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Gas phase detection of explosive molecules is a sensing application of

wide interest. Light weight, low power sensors are needed for mobility and

wide dissemination, however low vapor pressures and the presence of similar

functional groups in a variety of explosive molecules make the development of

sensitive and selective detection systems difficult. Experimental research has

reported some success in the development of carbon nanotube based explosives

sensors, however safety considerations and strict controls on the distribution

of explosive materials hamper experimental progress. In this dissertation, ab

initio computational models are developed for metallic and semiconducting

carbon nanotube sensors, in a variety of device configurations. Their chemire-

sistive sensing performance is investigated in the detection of three common

explosives. The effects of doping, lattice defects, and functionalizations on

vi



sensing performance are analyzed. Their performance in sensor arrays is also

analyzed; array selectivity is improved by capitalizing upon the nonlinear

current-voltage characteristics of the CNT sensors. A new ab initio molecular

dynamics formulation is developed, for spin polarized systems. It employs a

novel nonholonomic Hamiltonian modeling methodology to couple a quantum

model of the electronic structure to a molecular model of the nuclear dynam-

ics, and quantifies the modeled nanoscale systems interaction with the external

thermal and electromagnetic environment. This theoretical model offers fu-

ture opportunities for the simulation of finite temperature dynamics in carbon

nanotube based sensors, under applied electric and magnetic fields.
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Chapter 1

Introduction

1.1 Motivation

Advances in sensing systems for gas phase detection of explosives are

of wide military and security interest; however, the design of explosives sen-

sors is a particularly complex and challenging task. Experiments on explosive

gas sensing are difficult, since explosives are both hazardous materials and

controlled materials. Light weight, low power sensors are needed to replace

the bulky and expensive sensing devices now in common use. Since carbon

nanotubes (CNTs) have a high surface area per unit mass, they are attractive

candidates for light weight, low power gas sensors. Published experimental

studies have tested carbon nanotube based devices in gas sensing applications,

and reported considerable success in detecting a wide range of molecules.

In published experiments, Chen et al. [1] fabricated field effect tran-

sistors (FETs) using single walled carbon nanotubes on a polyethylene coated

fabric substrate with titanium and palladium electrodes. These FETs were

employed as chemiresistive sensors to detect TNT vapor. Zhang et al. [2] fab-

ricated thin films of carbon nanotubes coated in Tg-Car (carbazolylethyny-

lene) oligomer and used the thin films as chemiresistive sensors for NT (4-
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nitrotoluene), DNT (2,4- dinitrotoluene) and TNT (2,4,6-trinitrotoluene). They

showed good sensitivity, especially towards NT. Wei et al. [3] functionalized

single walled carbon nanotubes with PMA (1-pyrenemethylamine) and used

them as chemiresistive sensors for TNT in water. They showed good sensitivity

and very quick response time for TNT sensing.

Recognizing the difficulties of a purely experimental approach to explo-

sive sensors design, this dissertation develops a complimentary, computational

approach to the design of CNT based sensor arrays for the trace detection

of explosives. The approach combines ab initio analysis of the chemiresistive

sensing performance of individual nanotubes, including metallic and semicon-

ducting types, in a variety of sensing configurations, with principal component

analysis of their collective performance when deployed as a sensing array.

The computational results suggest that CNT based sensing arrays can:

(a) distinguish common background gases from both nitroaromatic and nitramine

explosives, (b) distinguish between nitroaromatic and nitramine explosives,

and (c) distinguish similar nitramine explosives from each other. These re-

sults indicate that CNT based sensing offers important opportunities for fu-

ture experimental research, and suggests the sensor types, configurations, and

array compositions that may lead to fundamental improvements in explosive

detection systems.

Although the modeling results described here demonstrate the utility of

computational research, as a complement to experiment, in the development of

new explosive sensors, it is also the case that improved computational models
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are needed. In particular, there is a strong need to extend nanoscale computer

aided sensor design to the finite temperature domain. This dissertation de-

velops a new formulation of ab initio molecular dynamics, for spin polarized

systems, for future research in the study of mixed energy domain dynamics

of explosive sensors. The theoretical formulation is complete; numerical im-

plementation will support future research on finite temperature based sensor

design under electromagnetic loading.

1.2 Computational details

The ab initio modeling work described in this dissertation employed

the 4.0 version of the open source code suite SIESTA [4]. SIESTA incorpo-

rates a Kohn-Sham self-consistent density functional theory (DFT) formula-

tion, which is used to compute equilibrium configurations for the modeled

systems. It uses norm-conserving (fully nonlocal) Kleinman-Bylander pseu-

dopotentials and employs linear combination of atomic orbitals (LCAO) basis

sets. The matrix elements of the Hartree and exchange-correlation potentials

are calculated by projecting the electron wavefunctions and density onto a

real-space grid. SIESTA is an order-N method for which the computational

time and memory are linearly related to the size of the system.

In this dissertation, exchange correlations for the equilibrium and con-

ductance calculations were obtained using a generalized gradient approxi-

mation (GGA) method parameterized by Perdew-Burke-Ernzerhof (PBE). A

double-zeta polarized (DZP) basis set was used for all of the atoms. All of
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the modeling results were computed at zero temperature. The k-grid mesh for

equilibrium calculations was 1 × 1 × 1, while that for the transport calcula-

tions was 1 × 1 × 5. The k-points for the Brillouin zone were sampled using

a Monkhorst-Pack mesh with a cutoff energy of 300 Ry. Convergence was

defined by setting the force tolerance to 0.04 eV Å−1. In the non-transport

directions, the computational supercell boundaries were set at least 20Å away

from the closest scattering zone nucleus, in order to avoid interactions with

neighboring supercells.

The electrical transport properties of the modeled systems were deter-

mined using the TranSIESTA [5] module of the SIESTA code suite, which

employs a non-equilibrium Greens function (NEGF) method to compute the

quantum conductance [6]

G = G0

∫
(−∂f (E)

∂E
) T (E) dE, T (E) = Tr

[
t (E)† t (E)

]
(1.1)

where T is the transmission, f is the Fermi-Dirac distribution function, ‘t(E)’

is a matrix of transmission coefficients for waves propagating along the con-

ductor, and E is the wave energy. At zero temperature,

−∂f (E)

∂E
= δ(E − Ef ) (1.2)

where δ is the Dirac delta function and Ef is Fermi energy, so that

G = G0 T (Ef ), G0 = 2
e2

h
(1.3)

where G0 is the quantum conductance unit, e is the charge on an electron,

and h is Planck’s constant. For an ideal metallic carbon nanotube, T (Ef ) = 2
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and G = 2G0 [7]. The effects of van der Waals interactions on the optimized

geometry were found to be negligible, and are discussed in the Appendix.

SIESTA and TranSIESTA have shown good accuracy and consistency

when validated against experiments, as well as established computational

methods, for a variety of applications and materials [4, 5, 8]. Validation data

for SIESTA include bond length and bond angle for water molecules; lattice

constant, cohesive energy, and bulk modulus of silicon; and pressure in bulk

iron [4]. TranSIESTA was validated against experiments for the current volt-

age characteristics of atomic wires made from gold and platinum [5]. Other

studies have also shown good agreement with experiments using SIESTA and

TranSIESTA for the electronic transport properties of germanium [9], elec-

trostatic properties of protein molecules [10], and the chemical reactivity of

metallic nanoparticles [11].

The computations in this dissertation were performed on the Lones-

tar5 and Stampede2 supercomputers deployed by Texas Advanced Computing

Center (TACC) at the University of Texas at Austin. The Intel Xeon E5-2690

v3 (Haswell) nodes on Lonestar5 and the Intel Xeon Platinum 8160 (Skylake)

nodes on Stampede2 were used. The Haswell nodes consist of 24 cores per

node with a 2.6 GHz clock rate and 64 GB RAM while the Skylake nodes

consist of 48 cores per node with a 2.67 GHz clock rate and 192 GB RAM.

Typical equilibrium calculations took 24 to 96 hours using 2 to 4 nodes in

parallel and typical conductance calculations (at each bias voltage) took 24 to

48 hours using 4 to 6 nodes. The most computationally intensive calculations
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took ∼216 hours on 6 nodes.

1.3 Chemiresistive performance metrics

In the chemiresistive sensing discussion which follows, three perfor-

mance metrics are employed to quantify the effects of target molecule adsorp-

tion on the modeled sensor configurations.

The first metric quantifies the change in conductance (∆G) due to

analyte molecule adsorption

∆G = Gsensor+analyte −Gsensor (1.4)

where Gsensor is the conductance of the doped nanotube and Gsensor+analyte is

the conductance of the sensor after adsorption of the analyte.

The second metric quantifies the change in energy (∆E) associated

with target molecule adsorption

∆E = Etotal − Esensor − Eanalyte (1.5)

where Etotal denotes the energy of the sensor with the adsorbed analyte, Esensor

denotes the energy of the doped nanotube in isolation, and Eanalyte denotes the

energy of the analyte (explosive molecule, hazardous gas molecule, or back-

ground gas molecule) in isolation.

The third metric is defined as the change in nanotube current associated

with adsorption of an analyte, and is computed for each combination of analyte
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and sensor, as a function of the bias voltage (V)

∆I = I(V, sensor, analyte)− Iref (V, sensor) (1.6)

where Iref (V, sensor) is the current in a sensor under bias voltage V in the

absence of an adsorbed analyte.

1.4 Principal component analysis

Principal Component Analysis (PCA) is widely used [12, 13, 14, 15,

16, 1] to analyze the performance of sensor arrays which, like the olfactory

system, rely on “pattern recognition” [17] to identify analytes. PCA forms

linear combinations of the original (in this case nine dimensional) sensor data

space, which are the new coordinates (principal components) of a reduced

order description of the sensing data. If sufficient principal components are

retained to account for (typically) 95 percent [18, 19, 17] of the variance in

the sensor data, and if the analyte coordinates are sufficiently separated in

principal component space, PCA may be used to estimate the performance of

an array sensing scheme.

Each of the data sets was analyzed as follows: (1) a principal component

analysis of the data set was performed using commercially available software,

(2) the cumulative variance of the data set, as a function of the number of

principal components included in the reduced order model, was plotted for a

principal component count ranging from one to the minimum number (n) of

principal components required to account for at least 95 percent of the variance
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in the data set, (3) an illustrative plot of analyte separation in the first and

second principal component (PC1-PC2) subspace was constructed, (4) a color

Distance Metric plot depicting the Euclidean ‘separation distance’ [17] of the

analytes in the n-dimensional principal component space was constructed, and

(5) a ‘classification’ threshold [17] was applied to the Distance Metric plot

to evaluate the performance of the sensor array. The Distance metric (Djk)

employed here to describe the separation of the jth and kth analytes in an

n-dimensional principal component subspace is

Djk =

√√√√ 1

n

n∑
i=1

(
x
(j)
i − x

(k)
i

)2
(1.7)

where x
(j)
i and x

(k)
i denote the ith principal component coordinates of the jth

and kth analytes.

In this dissertation, principal component analysis is used as a design

tool. The ability of a sensor array to discriminate between any two analytes

was estimated by applying a classification threshold to the analyte separation

distances in principal component space; this estimates the selectivity of the

sensor arrays. By applying the same classification threshold to the PCA re-

sults for various sensor arrays, the most selective array configuration can be

identified.

The remaining chapters are organized as follows: Chapter 2 discusses

the disparate effects of various dopant classes on the conductance of carbon

nanotubes, of critical interest in chemiresistive sensing. Chapter 3 investigates
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the chemiresistive sensing performance of nine different internally doped car-

bon nanotube configurations, for the detection of explosives and hazardous

gases. Chapter 4 investigates the chemiresistive sensing performance of five

different defective or substitutionally doped carbon nanotube configurations,

for the detection of explosives and hazardous gases. Chapter 5 investigates

the chemiresistive sensing performance of metallic carbon nanotubes with four

different covalent functionalizations. Chapter 6 investigates the chemiresistive

sensing performance of semiconducting carbon nanotubes with four different

covalent functionalizations. Chapter 7 formulates a new ab initio molecular

dynamics (AIMD) model of spin polarized sensor dynamics, including electric

and magnetic field loading. Chapter 8 summarizes the contributions of this

dissertation, and suggests possible directions for future work.

Schematics of the analyte molecules studied in this dissertation are

shown in Table 1.1.
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Table 1.1: Schematic graphs of studied molecules

Target Molecules

HMX RDX TNT

Gas Molecules

N2 O2 H2O CO2 NO2 NH3
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Chapter 2

Mass Specific Performance of Halogen and

Alkali Metal Based Dopants in Carbon

Nanotube Wiring

2.1 Introduction

The remarkable properties of some one and two dimensional nanocar-

bons, in particular graphene nanoribbons and carbon nanotubes, have moti-

vated research on their application to a variety of engineering problems. One

problem of wide interest is the development of improved electrical wiring. Low

mass density [20], high electrical conductivity [21], and compatibility with spin

fabrication processes have made carbon nanotubes (CNTs) a prime candidate

in the search for next generation conductors. Although theoretical calculations

have suggested that the electrical conductivity of CNTs can be much higher

than that of copper or aluminum [22], experiments on CNT based wiring have

measured electrical conductivities which are much less than the theoretical

maximum. Despite these difficulties, strong interest in the development of

high mass specific conductivity wiring for weight sensitive applications, such

as vehicles, ships, and aircraft, has encouraged continued research.

A variety of intrinsic (e.g. substitutional or vacancy defects) and ex-

trinsic (e.g. alignment and packing) factors [23] have limited the performance
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of CNT based wiring. Although some important mechanical processing steps

[24, 25] have been developed to improve the conductivity of CNT wiring, they

have not led to a mass specific performance which exceeds that of copper. The

most promising route to high mass specific conductivity appears to be chemi-

cal doping [26]. Published experimental research on chemical doping of CNTs

has considered both n and p type dopants, as well as combinations of the two

types. Common n-type dopants include alkali metals [27], transition metals,

and their compounds [28]. The most commonly used p-type dopants include

halogens [27, 26], interhalogens [29], and acids [30, 25]. Chemical species which

notionally incorporate both n and p type dopants have also been investigated,

including alkali metal halides (LiCl, LiBr, LiI, KI, CsI) [25].

