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Abstract 

Using DFT calculations, we investigate Pd-doped single walled carbon nanotube (Pd/SWCNT) 

as a bionanosensor platform for histidine amino acid detection. The adsorption features of three 

special adsorption sites of histidine molecule close to the Pd atom of nanotube that are all 

different from one another are fully optimized. The chemical properties, NBO and QTAIM 

analysis have been carried out to study the order of bonding strength in complexes and deep 

understanding of the nature of interactions in His-Pd/SWCNT. Chemical potential and hardness 

as the parameters that reflected the chemical reactivity and stability were calculated by 

DFT/B3LYP with 6-31G* basis set and DGDZVP extra basis set for Pd atom. Our results 

demonstrate that Pd/SWCNTs with the large binding energy and significant charge transfer 

through the adsorption of histidine amino acid can serve as a bionanosensor. 
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1. Introduction 

When Richard Phillips Feynman 
1
, the American theoretical physicist, said: “There is Plenty of 

Room at the Bottom”, no one could imagine the novel and remarkable technological applications 

of different forms of crystalline carbons. Carbon nanotubes observation report by Dr. Sumio 
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Iijima 
2
 resulted in the worldwide development of an entirely new material field. CNTs are 

atomically well–defined cylindrical structures, with high mechanical stiffness and strength, low 

dimension and high surface to volume ratio 
3
. Depending on their chirality, nanotubes can be 

metallic, semiconducting or semi metallic which exhibit different electrical and optical 

properties. Due to their unique properties, many novel applications have been demonstrated 

including electronics, optoelectronics, drug delivery shuttles, composites, sensors, and more 
4-6

. 

Sensing molecules are critical to environmental monitoring, medical applications and controlling 

of chemical processes. Electrical sensors such as semiconducting metal oxides, silicon devices, 

organic materials and polymer composites exhibit limitations because they operate at high 

temperature and have limited sensitivity so individual single-walled carbon nanotubes 

(SWCNTs) proposed as new chemical sensors by Kong et al. to detect toxic gases and other 

species 
7
. All of the carbon atoms on the SWNTs surface are highly sensitive to their 

environment. Because of the weak Van der Waals interaction of the intrinsic CNTs with the 

adsorbent, transition metal functionalized SWCNT as a super molecular ligand could be able to 

detect many biological molecules. Carbon nanotubes can be functionalized both covalently and 

non-covalently, but as the SP
2
 structure preserves in non-covalent one, they found to be very 

sensitive to their environment. Embedding or doping (heteroatom substitution) of foreign atoms 

can modify and enhance the selectivity and sensitivity of SWCNTs due to different interaction of 

dopant and biological molecules
8-12

. Between the hallow site, bridge site and top site of SWCNT, 

doping the transition metal on the latest has the minimum energy and so is the stable one 
13

. 

Strong binding energy and electron charge transfer are two important characteristics for a good 

sensor that depends on different adsorption features including physisorption, chemisorption and 

electrostatic 
14-19

. The chemical and electrical properties of nanomaterials such as carbon 

nanotubes, metal nano particles and hybrid carbon/metal nanoparticle structures enhanced the 

biosensors performance. Usually the diameter of a SWCNT is <2nm and the length/diameter 

ratio can be as large as 10
4
-10

5
 nm so good biocompatibility of hybrid carbon/metal nanoparticle 

among the wide range of the nanomaterial makes them as a novel biosensor. 

