doping configuration sites as computed 
at the B3LYP/LanLDZ level. 

Systems Eb
a QT

 b EHOMO
 c ELUMO

 c Egap
 c, d η  c, e μ c, f χ c, g 

CNC -.66 -3.18 .76 1.38 -. . 
Sc-CNC(C1) -176.9 1.1 -.89 -3.78 1.36 .63 -.36 .36 
Ti-CNC(C1) -.9 1.1 -. -3.1 .13 1.61 -.163 .163 
V-CNC(C1) -7.7 .88 -.33 -.88 .9 1. -.19 .19 
Cr-CNC(C1) -1.7 .61 -.361 -3.1 1.8 .9 -.36 .36 
Mn-CNC(C1) -193.18 .618 -.1 -.966 .9 1. -.191 .191 
Sc-CNC(C) -169.87 1.9 -.898 -3.71 1.197 .99 -.99 .99 
Ti-CNC(C) -17.96 1.18 -.13 -3.8 .9 1.8 -.9 .9 
V-CNC(C) -1. .88 -.33 -.91 . 1.11 -.13 .13 
Cr-CNC(C) -196.1 .63 -.33 -3.6 1.878 .939 -.39 .39 
Mn-CNC(C) -187.6 .69 -.388 -.939 .9 1. -.163 .163 
Sc-CNC(C3) -13.78 1.3 -.89 -3.7 1.333 .667 -. . 
Ti-CNC(C3) -187.3 1.136 -. -3.7 .177 1.88 -.163 .163 
V-CNC(C3) -17.7 .81 -.388 -3.1 .367 1.18 -. . 
Cr-CNC(C3) -168.6 .1 -. -3.9 .1 1.7 -.36 .36 
Mn-CNC(C3) -17.78 .91 -.388 -.939 .9 1. -.163 .163 

a Inkcal/mol 
bDefined as a change of adsorbate’s charges during adsorption, in e. 
c In eV. 
dEgap =  ELUMO– EHOMO. 
eChemical hardness. 
f Chemical potential. 
g The Mulliken electronegativity. 
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Density of states (DOSs) for possible 

structures of all CNCs doped with TM atom were 
created from orbital energies which are contained 
in Gaussian output file. The total DOSs was 
calculated from the eigenvalues generated by 
single point calculations, as using the relations: 

 
DOS =  ∑ �����)���� ��� ���� � ��)�} () 
 
hereN is the number of orbitals with a total energy 
E, occ(i) is the number of occupation, and Ciis the 
vector of eigenvalues of the molecular orbitals. In 
all graphs the Fermi level was centered on the  
value.1, 
 
Results and discussion  
Geometrical structures, binding energies, and 
charge transfers 
The B3LYP/LanLDZ–optimized structures of Sc–, 
Ti–, V–, Cr–, and Mn–doped CNCs at the various 
doping configuration sites are displayed in Figure 
. The selected corresponding geometrical bond 
lengths of undoped and Sc–, Ti–, V–, Cr–, Mn–
doped CNCs are listed in Table 1. The bond 
lengths observed in undoped CNC are C1–C 
(1.63 Å), C1–C (1.63 Å), C1–C (1.8 Å), 
C–C8 (1.7 Å), C3–C6 (1.393 Å), and C3–C7 
(1.8 Å). After doped structures, the geometrical 
structures of the CNC dramatically change due to 
the doping effect. Bond lengths of all TM–doped 
CNCs obtained in this study were elongated in 
comparison with undoped structures. Average 
bond lengths of TM–doped CNCs of 1.91–.13 

Å, 1.91–.13 Å, 1.913–.133 Å, 1.8–.9 Å, 
and 1.9–.119 Å for TM–C, TM–C, TM–C8, 
TM–C6, and TM–C7, respectively, were obtained.  
 To better understand the strong interactions 
between the TM atom and its three nearest 
carbon atoms at doping site that are solved in 
term of binding energy. Therefore, binding 
energies of Sc–, Ti–, V–, Cr–, and Mn–doped 
CNCs at the various doping configuration sites are 
listed in Table . The strong interaction of TM 
atoms to CNC was in the order: Ti–CNC(C1) (Eb 
= –.9 kcal/mol) >Ti–CNC(C) (Eb = –17.96 
kcal/mol)>V–CNC(C1) (Eb = –7.7 kcal/mol)> 
Cr–CNC(C1) (Eb = –1.7 kcal/mol)> V–
CNC(C) (Eb =  –1. kcal/mol)> Cr–CNC(C) 
(Eb = –196.1 kcal/mol)>Mn–CNC(C1) (Eb = –
193.18 kcal/mol)>Mn–CNC(C) (Eb = –187.6 
kcal/mol)≈Ti–CNC(C3) (Eb = –187.3 kcal/mol) 
>Sc–CNC(C1) (Eb = –176.9 kcal/mol) > V–
CNC(C3) (Eb = –17.7 kcal/mol) >Sc–CNC(C) 
(Eb = –169.87 kcal/mol) > Cr–CNC(C3) (Eb = –
168.6 kcal/mol) >Mn–CNC(C3) (Eb = –17.78 
kcal/mol) >Sc–CNC(C3) (Eb = –13.78 kcal/mol). 
This suggested that Ti atom exhibited the 
strongest interaction with CNC, while Scatom 
exhibited the weakest interaction with CNC.  
 The data ofQTof are also listed in Table . The 
values of QT of all various CNC doped with TM 
atoms were in the range of .1–1.1 e. The 
positive OT values, implied that the transferring 
direction of electron was from TM to CNC. This 
confirmed here that the strong binding interactions 
between TM atoms and CNC are occurred. 
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Figure 4. The frontier molecular orbitals of transition-doped CNCs at the various doping configuration sites as 
computed at the B3LYP/LanLDZ level. 
 