Recognizing the considerable challenges inherent in the experimental

development of nanocarbon wiring, complementary computational research

has attempted to gain a better understanding of dopant performance. Much

computational work has been limited to relatively simple models and described

changes in nanotube [29, 31, 32] or nanotube junction [33] conductance due

to particular dopants. For example Janas et al. [29] computed the conduc-

tance and the density of states for I2, ICl, and IBr doping of metallic (5,5) and

semiconducting (10,0) CNTs. The modeled CNTs were very short (3 to 5 unit

cells) and were suspended between bulk copper electrodes, producing base-

line conductance results for pristine CNTs which did not match those widely

accepted in the literature. Ciraci et al. [34] investigated the effects of tube

rotation, junction overlap length, and relative tube axis orientations on junc-
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tion conductance. Similarly, Li et al. [33] performed a computational study

of CNT junctions, with a single atom of various transition metals serving as

the dopant. The overlap of the junctions was limited to one half a unit cell,

and the best results were observed with a Cr atom as the linker. Recent com-

putational work has extended these basic models, to include important effects

which appear at the nanowire scale. Li et al. [35] modeled the effects of iodine

doping on CNTs and CNT junctions, and Chin et al. [36, 37] developed similar

models for a more complex dopant (KAuBr4). Consistent with experiment,

the last three cited works estimated specific conductivities for the doped CNT

systems which were lower than that for copper.

Although previous computational work on doped CNT wiring has pro-

vided important insights, a broader view is needed to assist future experimen-

tal work. This chapter extends previous computational studies of CNT based

wiring, modeling four material classes (halogens, interhalogens, alkali metals,

and alkali metal halides) in a unified framework. The objective is to provide an

integrated view of the strengths and weaknesses of the various doping strate-

gies considered to date, and to suggest the most promising approaches for the

experimental pursuit of improved mass specific performance. The new ab initio

modeling work described in this chapter indicates that the four dopant mate-

rial classes most prominent in the experimental literature have inherent per-

formance limitations when applied to the metallic-semiconducting nanotube

mix typical of current experimental research. It appears that spatial separa-

tion of the metallic/semiconducting nanotubes or spatial control of the dopant
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distribution would likely be necessary in order to fundamentally improve the

mass specific performance of these dopants.

2.2 Computational models

In this chapter, in the transport direction, the scattering region was

bounded by CNT electrodes whose nuclear coordinates were constrained to

avoid shape distortion of the electrode cross sections. The electrodes were

modeled using dopant distributions like those applied to the modeled device,

simulating an infinitely long conductor. No constraints were applied in the

scattering region.

The three geometry models considered in this chapter are depicted in

Fig. 2.1, where they are shown with both monatomic and diatomic dopants.

The choice of these three model geometries is motivated by: (1) published

experimental work on gas adsorption [38] and dopant adhesion [26] in CNT

bundles, which suggests that dopant atoms will be predominately distributed

in interstitial channels and therefore largely aligned with the nanotube axes,

and (2) published computational work on iodine doping of CNTs [35] which

concluded that randomly distributed dopant atoms are ineffective at improving

conductance and serve primarily to add parasitic mass to the system. The top

row of Fig. 2.1 shows an ‘aligned’ dopant configuration, in which the dopant

atoms are equilibrated in one or more columns along the nanotube axis; it

represents a best case dopant distribution for a single nanotube and may be

expected to produce an upper bound result for the mass specific performance
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of the doped system. The middle row of Fig. 2.1 shows an ‘interstitial’ dopant

configuration, in which the dopant atoms are again equilibrated in one or

more columns along the nanotube axis, the columns this time defined by a

‘three-body’ (CNT-dopant-CNT) interaction which determines both the CNT

separation distance and the dopant standoff from the nanotube surface. In

this instance it appears that the size of the dopant atoms, for some given nan-

otube chirality and dopant class, is an important factor in determining dopant

effectiveness. The lower row of Fig. 2.1 shows a nanotube interface or ‘junc-

tion’ with interstitial doping. All of the junction models considered here are

commensurate, that is the hexagons of the parallel CNTs are precisely aligned

(no offset in either the lateral displacement or the rotational alignment). Junc-

tions are an essential feature of wiring constructed from CNT bundles, and

dopant atom size can also be important in determining junction performance.

Four performance metrics were defined in order to: compare the rela-

tive performance of the various modeled dopants, compare the performance of

the doped nanotubes to that of a pristine nanotube, and compare the mod-

eled nanoscale system performance to macroscopic test data. The four metrics

are defined as follows: (1) specific conductance is the ratio of the computed

conductance of a device to its mass per unit length, (2) relative specific con-

ductance is the ratio of the specific conductance of a device to the specific

conductance of a pristine metallic (5,5) nanotube, (3) specific conductivity is

the ratio of electrical conductivity (σ) to mass density (ρ), and (4) relative

specific conductivity is the ratio of the specific conductivity of a device to the
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specific conductivity of copper. In the case of a doped device, dopant mass is

included in the mass per unit length calculation. Note that in the case of a

one dimensional electrical conductor with conductance G, mass M , and length

L, the mass specific conductivity (Γ) is [35]

Γ =
σ

ρ
=
G L2

M
(2.1)

and no estimate is needed for the cross sectional area of the CNT conductor.

The performance metrics defined here are of particular importance since the

focus of the experimental literature has been on increasing conductivity, as

opposed to mass specific conductivity.

2.3 Results and discussion

This section describes the ab initio modeling results for four dopant

classes: halogens (chlorine, bromine and iodine), alkali metals (lithium and

sodium), interhalogens (iodine monochloride and iodine monobromide), and

alkali metal halides (lithium bromide and potassium iodide). The performance

of each dopant was analyzed at two or three different doping densities and in

the aligned, interstitial, and interstitial junction configurations. Since the nan-

otube bundles normally used to produce CNT wiring are typically composed

of a mix of metallic and semiconducting tubes, ab initio calculations were per-

formed for both metallic (5,5) and semiconducting (8,0) nanotubes, hereafter

referred to as CNT(M) and CNT(S).
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2.3.1 Analysis of the doped nanotubes

The first set of analyses modeled aligned and interstitial doping con-

figurations for both metallic and semiconducting nanotubes. Fig. 2.2 shows

the relative specific conductance results for the halogen and the alkali metal

dopants. Among the halogens, bromine offers the best performance, but the

doped CNT exceeds the mass specific conductance of a pristine metallic CNT

by (at best) only about ten percent. The alkali metals show better peak perfor-

mance, exceeding (in the case of lithium) the specific conductance of a pristine

metallic nanotube by a factor of almost three. However, the preceding best

case results for both the halogens and the alkali metals are obtained in an ide-

alized ‘aligned’ dopant configuration. In an interstitial dopant configuration,

all five of the modeled halogen and alkali metal dopants produce an average

specific conductance (average of the metallic and semiconducting nanotube

performance) which is approximately half that of a pristine metallic CNT.

Fig. 2.3 shows the relative specific conductance results for the interhalogens

and the alkali metal halides. In these cases, the modeled ‘diatomic’ dopants of-

fer at best a specific conductance slightly better than that of a pristine metallic

CNT. As in the case of the ‘monatomic’ dopants, the diatomic dopants pro-

duce (in the interstitial configuration) an average specific conductance which

is roughly half that of a pristine metallic CNT.

Fig. 2.4 provides illustrative charge transfer data (estimated using three

different metrics), density of states (DOS) plots, and charge density difference

plots for the best performing halogen (bromine) and the best performing al-
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kali metal (lithium) dopants. The charge transfer data indicates p-doping of a

metallic nanotube by bromine and n-doping of a metallic nanotube by lithium;

the two DOS plots both indicate an increase in the density of states at the

Fermi energy, due to the dopant partial density of states (PDOS). The charge

density difference plots of Fig. 2.4 suggest that the best performing halogen

and alkali metal configurations, which are obtained with aligned dopant atoms,

may incorporate significant electron transmission through the dopant. A simi-

lar conduction mechanism has been previously suggested in ab initio modeling

work performed on iodine doped nanotubes [35]. Figs. 2.5 and 2.6 provide

illustrative charge transfer data, density of states plots, and charge density dif-

ference plots for particular interhalogen and alkali metal halide doped cases,

which depict a number of important features of the doping process. Fig. 2.5

indicates that the conductance changes induced by the interhalogens are asso-

ciated with p-doping and a substantial increase in the Fermi energy density of

states, for both metallic and semiconducting nanotubes. In the case of the IBr

doped CNT(M) shown in Fig. 2.5, the dopant appears to be polarized; it in-

creases the conductance of the system by approximately fifty percent. However

since the mass per unit length increases by a similar percentage, the specific

conductance of the doped nanotube is similar to that of a pristine CNT(M). In

the case of the ICl doped CNT(S) shown in Fig. 2.5, the charge density differ-

ence plot depicts a complex multibody interaction between the CNTs and the

dopant atoms. Although the ICl doped CNT(S) does show a nonzero transmis-

sion, the specific conductance falls far below that of a pristine metallic CNT.
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Fig. 2.6 indicates that the improved conductance induced by the alkali metal

halides is associated with p-doping for the metallic nanotube and n-doping for

the semiconducting nanotube. In the case of LiBr doping of a CNT(M) the

DOS is however unaffected by the presence of dopant. The CNT(M) conduc-

tance is unchanged, and the addition of a parasitic dopant mass serves only

to reduce the specific conductance of the system. In the case of KI doping of

a CNT(S), both the Fermi energy DOS and and the conductance are substan-

tially increased. However, given the well known effectiveness of potassium as

a CNT dopant [27, 37], it appears that the iodine atoms degrade the doping

performance of the potassium, reducing the specific conductance of the system

to a level well below that of a pristine metallic CNT.

Fig. 2.2 summarizes the results of the nanotube doping analysis, plot-

ting the relative specific conductance for all nine dopant types considered in

this chapter. For each dopant, the plotted bar represents the average perfor-

mance over the range of doping densities considered in the analysis (density

ranges in dopant atoms or molecules per unit cell are shown in Figs. 2.2 and

2.3). The results shown in Fig. 2.2 are for the interstitial doping configuration

only, and the results for metallic and semiconducting nanotubes are presented

separately. None of the doped nanotubes show a specific conductance which

exceeds that of pristine metallic CNT. In the CNT(M) case, all three of the

halogen dopants produced similar results, all four of the diatomic dopants

produced similar results, and the two alkali metals showed the most variation,

representing both the best case and and the worst case performance. If the
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effects of potassium doping (analyzed in a recently published work [37]) are

also considered, the alkali metals show a strong dependence of dopant effec-

tiveness on dopant atom size, with the smallest dopant atom being the least

effective. The CNT(S) doping results shown in Fig. 2.2 indicate an overall

lower performance, as compared to the CNT(M) case, with the best CNT(S)

performance lower than the worst CNT(M) performance. The CNT(S) doping

results also show a much greater variation in performance with dopant type.

The alkali metals show the best CNT(S) doping performance, the halogens are

on average less effective, and the performance of the diatomic dopants varies

widely with dopant type. Note that CNT(S) doping with halogens shows, like

the CNT(M) doping with alkali metals, a strong dependence on dopant atom

size, with the smallest dopant atom again being the least effective.

The models discussed here consider only the interaction of metallic or

semiconducting nanotubes, which are assumed to represent the best and worst

case performance.

2.3.2 Analysis of the doped junctions

The second set of analyses modeled doping of the nanotube junctions,

with the dopant distributed in an interstitial configuration, at the higher of the

two doping densities considered in the doped nanotube analyses. Fig. 2.8 shows

the variation of junction conductance with nanotube overlap (in unit cells) for

both metallic and semiconducting nanotube junctions, for all nine modeled

dopants. Since the unit cell lengths for the metallic (5,5) and semiconducting
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(8,0) nanotubes are 2.46 Å and 4.26 Å respectively, the unit cell overlap

ranges shown for the CNT(M) and the CNT(S) calculations in Fig. 2.8 differ

by factor of two and hence represent similar overlap distances. As indicated

in Fig. 2.8, the modeling results show that junction performance varies with

overlap, and is also a strong function of the dopant type.

The CNT(M) junctions show a general trend in which the junction

conductance increases with overlap, albeit with oscillations. The period of

the oscillations is two unit cells, for all of the dopants except LiBr and KI;

a similar trend was also observed by Ciraci et al. [34] in their analysis of

pristine metallic CNT junctions. The interhalogen dopants are exceptional, in

that they show ‘perfect’ conductance (G = 2Go) at all overlaps. The only other

dopant which produces a perfect junction is bromine, which does so at an at an

eight unit cell overlap. The two modeled alkali metals show surprisingly poor

metallic junction conductance. Charge transfer data and DOS plots for the

lithium and sodium doped CNT(M) junctions are shown in Fig. 2.9. Although

the charge transfer magnitudes for these two dopants are large and similar, in

both cases the Fermi energy DOS is quite small and the junction transmission

is negligible. The performance difference between the lithium and sodium

doping cases appears to be due to a larger equilibrium separation distance for

the interacting nanotubes (3.87 Å vs 3.34 Å ) in the lithium case, a three-body

(CNT-dopant-CNT) effect which is dopant atom size dependent.

In the CNT(S) junction case, the best dopants are the alkali metals;

however no dopant offers a semiconducting junction performance which ex-
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ceeds 25 percent of that of a pristine metallic CNT. Fig. 2.10 summarizes

the results of the nanotube junction analysis, plotting the average (over the

modeled overlaps) of the relative specific conductance for both CNT(M) and

CNT(S) junctions, for all nine dopant types considered in this chapter. Note

that among the alkali metals (as an isolated group), the larger the dopant

atom the more effective the doping performance (this includes potassium, an-

alyzed in recent work [36]). A similar size effect is seen for the halogens (as an

isolated group) in the CNT(S) junction case, but not in the CNT(M) junction

case due to the relatively small unit cell length for the metallic CNT.