Biosensors are highly valuable devices for measuring a wide spectrum of analytes including 

organic compounds, gases, ions and bacteria 
20

. A biosensor is an analytical device, used for 

detection of an analyte that combines a biological component with a physicochemical detector. 
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Attachment of the biological elements (small molecules/protein/cells) to the surface of the sensor 

is an important part in a biosensor. The main requirements for a biosensor approach to be 

valuable in terms of research and commercial applications are the identification of a target 

molecule, availability of a suitable biological recognition element, and the potential for 

disposable portable detection systems to be preferred to sensitive laboratory-based techniques in 

some situations 
21

. Proteins are the major structural components of all cells in the body which 

could be detected by a biosensor. Proteins also function as enzymes, in membranes, as transport 

carriers, and as hormones. They consist of chains of amino acid subunits joined together by 

peptide bonds. Determination of amino acids is important in different fields of research, 

particularly in food and biotechnology. Histidine is an α-amino acid with an imidazole functional 

group and it is one of the 23 proteinogenic amino acids. Histidine is an essential amino acid in 

humans and other mammals 
22

. It long has been recognized as a scavenger of the hydroxyl 

radical and of singlet oxygen, a biologically important non radical toxic oxygen species that is 

highly reactive because of an excited electron promoted to a higher energy orbital. Histidine 

appears to interact chemically with these toxic oxygen species through at least two distinct 

mechanisms: 

(1) By interfering with the redox reactions involving metal ions that produce the hydroxyl radical 

and (2) By direct interactions of the histidine imidazole rings with singlet oxygen. Histidinemia 

is a rare hereditary metabolic disorder characterized by a deficiency of the enzyme histidase, 

which is necessary for the metabolism of the amino acid histidine. The concentration of histidine 

is elevated in the blood. Excessive amounts of histidine, imidazole pyruvic acid, and other 

imidazole metabolism products are excreted in the urine. The majority of individuals with 

histidinemia have no obvious symptoms that would indicate that a person has this disorder 

(asymptomatic). The aim of the present theoretical study is to design a novel biosensor with fast 

response time and high sensitivity to biological substances. To our knowledge, SWCNTs haven’t 

been used as a biosensor for histidine biomolecule yet, so we introduce pd-doped SWCNT 

(Pd/SWCNT) to gain this purpose. The burgeoning field of nanobiosensors was because of the 

same length order of magnitude scale of many of the fundamental building blocks of life with 

nano scale material. Nanomaterial based biosensors with high sensitivities, low detection limit 

and short response time (<10 s) are good candidates for biosensing applications. 

Page 3 of 18 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

 

 

2. Models and computational details 

The electronic properties of the Pd/SWCNT bionanosensor were studied by performing 

theoretical calculations with GAUSSIAN 03 Software package 
23

. Pd-doped single-wall armchair 

(5,5) carbon nanotube (C69H20Pd) with open edges which its diameter and the bond length of Pd 

with three nearest C atom are 7.15, 2.06, 1.97 and 1.97 respectively, were considered. The 

optimized structure parameters of the SWCNT, Pd/SWCNT and the His-Pd/SWCNT calculated 

by ab initio (HF) and density functional calculation (DFT) with Beck’s three parameter hybrid 

method using the correlation functional of Lee, Yang, Parr (B3LYP) level. Different basis sets 

were tested and all geometry full optimization have been performed with hybrid density 

functional B3LYP/6-31G* and DGDZVP extra basis set for Pd atom. Frequency calculations 

were also performed with the same basis set and since no imaginary frequencies were found, the 

optimized structures correspond to the energy minima. The characteristics of the bond critical 

points (BCP) and ring critical points (RCP) were analyzed in terms of the electron density at the 

critical point ρC and it’s Laplacian.  

Adsorption energy (Eads) between histidine and Pd/SWCNT was defined as: 

Eads = E His-Pd/SWCNT –E Pd/SWCNT –E His                                                                                     (1) 

Where E His-Pd/SWCNT is the total energy of the Pd/SWCNT with histidine molecule and E Pd/SWCNT 

and E His are the total energy of Pd/SWCNT and histidine molecule in relax geometry 

respectively. Negative adsorption energy indicates the stable formed complexes and the positive 

adsorption energy referred to the local minima. To reduce the unfavorable interactions, histidine 

molecule was located at the perpendicular direction to the SWCNT. The interaction of histidine 

with Pd/SWCNT via different initial configurations complexes i.e. carbonyl, amine and 

imidazole ring were considered for each Pd-doped SWCNT complexes. These interactions 

change the conductivity of SWCNT through a charge transfer between lone pairs of Pd and the 

adsorbent, so to estimate sensing capacity, Natural Bond Orbital (NBO) analysis were performed 

for partial and net charge transfer. 