Electronic properties 
To investigate the electronic properties, the 
frontier molecular orbital energies, energy gaps, 
and chemical indices of undoped and Sc–, Ti–, V–
, Cr–, Mn–doped CNCs are also computed and 
listed in Table . In general, the gaps between 
HOMO and LUMO are important tools to study the 
stability and conductivity of the complexes. The 

undoped CNC structure which energy gap of 
.76 eV, showed the semi-conductive behavior. 
The values of Egap of TM–doped CNCs were in 
the range of 1.197–.9 eV, suggested that the 
gap was narrowed when comparing to undoped 
structure. However, the chemical indices are 
important tools to study the stabilities of these 
complexes. According to the Koopmans 
theorem, the chemical hardness, electronic 
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chemical potential, and Mulliken electronegativity 
of all TM–doped CNCs were changed when 
comparing to undoped CNC. 

 

 
 

Figure 5. The density of states of transition-doped CNCs at the various doping configuration sites as 
computed at the B3LYP/LanLDZ level. 
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The frontier molecular orbitals and DOS of 
undoped CNC are displayed in Figure 3. The plots 
of the HOMO and LUMO of undoped CNC 
showed that electron densities were vicinity 
around the cap. Furthermore, the plots of frontier 
molecular orbitals of Sc–, Ti–, V–, Cr–, and Mn–
doped CNCs at the various doping configuration 
sites are displayed in Figure . The electron 
densities of HOMOs were mostly located around 
the cap, except in Sc–CNC(C) and Mn–CNC(C) 
which were located on dopants. However, the 
electron densities of LUMOs were delocalized to 
the dopants. This suggested that the metals 
bound strongly with CNC to minimize its structural 
energy. 

The electronic DOSs of Sc–, Ti–, V–, Cr–, and 
Mn–doped CNC at the various doping 
configuration sites are displayed in Figure . The 
DOSs of the TM–doped CNCs displayed both 
different symmetrical and asymmetrical patterns 
and band gaps. The symmetrical peaks of the 
spin up and spin down of singlet–electron were 
obtained from Ti and Cr atoms. In contrast, The 
asymmetrical peaks of the spin up and spin down 
of doublet–electron were obtained from Sc, V, and 
Mn atoms. It is apparent that the DOSs of Sc–, 
V–, and Mn–doped CNTs were asymmetries while 
the DOSs of Ti– and Cr–doped CNTs were 
symmetries. After doping with atoms, the DOSs 
introduced that the filling electronic states of the 
dopant TM atom into the undoped CNC induced 
the narrower band gaps, suggesting that the CNC 
changed its electronic property nearly to approach 
a conductor. 
 
Conclusion  
The structure, energy, charge transfer, and 
electronic properties of CNC doping with TM atom 
Sc, Ti, V, Cr, and Mn were studied using the DFT 

method. Calculated results showed that after 
doped structures, the geometrical structures of the 
CNC dramatically change at the doping site to 
form the pyramidal shape. The gaps between 
HOMO and LUMO are important tool to study the 
stabilities of these complexes. The undoped CNC 
structure which has the energy gap of .76 eV, 
displayed the semi conductive behavior. In the 
TM-doped-CNCs, the values of Egap were 
decreased to the range of 1.197–.9 eV, 
suggesting that energy gaps were narrowed in 
comparion with undoped structure. In addition, the 
binding ability indicated that Ti atom exhibited the 
strongest interaction with CNC, while Sc atom 
exhibited the weakest interaction with CNC. This 
is consistent with the transferring direction of 
electron from TM to CNC. Furthermore, the 
frontier molecular orbitals of electron densities of 
TM–doped CNCs were delocalized to the dopants. 
This suggested that the metals bound strongly 
with CNC to minimize its structural energy. In 
addition, the DOSs of the TM–doped CNCs 
displayed both different symmetrical and 
asymmetrical patterns and band gaps. 
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