2.3.3 Nanowire model

In macroscale conductors composed of CNT bundles, both the nan-

otube conductance and the junction conductance results just described can be

expected to influence overall wiring performance. A nanowire model developed

in previous work [35, 36] may be used to estimate the macroscale CNT wiring

performance of the dopants analyzed here, using the nanotube and junction

conductance results described in the last two subsections (see the Support-

ing Information for tabulated data used in the calculations discussed in this

subsection). The referenced model provides a one dimensional transmission

line description of a nanowire, one mean free path (LMFP ) in length and in-

corporating nanotube junctions. The specific conductivity of the nanowire is

computed as

Γ =
σ

ρ
=
GeffL

2
MFP

meff

(2.2)
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where the effective conductance is the minimum of the doped nanotube (Gn)

and doped junction (Gj) conductances

Geff = min(Gn, Gj) (2.3)

and the mass of the nanowire is

meff = (LMFP − Lj) m̂n + Lj m̂j (2.4)

where Lj is the junction length, m̂n is the mass per unit length for the doped

nanotube, and m̂j is the mass per unit length for the doped junction. Analysis

of the doped nanowires of interest in this chapter assumed: (1) an interstitial

doping configuration for both the nanotubes and the junctions, (2) the average

junction overlap distances considered in this work (shown in Fig. 2.8), and (3)

a mean free path of 500nm [39]. Fig. 2.11 plots an average relative specific

conductivity for each of the nine doped nanowires considered in this chapter,

where average refers to relative specific conductivities computed at the two

interstitial nanotube doping densities shown in Figs. 2.2 and 2.3. Recall

that the relative specific conductivity metric compares the performance of

the doped CNT nanowires to that of copper, whose density and electrical

conductivity are taken from handbook data at standard conditions [40]. The

results plotted in Fig. 2.11 show trends which clearly distinguish the metallic

from the semiconducting nanowires and clearly identify characteristics of the

four dopant types:

• although both the metallic and the semiconducting wires show perfor-

mance dependencies on dopant type, which vary the computed results
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by ±50% around their respective averages, the average performance of

the metallic nanowires exceeds the average performance of the semicon-

ducting nanowires by an approximate order of magnitude;

• the best CNT(M) dopants are the interhalogens, followed by bromine;

iodine and KI offer the possibility of improving on the performance of

copper, while the performance of the other dopants is inferior to that of

copper;

• the best CNT(S) dopants are the alkali metals, followed by iodine; the

performance of the remaining dopants is less than 20% of that for copper;

• due to poor junction conductance, lithium is ineffective as a metallic

dopant and the alkali metal halides are ineffective as semiconducting

dopants;

• the near-orthogonal performance characteristics of the various dopant

types suggests that fabricating high mass specific conductivity wiring

from metallic/semiconducting CNT mixtures may be very difficult.

The preceding conclusions appear to be qualitatively consistent with

the published experimental data. A recent experimental study [25] on the

conductivity (as opposed to specific conductivity) of doped single-wall CNT

thin films included four of the dopants analyzed here. In measurements on

mixed metallic-semiconducting systems, they showed a tripling of conductiv-

ity with iodine and IBr dopants and very modest conductivity improvements
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from two alkali metal halides (LiBr and KI); note that the dopant mass load-

ings for the experiments were not reported. Although the same reference also

reported conductivity tests on ‘metallic’ and ‘semiconducting’ thin films for

the iodine and IBr dopants, the measured conductivities of the reference (un-

doped) samples of the metallic, semiconducting, and mixed nanotube types

showed rather modest differences; this suggests that more definitive test data

is needed. A second experimental study [29] on ICl and IBr doped CNT thin

films similarly reported ten to thirty-five percent reductions in measured re-

sistance due to doping, again without quantifying dopant mass loading. A

tentative conclusion from these comparisons is that the computational work

presented here can make relative judgments, as opposed to precise predictions,

regarding the efficacy of alternative doping treatments.

Two other comparisons with experiment are provided by papers which

report the specific conductivity of iodine doped [26] double-wall CNTs and

the specific conductivity of ICl-doped [41] double-wall and single-wall CNTs.

The first paper reported an average specific conductivity for the tested sam-

ples slightly higher than that of copper. This measurement compares favorably

with the current relative specific conductivity estimates of 1.19 and 0.25 for io-

dine doping of CNT(M) and CNT(S) respectively. The second paper measured

relative specific conductivities of 0.19 and 0.05 for double-wall and single-wall

CNTs doped with ICl, less than the factors of 4.14 and 0.16 computed here

for ICl doped metallic and semiconducting nanotubes. Although the available

experimental data indicates only qualitative agreement with the modeling re-
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sults, it does suggest that the underlying computational methodology can offer

valuable insights. The models developed here for small diameter, defect-free

nanotubes and junctions composed of identical, well aligned nanotube pairs do

not account for a variety of non-ideal conditions present in most experiments.

Most of these non-ideal conditions would tend to reduce carbon conductor

performance.

2.4 Summary

Although additional experimental evaluation of the modeling approach

described in this chapter is needed, it appears that the relative dopant perfor-

mance estimates computed here are largely consistent with published exper-

imental data. Hence it is appropriate to offer here some general conclusions

on the performance of halogens, alkali metals, interhalogens, and alkali metal

halides as CNT dopants, conclusions which rely on computational assessments

of dopant performance that are not amenable to direct experimental measure-

ment. The conclusions are guided by a comparative evaluation of the nine

dopants considered in this study, on six mass specific performance criteria: ef-

fectiveness as a CNT(M) dopant (see Fig. 2.2, left hand side), effectiveness as

CNT(M) junction dopant (see Fig. 2.10, left hand side), overall effectiveness

as a CNT(M) dopant (see Fig. 2.11, left hand side), and three correspond-

ing criteria applied to the semiconducting nanotubes modeled in this chapter

(Figs. 2.2, 2.10, and 2.11, right hand side). For each of the six performance

criteria, the associated dopant performance metrics were normalized (dividing
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by the best performance metric for that criterion, among all nine dopants). In

this way, all nine dopants were ranked, on a scale from zero to one, on all six

performance criteria. The results are plotted in Fig. 2.12, using a color scheme

in which the normalized rankings are classified as ‘good’ (green, 1.00-0.66),

‘average’ (yellow, 0.66-0.33), and ‘poor’ (red, 0.33-0.00). Classifying dopant

performance using these bins is considered appropriate, given the qualitative

agreement of the models with experiment.

The performance evaluations shown in Fig. 2.12 suggest several con-

clusions of general interest to the development of high specific conductivity

carbon nanotube based wiring, conclusions which complement the material

specific assessments made in the last section:

• all of the modeled dopants showed ‘good’ or ‘average’ mass specific per-

formance when applied to metallic nanotubes; it is the doping of semi-

conducting nanotubes and the doping of junctions of both types which

are the important mass specific performance discriminators;

• doped CNT based wiring tests have generally employed a single dopant

and a mix of nanotube types; since all of the dopants studied here are

rated ‘poor’ for either metallic nanowires or semiconducting nanowires,

most systems tested to date have likely included considerable parasitic

mass;

• either metallic/semiconducting segregation of CNTs, or the development

of dopants which are adsorbed on only one CNT type, may offer large
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performance improvements.

Since the conclusions offered here are based on models of one metallic and

one semiconducting single-wall nanotube, both with small diameters, more

research is needed. Despite this caveat, the discussion of experimental data

in the last section does suggest that there is some transferability of this work

to other carbon systems, including CNT based thin films and multi-wall nan-

otubes.
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Figure 2.1: Nanotube and junction models; the top row shows a CNT(M) with
aligned Li doping (left) and a CNT(S) with aligned ICl doping (right); the
middle row shows a CNT(S) with interstitial Na doping (left) and a CNT(M)
with interstitial IBr doping (right); the bottom row shows a CNT(M) junction
with interstitial Br doping (left) and a CNT(S) junction with interstitial LiBr
doping (right). 29
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Figure 2.2: Relative specific conductance of doped CNT(M) and CNT(S), for
monatomic dopants, as a function of the doping configuration and the doping
density; the dashed line shows the relative specific conductance of a pristine
metallic CNT.
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Figure 2.3: Relative specific conductance of doped CNT(M) and CNT(S), for
diatomic dopants, as a function of the doping configuration and the doping
density; the dashed line shows the relative specific conductance of a pristine
metallic CNT.
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Charge transfer (e), Br doped CNT (5,5)
Mulliken Hirshfeld Voronoi ∆G/G0

-1.609 -1.435 -1.455 0.95

Charge transfer (e), Li doped CNT (5,5)
Mulliken Hirshfeld Voronoi ∆G/G0

3.610 1.973 2.500 3.75

Figure 2.4: Charge transfer (top row), density of states (middle row), and charge density difference (bottom
row) for Br doped CNT(M) (left side) and Li doped CNT(M) (right side). The shaded regions of the density
of states plots show the partial density of states for the dopant atoms.
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Charge transfer (e), IBr doped CNT (5,5)
Mulliken Hirshfeld Voronoi ∆G/G0

-0.338 -0.225 -0.220 1.00

Charge transfer (e), ICl doped CNT (8,0)
Mulliken Hirshfeld Voronoi ∆G/G0

-3.27 -2.658 -2.824 0.31

Figure 2.5: Charge transfer (top row), density of states (middle row), and charge density difference (bottom
row) for IBr doped CNT(M) (left side) and ICl doped CNT(S) (right side). The shaded regions of the
density of states plots show the partial density of states for the dopant atoms.
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Charge transfer (e), LiBr doped CNT (5,5)
Mulliken Hirshfeld Voronoi ∆G/G0

-1.242 -0.864 -1.072 0.0

Charge transfer (e), KI doped CNT (8,0)
Mulliken Hirshfeld Voronoi ∆G/G0

7.792 6.176 7.156 1.00

Figure 2.6: Charge transfer (top row), density of states (middle row), and charge density difference (bottom
row) for LiBr doped CNT(M) (left side) and KI doped CNT(S) (right side). The shaded regions of the
density of states plots show the partial density of states for the dopant atoms.
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Figure 2.7: Relative specific conductance as a function of dopant type.

Figure 2.8: Junction conductance as a function of nanotube overlap.
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Charge transfer (e)
Dopant Mulliken Hirshfeld Voronoi G/G0

Li 5.178 4.942 5.280 0.00
Na 4.673 4.616 4.776 0.27

Figure 2.9: Charge transfer (top) and density of states (bottom) for Li and Na
doped CNT(M) junctions. The shaded regions of the density of states plots
show the partial density of states for the dopant atoms.
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Figure 2.10: Relative specific conductance of the CNT(M) junctions (left) and
the CNT(S) junctions (right) as a function of dopant type.
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Figure 2.11: Relative specific conductivity for the CNT(M) nanowires (left)
and the CNT(S) nanowires (right) as a function of dopant type.

Performance for the CNT Dopants
Cl Br I Li Na ICl IBr KI LiBr

CNT (M)
CNT (M) Junction

Nanowire Model (M)
CNT (S)

CNT (S) Junction
Nanowire Model (S)

Green = Good, Yellow = Average, Red = Poor

Figure 2.12: Comparison of the modeled halogen, alkali metal, interhalogen,
and alkali metal halide dopants on six mass specific performance criteria. The
colors (green, yellow, red) represent performance ratings (good, average, poor)
for doping of CNT(M) and CNT(S), doping of CNT(M) and CNT(S) junctions,
and current transmission in CNT(M) and CNT(S) nanowires. Note that the
nanowire performance ratings depend on the transmission efficiencies of the
nanotubes and the nanotube junctions.
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Table 2.1: Atomic masses used in the analysis

Element C Cl Br I Li Na K
Mass (amu) 12.0107 35.4460 79.9040 126.9045 6.9410 22.9900 39.0983

Table 2.2: Properties of the modeled CNTs

CNT
chirality

Atoms per
unit cell

Unit cell
length (Å)

(5,5) 20 2.46
(8,0) 32 4.26

Table 2.3: Computed conductance values for the monatomic dopants

Computed conductance (G/G0)
CNT Doping Dopant density Cl Br I Li Na
type type (atoms/unit cell)

0.50 1.00 1.00 2.89 0.00 3.00
Aligned 1.00 2.00 2.95 2.00 3.00 4.00

2.00 1.98 3.72 1.25 5.75 4.00
(5,5) Interstitial 0.50 1.80 1.77 3.44 1.97 3.95

1.00 4.00 5.07 3.81 1.94 3.34
Junction 1.00 0.24 1.33 0.46 0.00 0.08

0.50 0.00 1.98 1.93 1.76 1.80
Aligned 1.00 0.00 1.45 1.92 1.93 1.89

2.00 n.c. n.c. n.c. 2.98 3.87
(8,0) Interstitial 0.50 0.00 0.00 0.00 0.45 0.46

1.00 0.50 0.97 1.66 2.74 1.24
Junction 1.00 0.04 0.07 0.17 0.10 0.14

Notes: junction conductance values are averages over the modeled overlaps;
n.c. denotes not computed
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Table 2.4: Computed conductance values for the diatomic dopants.

Computed conductance (G/G0)
CNT Doping Dopant density ICl IBr KI LiBr
type type (molecules/unit cell)

0.25 2.00 2.00 2.00 2.00
Aligned 0.50 2.83 3.00 2.00 2.00

1.00 n.c. n.c. 2.00 2.00
(5,5) Interstitial 0.25 1.83 2.81 3.92 3.62

0.50 6.00 6.00 3.98 3.99
Junction 0.50 2.15 2.11 0.54 0.14

0.25 n.c. n.c. 0.98 0.97
Aligned 0.50 0.00 0.00 1.00 0.00

1.00 0.31 0.00 n.c. n.c.
(8,0) Interstitial 0.25 0.00 0.00 0.06 0.00

0.50 0.83 1.09 0.00 2.00
Junction 0.50 0.10 0.10 0.00 0.00

Notes: junction conductance values are averages over the modeled overlaps;
n.c. denotes not computed

39



Chapter 3

Internal Doping of Metallic Carbon

Nanotubes for Chemiresistive Sensing of

Explosive Molecules

3.1 Introduction

Carbon nanotubes (CNTs) have been the focus of much chemical sens-

ing research [42], aimed at exploiting the unusual electrical, mechanical, opti-

cal, and chemical properties of CNTs for sensing applications. One of the most

widely investigated applications has been gas sensing [43], often employing a

chemiresistive mechanism [44]. Such sensors can be simple and robust, but are

often not selective. Hence much chemiresistive CNT gas sensing research has

evolved as a search for improved selectivity, while maintaining the simplicity

and robustness of the basic chemiresistive sensing mechanism. Sensor arrays

are frequently suggested as an effective means of addressing the simplicity

versus selectivity tradeoff [17].

The broader topic of gas adsorption by CNTs is a subject of very wide

interest [45]. Gas sensing by surface adsorption [46, 47], which is typical of

chemiresistive CNT sensing, has been investigated for pristine CNTs, function-

alized CNTs [48], substitutionally doped CNTs [49], and CNTs with defects
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[50]. Other CNT related research, aimed at improving the electrical con-

ductivity [27] of carbon based wiring, has also focused on surface adsorption

processes. Experimental and computational work on doping for enhanced con-

ductivity has studied the surface interaction of CNTs with acids [25], alkali

metals [27], halogens [26], interhalogens [41, 29], and other dopants [28].