Two important quantitative quantum chemical properties i.e chemical potential (µ); the first 

derivation of E and hardness (η); the second derivative of E are also studied in molecular 

systems. According to Koopsmans theorem: 
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Where E is the total electron energy, N is the number of electrons; V(r) is the external potential, 

and ,Hε  Lε  , Fε  are the orbital energy of HOMO and LUMO and Fermi level respectively. The 

orbital energies of HOMO and LUMO orbitals and the energy gap between them were obtained 

from DFT calculations. 

 

3. Result and discussion 

3.1. Molecular configuration 

In this paper we aim to present a detailed description of the character of binding between 

histidine amino acid and the Pd/SWCNT as a bionanosensor. Transition metal doped SWCNTs 

had shown high binding energy and magnetic ground states. According to the previous reports 
24

, 

because of the much stronger interaction of Pd and C-defective SWCNT, P-doped SWCNT 

geometry have been optimized as a bionanosensing platform. 

The structures of Pd/SWCNT complexes were obtained using DFT method at the B3LYP level 

of theory. The optimized structure of the Pd/SWCNT from the side and top views are shown in 

Fig.1 in which a central C atom in the wall of CNT is replaced by a Pd atom. The Pd center was 

bounded to three carbon atoms and because of the much larger Pd atomic radius than that of 

carbon atom, Pd protrudes out off the wall surface which the Pd-C bond lengths are 2.063, 1.974 

and 1.974. 

The optimized geometry of histidine depicted in Fig. 2. By introducing the histidine molecule, 

the structure of Pd/SWCNT has not been distorted. For His-Pd/SWCNT system, we have 

investigated various possible adsorption geometries and to reduce the unfavorable interactions 

and steric effects, the initial configuration of histidine molecule was perpendicular to the axial 

direction of SWCNT. 
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Three special adsorption sites of histidine molecule close to the Pd site of nanotube are full 

optimized and labeled by panels A, B, C with amine, carbonyl and ring site respectively from top 

view and D, E, F from the side view were shown in Fig 3. 

We have observed that Pd/SWCNT have distinguishable response to histidine amino acid. 

Therefore, evaluation of sensing mechanism of histidine onto Pd/SWCNT might fabricate 

nanotube based biosensor devise. All geometrical data indicates that the geometrical structures of 

Pd/SWCNT present changes caused from the adsorption.  

The energetic properties of different complexes, which are important criterion for evaluation of a 

molecular biosensor result from the adsorption of His on Pd/SWCNT and other selected 

geometrical data, are listed in Table 1-3. The values of adsorption energies for the amine 

adsorption sites, complex 1, carbonyl site, complex 2  and ring site, complex 3, are -18.210 eV, -

18.059 eV and -17.572 eV respectively. The negative sign of adsorption energy correspond to 

local minima stable complexes and the large adsorption energy suggests that chemisorption of 

histidine via amine site appears to be more stable than the adsorption of the other sites. 

  

3.2 HOMO-LUMO analysis 

Frontier molecular orbital plays an important role in electric properties. The orbital energies of 

the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbitals 

(LUMO) are the essential part of quantum mechanics that represent the stability of donor and 

acceptor through the electron transition-adsorption process. HOMO tends to give electron such 

an electron donor and LUMO contain free locations to accept electron and the energy gap 

between them reveals the electron conductivity and a measure of the structural stability 

properties. Fig. 4 showed the plot of different studied HOMO and LUMO orbitals of title sites. 

The EHOMO, ELUMO and the energy gap between them, chemical potential,µ , chemical 

hardness,η , and Fermi level energy, Fε , for different investigated configurations are presented in 

Table 4. The HOMO-LUMO energy gap for Pd/SWCNT is 1.6116 (eV) and after the adsorption 

on histidine via ring, amine and carbonyl site increases. 