In addition to chemiresistive sensing and surface adsorption processes, a

third process of frequent interest in CNT based research is the encapsulation of

materials inside carbon nanotubes. Experimental work, validated by imaging

technology, has shown that a wide range of materials can be captured inside

CNTs, including solid phase materials (usually metals) and gases. The solid

phase materials include Ru [51], Ag [52, 53], Au, Pt, and Pd [52], which

normally form nanowires inside the nanotubes. Multiple small gas molecules

have been shown to adsorb on the inner, convex surface of CNTs, including Xe,

O2 and N2 [54, 38], and some large molecules (e.g. CCl4) also show preferential

adsorption inside the CNTs [55]. Published experiments have placed chains of

potassium [56], iodine [57], and potassium iodide [58] inside CNTs. In order

to deliberately encapsulate materials inside the CNTs, various (in and ex situ)

methods are used. In situ methods include filling the CNT with a catalyst

metal during CVD growth [59], while ex situ methods include capillary filling

[51]. In the case of single-walled CNTs, the ‘as produced’ CNTs may be

closed at both ends by fullerene-like end caps. Opening methods are however

available, include mechanical cutting [60, 55], application of concentrated acids

[51], and heating in the presence of lead metals [61].
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Despite the large number of studies showing the possibility of internal

doping of CNTs (over 150 materials have been reported inside single-wall CNTs

[62]), the theoretical and experimental literature on the effects of internal

doping on the electronic structure and electrical conductance of CNTs is very

limited. Published studies have focused on the Raman Spectra of filled CNTs

[63, 64] and computed the effects of filling on CNT band structures [65, 66].

Zhou et al. [67] computed the transport properties of Gd/Eu chains located

inside single-wall CNTs, and Korsun et al. [68] computed the changes in

entropy and HOMO-LUMO structures for CNTs filled with Li+ and Mg2+

ions.

Although some previous research has studied the effects of combined

internal and external doping on CNTs [69], it appears that no previous work

has considered the chemiresistive sensing properties of CNTs with internal

doping. This chapter models chemiresistive sensing via surface adsorption,

for CNTs internally doped by nine materials commonly applied to enhance

CNT conductivity. The internal dopants include three halogens, three alkali

metals, two interhalogens, and one alkali metal halide. The target analytes

include three widely used explosives [70], one nitroaromatic compound (TNT)

and two nitramines (RDX and HMX). Sensor response to nitrogen dioxide and

ammonia are also analyzed, due to the very wide interest in these compounds

indicated by the hazardous gas detection literature, and sensor response to

four background gases (N2, CO2, H2O, and O2) is also computed. Principal

Component Analysis (PCA) [71, 72, 17] is used to evaluate the ability of the
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full array of nine doped CNTs to distinguish the five target molecules from

standard background gases, and to distinguish the three explosives from each

other. The results show good sensitivity and selectivity for all of the target

molecules, suggesting that chemiresistive sensing using internally doped CNTs

offers a significant new opportunity in the development of simple, robust, and

selective gas sensors.

3.2 Computational methods

All of the computations were performed for metallic carbon nanotubes

with a (5,5) chirality and a unit cell length of 2.46 Å. Doping densities were

one atom per unit cell for the monatomic dopants and one molecule per two

unit cells for the diatomic dopants. The sensor models were initialized with

the dopant atoms or molecules spaced uniformly along the nanotube axis. The

analyte molecule orientations analyzed in the present chapter were the mini-

mum energy orientations obtained from a preliminary analysis modeling the

adsorption of each analyte on a pristine (5,5) CNT. In the third (transmitting)

direction, the supercell is bounded by electrodes composed of doped nanotubes

identical to the nanotube in the scattering zone, in order to represent a con-

ductor of infinite length.

3.3 Results and discussion

The first series of calculations modeled the effects of all nine internal

dopants on the conductance of metallic (5,5) CNTs; equilibrium configurations
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for the iodine and potassium doped nanotubes are shown in Fig. 3.1.

3.3.1 Computational results

Fig. 3.2 shows the computed change in conductance due to the internal

doping, for each of the nine dopants, expressed in terms of the quantum con-

ductance unit (Go). The black dashed line indicates the conductance of the

pristine (5,5) CNT, before doping [7]. In the ‘best’ cases (iodine and potas-

sium), conductance is doubled by the doping process. This result is consistent

with published experiments that indicate that external doping with potassium

[27] or iodine [26] can significantly improve the electrical conductivity of CNTs.

It is also consistent with a previous computational study on internal doping

with alkali metals, which used band diagrams to argue that such doping can

improve CNT conductivity [66]. In the ‘worst’ cases (chlorine and potassium

iodide), conductance is essentially unchanged by the doping; however note

that this does not indicate that the doped nanotube is unsuitable as a sensor,

only that its reference configuration conductivity is not modified by the dop-

ing. The remaining halogens and alkali metals, as well as the interhalogens,

induce an approximate fifty percent increase in the CNT conductance. This is

consistent with published experimental data on external doping of CNTs with

halogens [26], alkali metals [27], and interhalogen compounds [41] which also

shows significant improvements in the electrical conductivity of CNTs. Fig. 3.4

shows charge transfer data (computed using three different metrics), density of

states (DOS) plots, and charge density difference plots for the CNTs doped by
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iodine and potassium. The charge transfer data indicates that iodine p-dopes

the CNT while potassium n-dopes the CNT. The DOS plots show a signifi-

cant increase in the DOS near the Fermi energy for both the dopants, with

substantial contributions from the dopant partial density of states (PDOS).

The charge density difference plots suggest substantial current transmission

through both the dopant atoms and the CNT.

The second series of calculations modeled the effects of analyte adsorp-

tion on the surface of the doped CNTs, for all 81 dopant/analyte combinations.

Fig. 3.4 shows equilibrium configurations for RDX, HMX, and TNT molecules

adsorbed on iodine, potassium, iodine monochloride, and potassium iodide

doped CNTs. Figs. 3.5- 3.7 plot the change in conductance (equation 1) and

the adsorption energy (equation 2) due to analyte adsorption on all nine doped

CNT sensors, for halogen doping (Fig. 3.5), alkali metal doping (Fig. 3.6), and

interhalogen or alkali metal halide doping (Fig. 3.7). In the case of halogen

doping (Fig. 3.5), iodine shows the largest conductance sensitivities and the

largest adsorption energies, but the least selectivity. Chlorine shows generally

low adsorption energies, but a highly selective response to oxygen and nitro-

gen dioxide. Bromine is similar to chlorine in its selective response to oxygen

and nitrogen dioxide, but for all other analytes its conductance change differs

in sign from that of chlorine. Clearly these results include ingredients which

support a sensor array based approach to selectivity. In the case of alkali

metal doping (Fig. 3.6), conductance sensitivities and adsorption energies are

both high. While selectivity is moderate, the large magnitudes of the con-
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ductance changes induced by the analytes would in general facilitate species

discrimination. In the case of the diatomic dopants (Fig. 3.7), adsorption en-

ergy is very high for potassium iodide and moderate for the interhalogens; the

conductance changes also show high selectivity, including all analyte classes

(explosives, background gases, and hazardous gases). Overall the ab initio

modeling results suggest that, as a group, the internally doped CNTs offer

good sensitivity and may offer good selectivity if deployed in a sensing array.

For convenient reference, additional plots of the adsorption energy and

conductance change data shown in Figs. 3.5- 3.7 are provided, for the explo-

sives only, re-parameterized by explosive type and by background gas type

in Figs. 3.8 and 3.9. In addition, Table 3.1 provides all of the conductance

change data shown in Figs. 3.5- 3.7. That data is used next in a Principal

Component Analysis of the computed sensor performance characteristics.

3.3.2 Principal Component Analysis

To evaluate the collective performance of the nine doped CNTs, acting

as a sensor array, a Principal Component Analysis (PCA) was performed for

three data sets extracted from Figs. 3.5- 3.7. The first data set consisted of

the conductance change data for the three explosives and the four background

gases; the second data set consisted of the conductance change data for nitro-

gen dioxide and the four background gases; and the third data set consisted

of the conductance change data for ammonia and the four background gases.

All three data sets included the computed response for all nine sensors.
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Fig. 3.10 depicts the results of the principal component analysis for the

explosive molecules and background gases. The Cumulative Variance plot (top

left) shows that four principal components are sufficient to capture at least 95

percent of the sensor data variance. The PC1-PC2 subspace plot (top right)

illustrates the analyte separation obtained with a minimal two dimensional

representation of the transformed data. The distance metric plot (lower left)

plots the separation distances for all seven analytes in the four dimensional

principal component subspace, indicating a maximum separation of approxi-

mately 1.8Go. If a classification criterion of 0.9Go is applied to the distance

metric plot, the resulting Classification Chart (lower right) estimates the abil-

ity (green squares) or inability (red squares) of the sensor array to discriminate

between each pair of analytes. In this case the sensor array can distinguish

RDX from the other two modeled explosives and all of the background gases,

indicating excellent selectivity, whereas HMX and TNT are indistinguishable

from each other and two of the background gases (CO2 and H2O). The classifi-

cation criterion of 0.9Go, selected here to illustrate the analysis methodology,

is quite conservative, recognizing that 2Go is the conductance of a pristine

metallic nanotube. Hence the results presented here suggest that internally

doped metallic CNT arrays offer significant opportunities in explosive molecule

sensing applications.

Fig. 3.11 depicts the results of the principal component analysis for

nitrogen dioxide and four background gases. In this case the Cumulative

Variance plot (top left) shows that only two principal components are needed to
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capture at least 95 percent of the sensor data variance. The PC1-PC2 subspace

plot (top right) describes analyte separation in that two dimensional space, and

the distance metric plot (lower left) quantifies the separation distances for all

five analytes in the two dimensional principal component subspace, indicating

a maximum separation of approximately 2.5Go. If a classification criterion of

0.9Go is again applied to the distance metric plot, the resulting Classification

Chart (lower right) indicates that the sensor array can distinguish nitrogen

dioxide from three of the four background gases. As noted previously, the

classification criterion of 0.9Go is quite conservative, suggesting that internally

doped metallic CNT arrays offer significant opportunities in nitrogen dioxide

sensing applications.

Finally, Fig. 3.12 depicts the results of the principal component anal-

ysis for ammonia and four background gases. In this case the Cumulative

Variance plot (top left) shows that three principal components are needed to

capture at least 95 percent of the sensor data variance. The PC1-PC2 sub-

space plot (top right) illustrates analyte separation obtained with a minimal

two dimensional representation of the transformed data. The distance metric

plot (lower left) quantifies the separation distances for all five analytes in the

three dimensional principal component subspace, indicating a maximum sep-

aration of approximately 2.0Go. If a classification criterion of 0.9Go is again

applied to the distance metric plot, the resulting Classification Chart (lower

right) indicates that the sensor array can distinguish ammonia from all four

background gases, although just as in the previous two cases, water and carbon

48



dioxide are not distinguishable. Since the classification criterion of 0.9Go is

quite conservative, it appears that internally doped metallic CNT arrays offer

significant opportunities in ammonia sensing applications.

3.4 Summary

Chemiresistive sensing using sensor arrays has offered a simple, robust,

but often non-selective approach to the detection of explosives and hazardous

gases, a subject of considerable interest in a variety of military, government,

and industrial applications. Although abundant research has studied surface

adsorption of various molecules on CNTs, chemical doping of CNTs to modify

their electronic properties, and encapsulation of a wide variety of materials

inside CNTs, it appears that no previous work has combined internal doping,

external surface adsorption, and chemiresistive sensing in an attempt to pro-

duce sensitive and selective detectors for explosives and hazardous gases. The

present work suggests that such sensing schemes offer significant opportunities

to improve upon the state of the art in explosive sensing technology. Although

a wide range of important sensor design and performance issues are not con-

sidered in this chapter, the fundamental sensor design concepts suggested in

this chapter appear to warrant further investigation.
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Figure 3.1: Internal doping of a CNT(5,5): iodine (left) and potassium (right).

Figure 3.2: Conductance of a CNT(5,5) with nine different internal dopants.
Dashed line indicates the conductance of a pristine CNT(5,5).
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Charge transfer (e), I doped CNT (5,5)
Mulliken Hirshfeld Voronoi ∆G/G0

-0.335 -1.283 -0.696 1.970

Charge transfer (e), K doped CNT (5,5)
Mulliken Hirshfeld Voronoi ∆G/G0

6.871 4.695 4.174 2.207

Figure 3.3: Charge transfer data (top row), density of states plots (middle row), and charge density
difference plots (bottom row) for an iodine doped CNT(5,5) (left side) and a potassium doped CNT(5,5))
(right side). The shaded regions of the density of states plots show the partial density of states for the
dopant atoms.
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Figure 3.4: Chemiresistive sensing of explosive molecules with internally doped
CNT(5,5): RDX sensing with iodine doping (top left), HMX sensing with
potassium doping (top right), TNT sensing with iodine monochloride doping
(bottom left), and RDX sensing with potassium iodide doping (bottom right).
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Figure 3.5: Conductance changes (left) and adsorption energy (right) due to
analyte adsorption by halogen doped CNT(5,5): chlorine doping (top row),
bromine doping (middle row), and iodine doping (bottom row).
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Figure 3.6: Conductance changes (left) and adsorption energy (right) due to
analyte adsorption by alkali metal doped CNT(5,5): lithium doping (top row),
sodium doping (middle row), and potassium doping (bottom row).

54



Conductance change

RDX HMX TNT N
2

O
2

CO
2

H
2

O NO
2

NH
3

-0.70

-0.60

-0.50

-0.40

-0.30

-0.20

-0.10

 0.00

 0.10
 G

/G
0

Adsorption energy

RDX HMX TNT N
2

O
2

CO
2

H
2

O NO
2

NH
3

-2.00

-1.50

-1.00

-0.50

0.00

E
a

d
s

 (
e
V

)

Conductance change

RDX HMX TNT N
2

O
2

CO
2

H
2

O NO
2

NH
3

-0.80

-0.70

-0.60

-0.50

-0.40

-0.30

-0.20

-0.10

 0.00

 G
/G

0

Adsorption energy

RDX HMX TNT N
2

O
2

CO
2

H
2

O NO
2

NH
3

-3.00

-2.50

-2.00

-1.50

-1.00

-0.50

 0.00

E
a
d

s
 (

e
V

)

Conductance change

RDX HMX TNT N
2

O
2

CO
2

H
2

O NO
2

NH
3

-2.00

-1.50

-1.00

-0.50

 0.00

 0.50

 G
/G

0

Adsorption energy

RDX HMX TNT N
2

O
2

CO
2

H
2

O NO
2

NH
3

-25.00

-20.00

-15.00

-10.00

 -5.00

  0.00

E
a
d

s
 (

e
V

)

Figure 3.7: Conductance changes (left) and adsorption energy (right) due to
analyte adsorption by interhalogen and alkali metal halide doped CNT(5,5):
iodine monochloride doping (top row), iodine monobromide doping (middle
row), and potassium iodide doping (bottom row).
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Figure 3.8: Conductance changes (upper chart) and adsorption energy (lower
chart) for explosive molecule adsorption by nine different doped CNT(5,5):
parameterization by explosive type.
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Figure 3.9: Conductance changes (upper chart) and adsorption energy (lower
chart) for explosive molecule adsorption by nine different doped CNT(5,5):
parameterization by dopant type.
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Figure 3.10: Principal Component Analysis of explosive sensing using a nine
element array of internally doped CNT(5,5) sensors: cumulative variance plot
(top left), illustration of analyte separation in a two principal component sub-
space (top right), distance metrics (lower left), and classification chart (lower
right).
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Figure 3.11: Principal Component Analysis of nitrogen dioxide sensing using a
nine element array of internally doped CNT(5,5) sensors: cumulative variance
plot (top left), illustration of analyte separation in a two principal component
subspace (top right), distance metrics (lower left), and classification chart
(lower right).
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Figure 3.12: Principal Component Analysis of ammonia sensing using a nine
element array of internally doped CNT(5,5) sensors: cumulative variance plot
(top left), illustration of analyte separation in a two principal component sub-
space (top right), distance metrics (lower left), and classification chart (lower
right).
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Table 3.1: Conductance changes due to analyte adsorption for nine different doped CNT(5,5) sensors.

Computed conductance change (∆G/G0)
Dopant: Cl Br I Li Na K ICl IBr KI
HMX -0.0262 0.1153 -3.0370 -2.0174 -2.9984 -1.4406 -0.0307 -0.4779 -1.9593
RDX -0.0262 0.1258 -2.5984 -2.0490 -1.1086 -0.8842 -0.0014 -0.0013 -1.6069
TNT 0.0023 0.1064 -2.9748 -1.5469 -2.9985 -1.6328 -0.0014 -0.2904 -1.9686
N2 -0.0175 0.1156 -2.2955 -1.1883 -1.0141 -1.3653 -0.0046 -0.1330 0.0239
O2 -0.6471 -0.5558 -3.3768 -1.9728 -1.8917 -4.2074 -0.6986 -0.7093 -0.5595

CO2 -0.0140 0.1259 -2.9746 -1.0142 -2.0163 -2.2195 -0.0119 -0.3067 -1.9404
H2O -0.0243 0.0941 -2.1064 -1.0129 -1.9927 -1.2733 0.0002 -0.0077 -1.9303
NO2 -0.5260 -0.2119 -2.9718 -1.1486 -1.1993 -1.8556 -0.3635 -0.3287 -0.5112
NH3 -0.0262 0.1259 -2.2374 -1.0378 -1.1325 -3.2920 0.0014 -0.1352 -0.793661



Chapter 4

Explosive Molecule Sensing at Lattice Defect

Sites in Metallic Carbon Nanotubes

4.1 Introduction

Trace detection of explosive materials [70] presents a wide range of

challenges. [73] In the gas phase, high sensitivity is often needed to address

low vapor pressures [74], while good selectivity [75] is required to distinguish

target analytes from background gases and other explosive molecules. There

is considerable demand for mobile, low power sensing systems to replace mass

spectrometers [76] or other traditional explosive detection devices which can

be bulky, complex, and expensive. Hence recent research on hazardous gas

sensing has placed considerable emphasis on the development of nanosensors

[77, 78], including one and two dimensional nanocarbons [79, 80, 81].

Published experimental studies have tested carbon nanotube (CNT)

based devices in gas sensing applications,[82, 83, 84, 85, 86, 87] and reported

considerable success in detecting a wide range of molecules, from hydrogen

[86] to complex nerve agents [87]. All of the papers just cited employed ‘as

produced’ carbon nanotubes (CNTs). By contrast, studies employing ‘pristine’

nanotubes have generally measured weak interactions with analyte gases [80,
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88, 89], suggesting that CNT defects play an important role in determining

sensor performance. [90] Similarly, recent work [91] evaluated the effects of

defects on the chemiresistive sensing properties of Field Effect Transistors

(FETs) made from semiconducting CNTs. Plasma irradiation was used to

intentionally add defects to the CNTs, and the presence of defects (primarily

vacancies) was confirmed through Raman spectroscopy. The chemiresistive

response to NO2 of the CNT-FETs with added defects was much greater than

those with the baseline level of defects, again showing that defects improve

chemiresistive response.

A large body of CNT research has investigated lattice defects, which

here refers to both structural flaws and substitutional deviations from a perfect

network of sp2 bonded carbon atoms. During the growth of CNTs substitu-

tional ‘doping’ may occur when one or more of the carbon atoms are replaced

by atoms of other elements. Nitrogen[92, 93] and boron [94, 95] are the most

commonly studied substitutional dopants. Since CNTs doped by both these

elements have shown good energy storage performance in batteries, controlled

processes have been developed to apply such dopants on demand. The dopant

elements produce local changes in the CNT structure [96] which enhance the

surface reactivity of the nanotube [97] and may therefore also improve gas

sensing performance. In published experiments, boron and nitrogen doped

double-wall and multi-wall CNTs have shown an improved chemiresistive sen-

sitivity for NH3 and NO2 detection [49, 97, 98]. Structural lattice defects (e.g.

vacancies, divacancies, and and Stone-Wales defects) are also likely to occur
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during CNT production [99, 100, 101] and are known to change the electronic

properties of the nanotubes [102, 103]. Their sensitivity and selectivity effects

on chemiresistive gas sensing have been investigated [90, 50] and been found

to improve CNT performance in NH3, NO2 and H2 detection.

It is important to note, given the extensive literature on CNT defects,

that much published computational work infers improvements in sensing per-

formance from property changes generated by the introduction of defects.

Zhang et al. [104] studied the interaction of CNTs, substitutionally doped

by palladium (Pd), with the decomposition products of SF6. Based on cal-

culations for adsorption energy, changes in the density of states (DOS) and

HOMO-LUMO energy gaps, they concluded that the nature of the interaction

of such CNTs with SO2, H2S, SOF2, SO2F2, and CF4 will be very species de-

pendent. Similarly Kuganathan et al. [105] computed the adsorption energy,

charge transfer, magnetic moment, charge density, and DOS for SO2 and H2

interaction with CNTs substitutionally doped by ruthenium (Ru). Based on

large adsorption energy values, they inferred that Ru-doped CNTs may be

good candidates for SO2 and H2 sensing. Demir et al. [106] studied a variety

of properties (adsorption energy, HOMO-LUMO structures, charge density,

DOS) for carbon monoxide interaction with CNTs substitutionally doped by

platinum (Pt). Based on charge density difference plots and HOMO-LUMO

energy gap data, they concluded that Pt doped CNTs could be used to de-

tect carbon monoxide. With respect to structural defects, Andzelm et al.

[107] studied adsorption energy, HOMO-LUMO structures, DOS, and Fourier-
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transform infrared spectroscopy (FTIR) spectra for CNTs with Stone-Wales,

vacancy, and interstitial defects, concluding that such nanotubes would per-

form well as ammonia sensors.

This research extends previous computational research on gas sensing

using carbon nanotubes with defects, with the following focus:

• the target molecules are one nitroaromatic (TNT) and two nitramine

(RDX and HMX) explosives; the response to four background gases (N2,

CO2, H2O, and O2) is also computed, to determine the relative sensitiv-

ity of the CNTs to explosives and the selectivity of the modeled sensors

in identifying various analytes;

• the modeled CNTs incorporate one of five different defects, two substi-

tutional dopants (boron and nitrogen) and three structural defect types

(vacancy, divacancy, and Stone-Wales);

• the five sensor types are evaluated for their performance as a sensor

array, using Principal Component Analysis (PCA) to estimate the array’s

effectiveness in explosive molecule sensing.

Unlike previous work, since the introduction of defects renders the modeled

metallic CNT sensing performance highly nonlinear, ab initio current trans-

mission calculations are performed over a range of bias voltages (0.2 - 0.9

volts), at an increment of 0.1 volts. This provides an eight-fold increase in

the sensor array degrees of freedom considered in the PCA, and is aimed at
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improving the selectivity of the modeled sensing device, a central concern in

chemiresistive sensing.

Initial computations for each combination of analyte and sensor type

include: (1) adsorption energy, (2) zero-bias conductance, and (3) charge den-

sity difference distribution. Next, changes in the CNT current as a function of

the applied bias voltage are computed and used to evaluate the chemiresistive

sensing properties of the CNT-based array. Principal Component Analysis of

the current data indicates that the defect based sensor array will show good

sensitivity and selectivity, for all three explosives and for all four background

gases included in the analysis, in particular distinguishing all three explosives

from each other and from all four background gases.

4.2 Computational methods

The substitutional dopants and structural defects modeled in this chap-

ter were applied to a metallic, single walled carbon nanotube of chirality (5,5),

with a unit cell length of 2.46Å. Starting geometries for the background gases

and explosives molecules are taken from published work [108, 109, 110]. The

starting analyte molecule orientations assumed in this chapter were obtained

from a preliminary analysis which identified the minimum energy orientations

for analyte adsorption on a pristine CNT(5,5). A typical atom count for the

models is 330. In the transport direction, the scattering zone was bounded

by electrodes composed of pristine (5,5) nanotubes, modeling a conductor of

infinite length.
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Published work indicates that electronic transport through pristine

CNTs occurs without spin polarization for hundreds of nanometers [111]. A

computational study [112] on CNTs with Stone-Wales defects showed that the

presence of a Stone-Wales defect does not induce spin polarization as long as

the defect density is lower than one defect per nine unit cells. Our computa-

tions consider one defect per sixteen unit cells of CNT, much lower than the

cited threshold. Computational studies [113, 91] also indicate that isolated

vacancies do not cause spin polarization, since they undergo a ‘reconstruction’

of the type described later in the chapter. Hence the sensing models described

in this chapter do not consider the effects of spin polarization. Finally note

that recently published work [37] investigating surface adsorption processes

for the same exchange correlation function, nanotube type, background mesh,

and convergence criteria applied here found that van der Waals interaction

effects were negligible.

4.3 Results and discussion

This section describes the ab initio modeling results for the response

of the five CNT sensors to the seven analytes (three explosives and four back-

ground gases) considered in this chapter. The ab initio modeling results for the

sensor current response are then used, in a Principal Component Analysis, to

evaluate the performance of the sensor array for its sensitivity and selectivity

in the detection of explosive molecules.

Fig. 4.1 depicts four of the total of 35 modeled sensor-analyte com-
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binations, showing equilibrium configurations for HMX, RDX, TNT, and O2

adsorbed on nitrogen-doped, boron-doped, divacancy flawed, and Stone-Wales

defect flawed nanotubes respectively. Note that color distinguishes the dopant

atoms and the CNT sidewall flaws, at which the analytes are adsorbed. To

clarify the nature of the vacancy, divacancy, and Stone-Wales defects, Fig. 4.2

provides schematic descriptions of all three defects on a lattice segment with

the same connectivities as the full lattice which makes up the sidewall. Figs. 4.3

and 4.4 plot adsorption energy (equation 1.6) and the change in zero bias volt-

age conductance (due to adsorption, equation 1.5) for all five sensors and all

seven analytes considered in this chapter. Modeling results for a pristine CNT

sensor and for two widely studied hazardous gas analytes (NO2 and NH3)

are also included in these two figures, for reference in discussions of previous

work. Note that Figs. 4.3 and 4.4 break out the O2 and NO2 adsorption

results in separate plots, since the chemiresistive sensitivity to those analytes

is, in comparison to the other species, rather high.

4.3.1 Pristine CNT response

In the pristine CNT sensor case, all of the analyte molecules reduce the

CNT conductance, however the change is significant only for O2 and NO2 (see

Fig. 4.3). The relatively high computed sensitivities to O2 and NO2 are con-

sistent with experiment [114, 43] and reflect the strong electron-withdrawing

properties of O2 and NO2. With respect to the explosives, TNT produces a

slightly larger change in conductance than the nitramines, and all three explo-
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sives show higher adsorption energies than the background gases. Consistent

with the modeling results, experiments on pristine CNTs have generally shown

low sensitivity and low selectivity [80, 115]; pristine CNTs have however been

been shown to detect O2 [82, 116, 117] and NH3 [118]; the conductance change

results presented here are sign consistent with the cited experiments. Ex-

perimental work sensing ammonia [119] has shown a relatively small drop in

conductance, also consistent with the modeling results.

4.3.2 Doped CNT response

As nearest neighbors with carbon in the periodic table, nitrogen and

boron are known to sometimes replace carbon atoms in CNTs; this effect has

been studied in battery applications [120, 121, 122]. Consistent with experi-

ment, [97] the equilibrium analyses conducted here show that both nitrogen

and boron can replace carbon without distorting the CNT lattice. Figs. 4.5 and

4.6 provide charge density difference plots which depict equilibrium configura-

tions for all three modeled explosives, and for an oxygen molecule, adsorbed

on both nitrogen and boron substitutional dopant sites.

In the case of nitrogen, both in situ doping [92, 93] and post treat-

ment methods [123, 124] have been used to produce substitutionally doped

CNTs, which have been evaluated in NH3, NO2 and H2O detection experi-

ments [49]. As indicated in Fig. 4.3, O2 sensing shows the largest change in

conductance and NO2 shows the largest adsorption energy. The computed

change in conductance for NO2 sensing is sign consistent with experimental
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studies on single-wall [49, 84] and and double-wall [98] CNTs. With regard to

the explosives, TNT shows the largest adsorption energy while RDX shows a

change in conductance which differs in sign from those of the other explosives.

Note that such distinctions can be very important in determining the selec-

tivity properties of sensor arrays. In the case of boron, substitutional doping

has been accomplished using laser ablation [94], arc discharge [95], chemical

vapor deposition [125], and post-manufacturing reactions [126]. As indicated

in Fig. 4.3, the modeling results indicate that O2 and NO2 show the largest

sensitivity. With regard to the explosives, TNT shows the largest adsorption

energy as well as a change in conductance which differs in sign from those of

the nitramines.