When the energy falls as the distance between the His and Pd/SWCNT decrease, the HOMO is 

going down in energy and LUMO is going up in energy and the small HOMO-LUMO energy 
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gap would result in increase of conductance of the nanotube through the charge transfer 

interaction. 

 

3.3. QTAIM analysis 

More details about the nature of interactions in His-Pd/SWCNT are obtained from the Bader’s 

quantum theory of atoms in molecules (QTAIM) 
25

. Bond paths, the direct connection trajectory 

between two atoms, bond critical points (BCP), the point with minimum charge density value 

along the bond path, bond ring critical points (RCP) and electron density distribution function 

that obtained from QTAIM computations would allow us to study the strength and chemical 

properties of bonds
26-34

. The negative sign of Laplacian of electron density at BCP demonstrates 

the domination of potential energy (covalent interactions) in the shared system, whereas the 

positive sign shows the domination of kinetic energy in closed shell interactions (van der Waal or 

ionic interactions). According to the performed calculations, given in Table 1-3, charge density 

at Pd-N bond in complex 1 in comparison to charge density at Pd-O and Pd-N bond in complex2 

and complex 3 respectively, were increased showing the strong strength bond in Pd-N in 

adsorbed histidine on Pd/SWCNT. Furthermore, the positive sign of Laplacian for Pd-X (X=O, 

N, C, H atoms of histidine molecule) in all structures were illustrated the closed-shell interaction 

such as ionic and van der Waals interactions. 

 

3.4. NBO analysis 

Natural Bond Orbital (NBO) 
35

 gives information about the interactions that could be used to 

analysis molecular interactions 
36-44

. The second-order perturbation stabilization energies, E
(2)

, 

was calculated to evaluate the donor-acceptor interaction in NBO analysis and charge transfer or 

conjugate interaction in complex systems. Table 5 provides the result of the NBO analysis for 

His-Pd/SWCNT complexes containing the donor-acceptor interactions.  

The results show that in complex1 lone pairs of pd participate as an acceptor and lone pair of N 

as a donor, meanwhile in complex 2 and complex 3 lone pairs of O and ring N are as the most 

important donors.  

 

4. Conclusion 
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First principle calculations based on density functional theory (DFT) have been performed on the 

geometric structures and electronic properties of Pd-doped SWCNT. Transition metal doped 

SWCNT improved the sensing performance of SWCNT and make a good adsorbent candidate 

for the adsorption of histidine molecule. The adsorption characteristics of histidine molecule on 

Pd/SWCNT have been investigated.  The biocompatible complex 2 with the amine site close to 

the Pd atom of the SWCNT, with the largest value of Eads, would be important for fundamental 

researches and technical applications to develop Pd-doped SWCNT/his hybrid biosensor. 
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(a)                                                                     (b) 

Fig. 1.  

Optimized structure of Pd/SWCNT from (a) side view and (b) top view 

  

 

Fig. 2.  

Optimized geometry of histidine molecule 
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Complex 1                              Complex 2                      Complex 3 

                                                    

                     (a)                                        (b)                                                (c)                 

                                                                                        

                      (d)                                             (e)                                         (f)              

Fig. 3. His adsorbed Pd/SWCNT optimized complexes side view panels (a) from 

amine site, (b) from carbonyl site and (c) from ring site and panels (d), (e) and (f) 

corresponding sites from tope view 
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         complex1                              complex2                                 complex3 

         

Fig. 4. HOMO and LUMO plots of different comlpexes obtained with B3LYP/6-

31g* level of theory 
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Table1. Adsorption energy (Eads,eV), interatomic distances, and topological parameters for studied His-Pd/SWCNT complexes 