Comparing the sensing results for the two substitutional doping cases,

the conductance change results frequently differ in sign, perhaps since nitrogen

n-dopes carbon while boron p-dopes carbon. The response to oxygen is consis-

tently a large negative change in conductance. These results would generally

support array selectivity, in the case of oxygen by isolating this analyte in the

sensor response space.

4.3.3 Defective CNT response

The removal of atoms from a CNT can produce vacancy defects of

several types, which can significantly change the electrical, chemical, and me-

chanical properties of CNTs. [127, 128, 129] Of specific interest here are the

changes in electrical conductance due to the adsorption of analytes at these
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sites. Figs. 4.7- 4.9 provide charge density difference plots which depict equi-

librium configurations for all three modeled explosives, and for an oxygen

molecule, adsorbed on monovacancy, divacancy, and Stone-Wales defect sites.

If only one carbon atom is missing from the sidewall, the defect is

called a monovacancy or simply a vacancy defect. The mechanical effects of

such defects on CNTs have been widely studied [127, 130, 128]. Recombina-

tion of the two-atom coordinated carbons at the defect forms a pentagonal

structure (a Jahn-Teller distortion [91]), which has been observed in exper-

iments and previous computational studies [131, 99]. Here the conductance

modeling results (Fig. 4.4) indicate that all three of the explosives and H2O

show a large response to the vacancy defect, and that TNT and NO2 show the

largest adsorption energies. The closest reported experimental work has been

on semiconducting CNTs, which showed a reduction in the conductance of de-

fective CNTs upon exposure to ammonia [44, 50]. The present computational

work, which considers metallic nanotubes, also shows a reduced conductance.

If two neighboring carbon atoms are removed from the sidewall, a di-

vacancy defect is produced. Recombination of the neighboring carbon atoms

creates two pentagonal rings and one 8-membered ring. Divacancy defects are

common at room temperature in CNTs and affect their electrical and mechan-

ical properties [128, 132]. The modeling results for sensing at these defects

are shown in Fig. 4.4. Note that O2 and NO2 show negative changes in con-

ductance, while the other analytes show positive changes in conductance. The

explosives show relatively large conductance changes, as compared to most of
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the analytes, however as in the case of substitutional doping oxygen sensitivity

is high. Comparing the vacancy and divacancy defects, there are significant

differences in the computed response. The magnitudes of the adsorption en-

ergies and the magnitudes of the conductance changes are much higher in the

monovacancy case than in the divacancy case, apparently since monovacancy

defects result in a carbon atom bonded to only two neighbors, instead of three.

This creates a highly reactive site [91] which attracts any analyte.

The third defect modeled here is a Stone-Wales defect, which takes a

pentagon-heptagon shape. Two π-bonded C atoms rotate by 90◦ along the mid

point of their common bond, converting four adjacent 6-atom rings to two 5-

atom rings and two 7-atom rings. [129, 133, 134] The modeling results shown

in Fig. 4.4 indicate that the response is strongest to O2, NO2 and TNT. Among

the explosives, TNT shows a change in conductance which is opposite in sign

to those for the nitramines, and TNT also shows a larger adsorption energy.

The present modeling work on NH3 and NO2 shows adsorption energies which

are consistent with a previous computational study of Stone-Wales defects in

graphene [135]. Note that the overall analyte response to the Stone-Wales

defect is qualitatively similar to that for a pristine CNT. In both cases all of

the carbon atoms in the sidewall remain bonded to three other carbon atoms.

4.3.4 Current-voltage characteristics

The preceding discussion has emphasized the somewhat disparate zero-

bias conductance characteristics of five chemiresistive sensors defined by intro-
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ducing lattice defects, of either the substitutional or vacancy type, to a pristine

metallic CNT. Since such defects would be expected to produce a nonlinear

current response under bias voltage loads, I-V characteristic curves for each

sensor-analyte combination were computed, covering the bias voltage range

0.2-0.9 volts. Assuming a bias voltage interval of 0.1 volts, this creates a (non-

degenerate) eight-fold larger discrete description of a sensor array response

which can be employed in a ‘pattern matching’ algorithm (such as Principal

Component Analysis) to add sensitivity to a chemiresistive sensing device.

Fig. 4.10 plots the current-voltage characteristics of all five sensors, where the

plotted response is the current increment defined by equation (3). As expected

from the zero-bias conductance results, the current changes for oxygen adsorp-

tion are relatively high, hence they are presented separately on a sixth plot

which includes results for all five sensor types. Although I-V curves for the

nitrogen dioxide and ammonia analytes were not computed, they could be gen-

erated in order to perform a hazardous gas analysis similar to one presented

in this chapter for explosives.

As in the case of the zero-bias conductance calculations, the current

response results show disparate trends. In the case of the nitrogen-doped sen-

sor, the RDX and TNT curves show opposite signs while the current curve for

HMX is near zero. Comparing the nitrogen-doped and boron-doped sensors,

the current responses for RDX and TNT differ in sign. In the case of the

vacancy and divacancy defect sensors, the response trends are non-monotonic.

In the case of the Stone-Wales defect, the current response for TNT differs
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sharply from that of all the other analytes, including oxygen. Overall the

results support the suggested selectivity analysis approach.

4.3.5 Principal Component Analysis

An evaluation of the sensor array performance was made by perform-

ing a principal component analysis (PCA) of the data plotted in Fig. 4.10.

Note that the dimensions of the principal components, distance metrics, and

classification threshold used in this chapter are microamps.

Fig. 4.11 (top left) shows the cumulative variance plot for the CNT

sensor data set; only two principal components are needed to account for 95%

of the variance in the sensor output data set. Fig. 4.11 (top right) shows the

separation of the seven analytes (three explosives and four background gases)

in the reduced order principal component space. Note in the Distance Metrics

(Fig. 4.11, lower left) the clear separation of oxygen from all the remaining

analytes, the close proximity of the N2 and CO2 coordinates in principal com-

ponent space, and the distances separating the three explosive molecules from

all of the other analytes. As indicated in Fig. 4.11 (lower right), where green

squares denote distinguishable analyte pairs, if a classification threshold of

0.5µA is chosen for this data set the sensor array shows excellent selectivity.

All the explosives can be distinguished from all of the background gases, and

from each other. The only indistinguishable analytes are N2 and CO2. A re-

view of published data on measured sensor currents in hazardous gas detection

experiments [136, 137, 82] suggests that the classification threshold chosen here
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is reasonable, perhaps conservative, and that selective detection of explosive

molecules using defect modulated metallic CNTs is feasible.

4.4 Summary

Trace detection of explosives using carbon nanotube based sensors has

attracted much research attention, since it might produce a light weight, low

power, low cost solution to a hazardous materials detection problem of very

wide military, government, and commercial interest. Chemiresistive sensing so-

lutions often provide simplicity and robustness, but lack selectivity. Building

on previous experimental and computational work on the study of defects in

carbon nanotubes, and their effects on chemiresistive sensing performance, the

present chapter suggests that sensor arrays which capitalize on the nonlinear

response of substitutionally doped and structurally flawed metallic CNTs may

offer opportunities for sensitive and selective detection of explosive molecules.

Although this chapter considers only basic sensing mechanisms, it does moti-

vate further research exploring the sensing scheme developed here and exten-

sion of the approach to address other hazardous gas sensing applications.
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Figure 4.1: Computational models: HMX adsorption on CNT(5,5) with sub-
stitutional doping by nitrogen (top left), RDX adsorption on CNT(5,5) with
substitutional doping by boron (top right), TNT adsorption on CNT(5,5) with
a divacancy defect (bottom left), and O2 adsorption on CNT(5,5) with Stone-
Wales defect (bottom right). In the lower row of figures, the carbon atoms
associated with the defects are highlighted in green.
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Figure 4.2: Schematics descriptions of three defects in a metallic CNT; the
atoms highlighted in blue are either missing (vacancy and divacancy defects)
or realigned (Stone-Wales defect).
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Figure 4.3: Computational results for the change in conductance due to analyte
adsorption and adsorption energy, for a pristine CNT(5,5) (top row), a CNT
(5,5) with substitutional doping by nitrogen (second row), and a CNT (5,5)
with substitutional doping by boron (third row). The lower row shows similar
computational results for O2 and NO2, parameterized by sensor type.
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Figure 4.4: Computational results for the change in conductance due to analyte
adsorption and adsorption energy, for a CNT(5,5) with a vacancy defect (top
row), a CNT (5,5) with a divacancy defect (second row), and a CNT (5,5) with
a Stone-Wales defect (third row). The lower row shows similar computational
results for O2 and NO2, parameterized by sensor type.
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Figure 4.5: Charge density difference plots for sensing by a nitrogen-doped
CNT(5,5): (a) O2 sensing, (b) HMX sensing, (c) RDX sensing, and (d) TNT
sensing
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Figure 4.6: Charge density difference plots for sensing by a boron-doped
CNT(5,5): (a) O2 sensing, (b) HMX sensing, (c) RDX sensing, and (d) TNT
sensing
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Figure 4.7: Charge density difference plots for sensing by a CNT(5,5) with a
vacancy defect: (a) O2 sensing, (b) HMX sensing, (c) RDX sensing, and (d)
TNT sensing
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Figure 4.8: Charge density difference plots for sensing by a CNT(5,5) with a
divacancy defect: (a) O2 sensing, (b) HMX sensing, (c) RDX sensing, and (d)
TNT sensing
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Figure 4.9: Charge density difference plots for sensing by a CNT(5,5) with a
Stone-Wales defect: (a) O2 sensing, (b) HMX sensing, (c) RDX sensing, and
(d) TNT sensing
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Figure 4.10: Current increment versus voltage characteristic curves for
CNT(5,5) sensors with substitutional doping or structural flaws, due to ad-
sorption of an explosive or background gas molecule. The bottom right plot
isolates the computational results for oxygen, for all five sensor types.
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Figure 4.11: Principal Component Analysis results for sensing of an explosive
or background gas molecule, using an array of five CNT(5,5) sensors with sub-
stitutional doping or structural flaws, over a bias voltage range of 0.2-0.9 volts:
Cumulative Variance plot (top left), reduced order principal component space
plot (top right), Distance Metric plot (lower left), and Classification Chart
(lower right). In the Classification Chart, green squares denote distinguish-
able analyte pairs for a classification threshold of 0.5 µA .
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Chapter 5

Functionalized Metallic Carbon Nanotube

Arrays for Gas Phase Explosives Detection

5.1 Introduction

Hazardous gas detection [138, 139] is an important focus of chemical

sensing research, and includes species which can be toxic at very small con-

centrations (NO2, NH3), common gases which can present dangers outside

specific concentrations ranges (CO2, O2), and other analytes (DNA, explo-

sives) of interest for non-biohazardous reasons. The last cited analyte class

has motivated research on single molecule detection systems. [140] Sensing of

explosives is a particularly challenging task: most explosives have low room

temperature vapor pressures, [77, 74] demanding high sensitivity, and many

explosives share similar functional groups, demanding high selectivity.

Much recent research on gas detection has investigated chemiresistive

sensing [141, 142]. Solid state, [143] metal-oxide [80] or conducting polymer

[79] based devices are widely used in detecting hazardous gases such as CO

[144], and carbon nanotube (CNT) chemiresistive sensors have been developed

for the detection of common gases like CO2, NO2 and NH3 [145, 146, 147]. As

compared to traditional gas identification and concentration measurement sys-
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tems (mass spectrometer, gas chromatograph, residual gas analyzer, Fourier

transform infrared spectrometer) [79], chemiresistive sensors typically reduce

bulk, weight, cost, and power requirements. However they often lack selectiv-

ity.

Carbon nanotubes have attracted considerable attention as sensor ma-

terials, [148] because of a number of favorable properties, including low mass

density, large aspect ratios, large specific surface areas, good mechanical prop-

erties, and tunable electrical properties [23]. These properties are well suited

for the design of robust and portable chemiresistive sensors. Single walled car-

bon nanotubes (SWCNTs), which consist entirely of surface atoms, have an

especially high surface area to volume ratio [79] and can show a high sensitivity

to adsorbates. Other potential advantages to CNTs, over traditional materials,

include room temperature operation and a high potential for miniaturization

of large sensor arrays [80].

Functionalization of CNTs is frequently used to improve their sensi-

tivity and selectivity; [79, 149, 150] it may be covalent or non-covalent. One

non-covalent functionalization involves the wrapping of conducting polymers

around the CNT. Some experiments on CNT sensors with non-covalent poly-

mer functionalizations have exhibited impressive chemiresistive sensing proper-

ties for a wide range of gases [151, 152, 153], including certain explosives [3, 2].

Covalent functionalization links small organic molecules or metal particles to

the CNT surface, and is generally performed with oxygen or nitrogen contain-

ing groups such as OH, COOH, NH2, etc. [80]. As compared to noncovalent
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polymer functionalization, the literature on covalent functionalization of CNTs

for gas sensing is very limited. In some published experiments, CNTs with OH

functionalization showed improved chemiresistive response to various organic

vapors [154] and pollutant gases [16, 155]. In other published experiments,

COOH functionalized sensors showed good chemiresistive response to ammo-

nia [48, 16, 156], ethanol [157], methane, [158] and carbon monoxide [156, 158].

Similarly a computational study by Zhang et al. [155], which inferred chemire-

sistive sensing performance by evaluating adsorption energies, HOMO-LUMO

structures, densities of state, and charge transfer, suggested good sensing per-

formance for OH functionalized SWCNTs adsorping SO2, CF4, SO2F2, and

SOF2.

This chapter suggests the development of a sensor array, composed of

covalently functionalized metallic SWCNTs, for the selective detection of gas

phase explosives. Ab initio models are used to estimate the chemiresistive re-

sponse of each sensor to three widely used explosives and common background

gases. Principal Component Analysis (PCA) is then used to estimate the abil-

ity of a sensor array composed of five CNTs (with four with distinct covalent

functionalizations) to selectively detect both nitroaromatic and nitramine ex-

plosives. The results indicate that the sensor array can distinguish common

background gases from both classes of explosives, selectively identity nitroaro-

matics and nitramines, and distinguish very similar nitramine explosives from

each other.
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5.2 Computational methods

The scattering zone model consisted of a metallic CNT with chirality

(5,5), plus functionalization and analyte. The total length of the nanotube

models was 16 unit cells, for a unit cell length of 2.46Å, which corresponds

to an atom count of 320. In the transport direction, the scattering zone was

bounded by electrodes consisting of identical CNTs, in order to represent a

conductor of infinite length. Starting geometries for the analyte molecules are

taken from published work [108, 109, 110]. Starting orientations for the analyte

molecules are based on minimum energy orientations obtained by modeling

analyte adsorption on a pristine CNT(5,5).

5.3 Results and discussion

Computational evaluation of the proposed sensor array, described in

this section, proceeds as follows:

• five sensor types are considered; they are a pristine metallic (5,5) carbon

nanotube and CNTs of the same type functionalized with hydroxyl (OH),

carboxylic acid (COOH), oxygen (COC), or amine (NH2) groups;

• adsorption energy and zero bias conductance are computed for all com-

binations of the five sensor types and the following seven analytes: one

nitroaromatic explosive (TNT) and two nitramines (HMX and RDX),

plus four background gases (N2, O2, CO2, and H2O); two additional an-

alytes (NO2 and NH3) are also included in the zero bias analysis due
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to the wide interest in these hazardous gases suggested by the sensing

literature;

• for all combinations of the five sensor types and six analytes (RDX,

HMX, TNT, N2, CO2, and H2O), the current-voltage characteristics of

the sensor-analyte pairs are computed, over a bias voltage range 0.2-0.6

volts; due to the nonlinear response of the functionalized CNTs, this

current data is not degenerate and therefore greatly expands the sensor

output data base available for selectivity analysis;

• the performance of the five sensors as an array is analyzed using a Prin-

cipal Component Analysis, to determine the ability of the array to dis-

tinguish between the various analytes.

Fig. 5.1 shows equilibrium configurations for TNT, RDX, and HMX molecules

adsorbed on the four functionalized CNTs investigated in this chapter.

The first set of ab initio computational results presented here are for

adsorption energy (equation 1.6) and change in conductance (equation 1.5, ex-

pressed in quantum conductance units Go), at zero bias voltage, due to analyte

adsorption. Fig. 5.2 shows the results for a baseline (pristine) CNT. In this

case the conductance change data shows a low sensitivity for most analytes,

and the computed data is sign consistent with reported experimental results

for O2 [116], H2O [117], NH3 [119], and TNT [78]. Fig. 5.3 shows the zero

bias configuration results for the functionalized CNTs. Note that functional-

ization is often discussed as a means to increase the sensitivity and selectivity
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of SWCNT sensors [43, 48]. In general, functionalization increases slightly

the carbon-carbon bond lengths in the CNT wall at the point of attachment

of the functional group, from 1.42Å for the pristine CNTs to approximately

1.50Å for the functionalized CNTs. This corresponds to a change in the hy-

bridization from sp2 to sp3 for those carbon atoms [159]. The carbon-carbon

bond lengths for carbon atoms not attached to the functional group are not

significantly changed, indicating that the rehybridization is local to the func-

tionalization. This result is similar to that observed in previous studies [160].

With regards to zero bias transmission, the functionalized nanotubes showed

lower conductance than the pristine nanotube. This result is consistent with

previous experimental and computational studies, which showed that covalent

functionalization has an adverse impact on the electrical transport properties

of metallic CNTs [161, 160, 162].

5.3.1 Hydroxyl functionalization

Functionalization of SWCNTs with OH [90] can be accomplished using

ozone or acid treatments; OH functionalized CNTs are commercially available.

In published experimental work OH functionalized CNTs have been used in

sensing organic vapors [154] and pollutant gases, including CH4, SO2, NH3

and CO [16]. As indicated in Fig. 5.3, the change in conductance due to

explosive molecule sensing is opposite in sign to that produced by all of the

background gases except water. The conductance change induced by RDX

adsorption is very similar to that for water. Note that O2 and NO2 show
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large negative changes in conductance, while HMX and TNT show significant

positive changes. In published experiments, the response of OH functionalized

carbon nanotubes to ammonia adsorption [16] is a decrease in conductance,

which is sign consistent with the modeling results shown here.

5.3.2 Carboxylic acid functionalization

Functionalization of SWCNTs with COOH is also accomplished by acid

or ozone treatments [90], and COOH functionalized SWCNTs are also com-

mercially available. They have been applied to detect organic vapors [90],

DMMP [163], NH3, CH4, H2, SO2, CO, and Cl2 [48]. The change in conduc-

tance shown here for HMX sensing differs in sign from those for the other

explosives. RDX and O2 show conductance changes similar in sign and mag-

nitude, while NH3 shows a significantly larger magnitude response which also

differs in sign. Published experiments show that CNTs functionalized with

carboxylic acid [48, 16, 156] react to ammonia with a decrease in conductance,

which is sign consistent with the present modeling results.

5.3.3 Oxygen functionalization

Functionalization of SWCNTs with oxygen can be accomplished by

treatment with ozone followed by a photoconversion process [164]. This forms

a COC bond between two neighboring carbon atoms on the CNT sidewall. In

this case the computed conductance change response to explosives is opposite

in sign to that for all of the background gases except water; RDX and TNT
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show a similar response while that for HMX is much lower. Note that NO2

induces a negligible conductance change in a COC functionalized CNT(5,5).

5.3.4 Amine functionalization

Functionalization of SWCNTs with NH2 can be accomplished using a

plasma activation process [165]; amine functionalized CNTs are commercially

available. Here O2 and NO2 adsorption show conductance changes that are

opposite in sign to those for the other analyte molecules. Note that RDX and

H2O show a similar conductance response, as do TNT and CO2.

Overall, the differences in the conductance change responses suggest

that, when used in a sensing array, these functionalized CNTs may offer good

selectivity. To estimate the array performance, a Principal Component Analy-

sis (PCA) was performed using the zero bias conductance data for pristine and

functionalized CNT(5,5) sensors plotted in Figs. 5.2 and 5.3. A PCA of the

conductance change data, performed with commercial software, indicates that

(in this case) the first two principal components account for over 97% of the

variance in the data. Fig. 5.4 (left side) shows the representation of the sensor

data in a two dimensional principal component space, while Fig. 5.4 (right

side) plots the ‘separation distances’ between the analytes in the two dimen-

sional principal coordinate space.From the two plots in Fig. 5.4, it is clear that

oxygen is quite isolated in principal component space and the sensing array

response would easily distinguish oxygen from the other analytes.

The second series of ab initio computational results discussed in this
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section describes the current-voltage characteristics of the five modeled sensors

included in this study, for the six analytes TNT, RDX, HMX, H2O, CO2, and

N2, under bias voltages varying over the range 0.2-0.6 volts. The purpose of

the next series of calculations is to evaluate the ability of the proposed sensor

array to discriminate between the three explosives and to distinguish explosives

from common background gases. Hence nitrogen dioxide and ammonia are not

considered in this analysis, and oxygen is excluded from this analysis by virtue

of its distinctive sensor array response. As previously noted, extending the ab

initio analysis work performed in this chapter to the nonzero bias case provides

a factor of five (for bias voltage intervals of 0.1 volts) increase in the sensor

output data base, and is motivated by interest in improving the selectivity

properties of the sensor array.

Current voltage characteristics (equation 3) for each of the five sensors

were computed as a function of bias voltage and plotted in Fig. 5.5 (for the

pristine CNT) and Fig. 5.6 for the functionalized CNTs. Like the zero bias case

results, the I-V characteristics show some distinct trends. In the case of the

pristine CNT(5,5) sensor (Fig. 5.5), the response to TNT differs dramatically

from those of the other analytes. In the case of the hydroxyl functionalized

CNT(5,5) sensor, the nitramines show the highest current response. In the

case of the carboxylic acid functionalized CNT(5,5), RDX shows the largest

magnitude response and the response to HMX, a similar explosive, is different

in sign. The responses from the oxygen functionalized CNT(5,5) sensor are

roughly an order of magnitude lower than those from the other functionalized
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sensors. In the case of the amine functionalized CNT(5,5), RDX and water

show a much larger magnitude response than the other analytes. As in the

case of the zero bias voltage results, the variations in the current response

curves suggest that the sensor array can provide selectivity.

To evaluate the performance of the sensor array, a Principal Component

Analysis was performed on the current response data shown in Figs. 5.5 and

5.6. Note that the dimensions of the principal components and the distance

metrics are microamps.

The cumulative variance plot indicates that only two principal com-

ponents are needed to account for at least 95% of the variance in the data.

Hence the two dimensional principal component space plot in Fig. 5.7 shows

that all of the analytes are well separated, as quantified by the distance metric

plot. For a classification threshold of 0.5µA, all of the analytes considered

here are distinguishable and are shown as green (as opposed to red) squares

in the Classification Chart. Since the selected classification threshold appears

reasonable, based on published experimental data on chemiresistive, SWCNT

gas sensors [136, 137, 82], the results suggest that functionalized metallic car-

bon nanotubes show excellent potential for the selective sensing of explosive

molecules.

5.4 Summary

Chemiresistive sensors based on functionalized carbon nanotubes show

excellent potential for application in the sensing of explosive molecules. The

96



analysis presented in this chapter suggests that functionalizations previously

investigated for hazardous gas sensing applications may be suitable for the

selective sensing of explosives, distinguishing between explosives and back-

ground gases, between nitroaromatic and nitramine explosives, and between

similar nitramine explosives. The work presented here, like many experimental

studies, considers only one aspect of practical sensor design, namely the basic

sensing mechanism of interest, so that much additional research is needed.

Experimental work on hazardous materials is difficult, due to both

safety concerns and the severe restrictions typically placed on the handling

of controlled substances. Hence computational work, as a complement to ex-

periment, is of particular importance in the sensing applications discussed in

this chapter.
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Figure 5.1: Computational models for TNT adsorption on OH functionalized
CNT(5,5) (top left), HMX adsorption on COOH functionalized CNT(5,5) (top
right), TNT adsorption on COC functionalized CNT(5,5) (bottom left), and
RDX adsorption on NH2 functionalized CNT(5,5) (bottom right).
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Figure 5.2: Computational results for the change in conductance (left) and
adsorption energy (right) due to analyte adsorption on a pristine CNT(5,5)(top
row).
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Figure 5.3: Computational results for the change in conductance (left column)
and adsorption energy (right column) due to analyte adsorption on: OH func-
tionalized CNT(5,5) (top row), COOH functionalized CNT(5,5) (second row)
COC functionalized CNT(5,5) (third row), and NH2 functionalized CNT(5,5)
(bottom row). 100



Figure 5.4: Principal Component Analysis of the zero bias voltage change in
conductance due to analyte adsorption for an array of functionalized CNT(5,5)
sensors: analyte locations in a two-dimensional principal component space
(left), and distance metric plot (right).

Figure 5.5: Change in current versus applied bias voltage for analyte adsorp-
tion on a pristine CNT(5,5)
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Figure 5.6: Change in current versus applied bias voltage for analyte adsorp-
tion on a functionalized CNT(5,5): OH functionalization (top left), COOH
functionalization (top right), COC functionalization (bottom left), and NH2

functionalization (bottom right).
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Figure 5.7: Principal Component Analysis of the change in current due to an-
alyte adsorption for an array of functionalized CNT(5,5) sensors: Cumulative
Variance plot (top left), analyte locations in a two-dimensional principal com-
ponent space (top right), Distance Metrics plot (lower left), and Classification
Chart (lower right, green squares indicate the ability to distinguish between
analytes at the indicated classification threshold).
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Chapter 6

Functionalized Semiconducting Carbon

Nanotubes Arrays for Gas Phase Explosives

Detection

6.1 Introduction

Single molecule detection systems are a focus of research in sensing

applications which require ‘ultra-sensitive’ measurement [166] of transient ki-

netics or analyte concentrations. Examples include the directed assembly of

nanostructures [140], disease detection [167], and biological process character-

ization [168]. As in many other sensing applications [169], carbon nanotube

(CNT) based devices [166, 168] are of considerable research interest, one reason

being that they may reduce the size, cost, and power requirements of current

single molecule detection systems [167]. Trace detection of explosives [70] is

another application where the mere presence, not necessarily the concentra-

tion, of an analyte is of concern, in this case for safety and security reasons.

The very low vapor pressures [77, 74] of most explosives already places a

strong emphasis on sensitivity; recognizing that many explosives share similar

functional groups, the design of explosive sensors for selectivity can also be

difficult.

Since carbon nanotubes have a high surface area per unit mass, they
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are attractive candidates for light weight, low power gas sensors. [42] The

performance of CNT based gas sensors has been studied in many experiments

[170, 171, 139, 145, 146], which typically investigate chemiresistive sensing

[147, 138]. Depending on their chirality, single walled carbon nanotubes (SWC-

NTs) can be metallic or semiconducting. Metallic CNTs can theoretically carry

current densities that are much higher than copper or aluminum wiring. [172]

Semiconducting nanotubes show a band gap of about 0.5 - 1.0 eV that varies

inversely with the CNT diameter [137, 173]. However upon analyte adsorption

some semiconducting CNTs have been shown to transition from semiconduct-

ing to metallic, a transition which is attributed to charge transfer between

the CNT and the analyte and changes in the bandgap or density of states

of the CNT [174, 82, 175]. Such transitions encourage the consideration of

semiconducting CNTs in chemiresistive sensing applications [136].

Since pristine CNTs show limited sensitivity, the CNT surface is of-

ten modified for sensing applications. These modifications may take the form

of lattice defects [90, 91] or surface functionalizations [79, 149, 150], which

may be covalent or non-covalent. Carbon nanotubes with covalent surface

functionalizations have shown improved sensing properties in some published

experiments [154, 16, 156, 157] and some computational work [155]. The co-

valent functionalizations considered in this chapter are those most commonly

applied to carbon nanotubes. OH functionalization can develop during CNT

production [90] or be induced by post-production treatments [154]. In pub-

lished experiments, gas sensors using OH functionalized SWCNTs have shown
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sensitivity to organic vapors [154] and pollutant gases, including CH4, SO2,

NH3, and CO [16]. COOH functionalization can be produced by treating

CNTs with ozone or acid [90]. In published experiments, CNTs with COOH

functionalization have shown sensitivity to DMMP [163], CH4, SO2, CO, and

Cl2 [48]. COC functionalization has been induced [176] by ozone treatment,

followed by a photoconversion process. NH2 functionalization can be produced

by dielectric barrier discharge and plasma activation processes [177].