Complex 1 

Eads= -18.21         

Bond Distance(Ǻ) BCPρ  2
BCPρ∇    RCPρ    2

RCPρ∇   

Pd-C26 2.004 0.1364 0.17 0.0170 0.10 
Pd-C22 1.980 0.1274 0.14 0.1428 0.08 
pd-C17 2.080 0.1099 0.12 0.0170 0.10 
Pd-N54 2.336 0.0571 0.22 - - 
N54-C43 1.480 0.2610 0.18 - - 
N54-H48 1.026 0.3240 -1.61 - - 
N54-H51 1.023 0.3220 -1.40 - - 
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Table2. Adsorption energy (Eads,eV), interatomic distances, and topological parameters for studied His-Pd/SWCNT complexes 

Complex 2 

 

Eads= -18.06   

  
 
 
 
 
     

Bond Distance(Ǻ) BCPρ  2
BCPρ∇   

RCPρ   2
RCPρ∇   

Pd-C27 1.979 0.1366 0.16 0.0171 0.01 
Pd-C18 2.068 0.1122 0.11 0. 1400 0.08 
pd-C23 2.002 0.1281 0.14 0.0180 0.01 
Pd-O54 2.287 0.0495 0.25 0.0059 0.01 
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Table3. Adsorption energy (Eads,eV), interatomic distances, and topological parameters for studied His-Pd/SWCNT complexes. 

Complex 3 

Eads= -17.57       

Bond Distance(Ǻ) BCPρ  2
BCPρ∇   

RCPρ   2
RCPρ∇   

Pd-C23 1.978 0.1299 0.1468 0.0177 0.10 
Pd-C27 1.994 0.1354 0.1576 0. 137 0.08 
pd-C18 2.068 0.1128 0.1202 0.0169 0.10 
Pd-N57 2.630 0.0284 0.0969 - - 
N57-H52 1.020 0.3196 -1.6120 0.0528 0.42 
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Table4. The highest occupied molecular orbital (HOMO) energy, HOMOε , the lowest unoccupied molecular orbitals (LUMO) energy, 

LUMOε , energy gap gapε , chemical potential,µ , chemical hardness, η  and Fermi level energy, Fε , (all values are in eV) for different 

investigated configurations. 

Configuration HOMOε   LUMOε   gapε   µ   η   Fε   

His -5.904 -0.394 5.510 -3.149  2.755 -3.149 
Pd/SWCNT -4.155 -2.543 1.612 -3.349  0.806 -3.349 
Complex1 -3.752 -2.104 1.648 -2.928 0.824 -2.928 
Complex2 -4.000 -2.301 1.700 -3.150 0.850 -3.150 
Complex3 -4.233 -2.547 1.687 -3.390 0.843 -3.390 
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Table5. NBO analysis of some important orbital interactions of studied complexes (intermolecular and intramolecular threshold 
energy for printing: 4 kcal/mol) 

  complex 1       Complex2       Complex3   

Donor  Acceptor  E(2) Donor  Acceptor   E(2) Donor  Acceptor  E(2) 
σH 22 - N 24 LP*(7)Pd  4.79 LP (1) C26 LP*(1) H31 51.89 LP (1) N36 LP*(5) Pd 6.23 
LP (1) N 24 LP*(5)Pd   28.21 LP (1) O33 LP*(6)Pd  10.38 LP (1) N36 LP*(8) Pd 4.39 
LP (1) N 24 LP*(7)Pd   18.91 LP (1) O33 LP*(7)Pd  9.77 
LP (1) N 24 σ*C6 -Pd  4.99 LP (2) O33 LP*(5)Pd 11.57 

LP (2) O33 LP*(6)Pd  5.81 
LP (2) O33 LP*(7)Pd 17.99 
LP (2) O33 σ* C19 -Pd 6.13 
σC 92 - O32 LP*(1) H31 12.77 
LP (1) O32 LP*(1) H31 15.11 
LP (3) O32 LP*( 1) H31 429.57 

        LP*(1) H31 LP*(7)Pd 10.13         
 

                                               
  
 

 

Page 18 of 18RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