Motivated by the cited experimental results on gas sensing with co-

valently modified CNTs, and the well known advantages of employing sensor

arrays to improve selectivity, [17] this chapter investigates the performance

of covalently functionalized semiconducting CNT arrays for trace detection of

explosive gas molecules. Due to the high cost of producing pure metallic or

semiconducting CNTs, most experiments have employed mixed collections of

metallic and semiconducting nanotubes. Here the study of semiconducting

CNTs is motivated by the expected presence of nonlinearities in the current-

bias voltage response of array components to surface adsorption of an analyte.

Such nonlinearities will in general improve the selectivity of the sensor ar-

ray, at best producing an ‘k-fold’ increase in the effective size of the sensor

array, where ‘k’ is the number of distinct bias voltages included in the sen-

sor output data base. The semiconducting CNT considered here has chirality

(7,0), and the four modeled covalent functionalizations are due to hydroxyl,

carboxylic acid, oxygen, and amine groups. The analytes considered here are

three explosives (HMX, RDX, TNT) and three background gases (N2, CO2,

106



H2O). Oxygen is not modeled since the ”extreme sensitivity” [82] of carbon

nanotubes to oxygen will in general render it distinguishable from any other

analyte in standard ‘pattern matching’ analysis of sensor array data [71, 17].

Two hazardous gases (NO2 and NH3) are also analyzed, based on the wide

interest in these gases suggested by the sensing literature. Note that the list

of analytes includes one nitroaromatic and two nitramine explosives, and that

the two nitramines have a very similar molecular structure.

In the work which follows, ab initio methods are used to compute the

response of the CNT(7,0) to functionalization followed by analyte adsorption,

over a range of bias voltages. Principal Component Analysis [71, 17] is then

applied to estimate the ability of the sensor array to distinguish the modeled

analytes. The modeling results indicate that at a reasonable current detection

threshold, the sensor array can distinguish (with one exception), all three

explosives from all three background gases, both hazardous gases from all

three background gases, and all three explosives from each other. This includes

distinguishing between the two similar nitramines.

6.2 Computational methods

All of the calculations in this chapter model a semiconducting CNT

with chirality (7,0), augmented by the functionalizations and analytes dis-

cussed in the next section. The length of the CNT in the scattering zone was

16 unit cells, with a unit cell length of 4.26Å. The total atom count for each

model was 448 atoms, plus those for the functional group and the analyte. In
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the transport directions, the electrodes were constructed of (7,0) carbon nan-

otubes, in order to model a conductor of infinite length. Starting geometries

for the analytes were taken from published work [108, 109, 110], and starting

orientations for the analytes were obtained by identifying the minimum energy

configurations for analyte adsorption on a pristine metallic CNT(5,5).

6.3 Results and discussion

Computational analysis of the functionalized semiconducting CNT sen-

sor array proceeds as follows:

• the five array components are semiconducting CNTs with chirality (7,0),

including one pristine nanotube and four functionalized nanotubes, where

the functionalizations are hydroxyl (OH), carboxylic acid (COOH), oxy-

gen (COC), and amine (NH2) groups;

• a band structure is computed for each of the five sensors;

• the adsorption energy is computed for all combinations of the five sensors

and eight analytes (TNT, HMX, RDX, nitrogen, carbon dioxide, water,

nitrogen dioxide, and ammonia);

• a current-bias voltage curve is computed for all combinations of the five

sensors and eight analytes, for bias voltages over the range 0.3-0.9 volts,

at intervals of 0.1 volts;
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• a Principal Component Analysis (PCA) is performed on the the sen-

sor output data, defined as the current increments of equation (1.6), in

order to evaluate the performance of the sensor array in the selective

identification of hazardous gases or explosive molecules.

More specifically, the last item includes three principal component analyses,

one evaluating the ability of the sensor array to distinguish between six ana-

lytes (three explosives and three background gases), and two additional princi-

pal component analyses evaluating the ability of the sensor array to distinguish

between four analytes (a hazardous gas, either nitrogen dioxide or ammonia,

and three background gases).

Figs. 6.1, 6.2, and 6.3 show the adsorption of explosive molecules on all

five of the modeled CNT sensors, and the adsorption energy for all forty sensor-

analyte combinations. In the pristine CNT case: (a) TNT and NO2 show the

largest adsorption energy, and (b) the computed adsorption energy of 0.72 eV

for NO2 is similar to the adsorption energy of 0.9 eV reported by Kong et

al. [136] for a semiconducting CNT(10,0). The adsorption energy results for

the four functionalized nanotubes show in general high adsorption energies for

nitrogen dioxide, adsorption energies for water which are higher than those of

the other background gases, and adsorption energies for the explosives which

are more functionalization dependent than those for the background gases.

Figs. 6.4 and 6.5 show band structures for all five sensor configura-

tions. The pristine CNT(7,0) is semiconducting, with a computed band gap of
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approximately 0.9 eV, consistent with previous theoretical and computational

work [178, 179]. This band structure is changed by the introduction of covalent

functional groups. Band structures for OH, COOH, and NH2 functionaliza-

tion show modified band gaps of 0.33, 0.44, and 0.37 eV respectively, and the

introduction of a new band near the Fermi energy, consistent with previous

computational studies [160, 162]. In the case of COC functionalization, the

band gap is reduced to 0.59 eV, however a new band near the Fermi energy is

not produced.

Figs. 6.4 and 6.6 show the computed current-voltage characteristics for

the five modeled sensors, for adsorption of the three explosives and the three

background gases, as a function of the applied bias voltage over the range

0.3-0.9 volts. These curves are the sensor array output data that will be used

in the PCA to identify the adsorbed analytes. In the pristine sensor case, the

current-voltage characteristics in Fig. 6.4 show similar shapes for the three

explosives. The changes in the current are positive for all of the analytes,

consistent with experiments which have shown that: (a) the conductance of a

CNT sensor increases in the presence of N2 gas [180], (b) the conductance of a

CNT mat increases when distilled water is injected [181], (c) the conductance

of a semiconducting CNT network increases due to water adsorption [117], and

(d) the conductance of a semiconducting CNT increases when NO2 is adsorbed

[136, 119]. Several features of the current response curves suggest that the

array response will show selectivity. In the hydroxyl functionalization case,

the current change for HMX differs in sign from the current changes due to
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RDX and TNT. In the carboxylic acid functionalization case, the nitroaromatic

explosive (TNT) shows a positive change in current while the nitramines (HMX

and RDX) show a negative change in current. In the oxygen functionalization

case, all of the analytes show current change curves with a similar shape, but

they differ in magnitude. In the amine functionalization case, most of the

current response curves are non-monotonic. As noted in the introduction,

the sensor array responses to nitrogen dioxide and ammonia adsorption were

also computed, to evaluate the array performance in sensing those hazardous

gases. Fig. 6.7 shows the current response data for those two analytes. The

NO2 data shows a strong dependence on sensor type, and the magnitude of the

current change is much higher than that for the other analytes. The NH3 data

shows a smaller output current range but a strong dependence on bias voltage.

Overall, the computed sensor outputs suggest a selective array response to the

analytes.

To evaluate the performance of the functionalized, semiconducting CNT

array as an explosive or hazardous gas sensor, Principal Component Analysis

[12, 13, 14, 15, 1] was performed on three different data sets extracted from

Figs. 6.4, 6.6, and 6.7. The first data set considers the three explosives

and the three background gases, the second data set considers NO2 and the

three background gases, and the third data set considers NH3 and the three

background gases.

The sensor output data, principal components, and distance metrics

in this chapter are expressed in units of microamps. Based on published ex-
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perimental data [136, 137, 82] on gas sensing using carbon nanotubes, the

classification threshold used here to estimate whether or not two analytes will

be distinguishable is 0.5 µA.

Fig. 6.8 shows the PCA results for explosives sensing. The cumulative

variance plot (top left) indicates that three principal components are required

to account for at least 95% of the variance in the data. The analyte separations

in a two principal coordinate space are illustrated in the top right figure. The

distance metric (bottom left) shows the separation distances for the analytes in

a three dimensional principal component space. For a classification threshold

of 0.5 µA, the classification chart (bottom right) indicates that all of the

analyte pairs, with the exception of RDX and water, can be distinguished

from each other.

Fig. 6.9 shows the PCA results for nitrogen dioxide sensing. The cu-

mulative variance plot (top left) indicates that two principal components can

account for more than 95% of the variance in the data. The analyte separa-

tions in a two dimensional principal coordinate space are illustrated in the top

right figure. The distance metric (bottom left) shows the separation distances

for the analytes in a two dimensional principal component space. For a clas-

sification threshold of 0.5 µA, the classification chart (bottom right) indicates

that all of the analyte pairs can be distinguished from each other.

Fig. 6.10 shows the PCA results for ammonia sensing. The cumulative

variance plot (top left) indicates that three principal components are required

to account for at least 95% of the variance in the data. The analyte separations
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in a two dimensional principal coordinate space are illustrated in the top right

figure. The distance metric (bottom left) shows the separation distances for the

analytes in a three dimensional principal component space. For a classification

threshold of 0.5 µA, the classification chart (bottom right) indicates that all

of the analyte pairs can be distinguished from each other.

Overall the analysis results suggest that functionalized semiconducting

CNT arrays may be effectively applied to distinguish explosive or hazardous

gas molecules from common background gases.

6.4 Summary

Experimental research on the trace detection of explosives is compli-

cated by safety concerns and the severe restrictions typically placed on the

handling of explosive materials. Computational research, as a complement to

experiment, therefore offers important opportunities to accelerate the develop-

ment of new explosive sensing concepts. The ab initio conductance and sensor

array performance modeling presented in this chapter suggest that functional-

ized semiconducting carbon nanotubes show excellent potential for application

in the development of light weight, low power explosives sensors. Although

molecular scale discrimination among a range of analytes is only one aspect

of the general sensor design problem, it is of particular importance in explo-

sives sensing and other applications where ultra-sensitive detection methods

are needed.

113



Figure 6.1: Adsorption of an RDX molecule (left) and adsorption energy as a
function of the analyte (right) for a pristine (7,0) CNT.

Figure 6.2: Computational models of: HMX adsorption on an OH function-
alized CNT (top left), TNT adsorption on a COOH functionalized CNT (top
right), RDX adsorption on a COC functionalized CNT (bottom left), and
HMX adsorption on an NH2 functionalized CNT (bottom right).
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Figure 6.3: Adsorption energy as a function of the analyte for: an OH func-
tionalized CNT (top left), a COOH functionalized CNT (top right), a COC
functionalized CNT (bottom left), and an NH2 functionalized CNT (bottom
right).
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Figure 6.4: Band structure (left) and incremental current-bias voltage charac-
teristics (right) for a pristine (7,0) CNT.
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Figure 6.5: Band structures for functionalized (7,0) CNTs: OH functional-
ization (top left), COOH functionalization (top right), COC functionalization
(bottom left), and NH2 functionalization (bottom right).

117



Figure 6.6: Incremental current-bias voltage characteristics for functionalized
(7,0) CNTs: OH functionalization (top left), COOH functionalization (top
right), COC functionalization (bottom left), and NH2 functionalization (bot-
tom right)
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Figure 6.7: Incremental current-bias voltage characteristics for NO2 adsorption
(left) and NH3 adsorption (right) on pristine and functionalized (7,0) CNTs.
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Figure 6.8: Principal Component Analysis for explosive sensing using an ar-
ray of functionalized CNT(7,0) sensors: cumulative variance plot (top left),
analyte locations in a two-dimensional principal component space (top right),
distance metrics plot (lower left), and classification chart (lower right). Note
that green (red) squares indicate the ability (inability) to distinguish between
analyte pairs at the specified classification threshold.
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Figure 6.9: Principal Component Analysis for nitrogen dioxide sensing using
an array of functionalized CNT(7,0) sensors: cumulative variance plot (top
left), analyte locations in a two-dimensional principal component space (top
right), distance metrics plot (lower left), and classification chart (lower right).
Note that green (red) squares indicate the ability (inability) to distinguish
between analyte pairs at the specified classification threshold.
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Figure 6.10: Principal Component Analysis for ammonia sensing using an
array of functionalized CNT(7,0) sensors: cumulative variance plot (top left),
analyte locations in a two-dimensional principal component space (top right),
distance metrics plot (lower left), and classification chart (lower right). Note
that green (red) squares indicate the ability (inability) to distinguish between
analyte pairs at the specified classification threshold.
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Chapter 7

Spin Polarized Ab Initio Molecular Dynamics

7.1 Introduction

Electrons can travel inside CNTs without changing their spin orien-

tation for hundreds of nanometers [111], however spin polarization has been

observed for certain chiral CNTs with small armchair edges [182]. Spin depen-

dent transport is also important for interfaces between CNTs and ferromag-

netic materials, such as CNTs connected to metal electrodes [111] or CNTs

doped with transition metals [183]. In CNT based sensor applications, spin-

polarization is relevant when CNTs are decorated with clusters of metals such

as Nickel. Note that Ni-decorated CNTs are used as carbon monoxide sensors

[184]. In addition, spin polarization is important in modeling other carbon

based sensors, such as graphene nanoribbons.

This chapter develops a new ab initio molecular dynamics (AIMD)

model of spin polarized systems, including electric and magnetic filed loading.

Such models may be employed to simulate the finite temperature response of

carbon nanotube based sensors. Although this dissertation includes only a

theoretical formulation, it is expected that future work will include numerical

implementation.
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The model of spin-polarized sensor dynamics developed here employs

a novel nonholonomic Hamiltonian modeling methodology. The formulation

couples a quantum model of the electronic structure to a molecular model of

the nuclear dynamics, and quantifies the modeled nanoscale system’s interac-

tion with the external thermal and electromagnetic environment. The model

developed in this chapter can complement experimental research in this field,

supporting research linking material and defect physics to measured experi-

mental performance.

7.2 Motivation

A very general motivation for the modeling research described here is

provided by the field of quantum sensors. Quantum sensors offer important

opportunities in the development of sensitive, high resolution detection and

measurement systems [185]. Potential applications include thermal, optical,

magnetic, inertial, and other sensing devices [186]. Although atomic sensors

employing vapor cells or optical and magnetic confinement have demonstrated

exceptional performance [187], solid state devices [188] are of great interest,

and may facilitate fundamental improvements in miniaturized, low cost, low

power sensors. Solid state devices based on nitrogen-vacancy (NV) defects

in diamond [189, 190] have been the focus of much experimental and theo-

retical research, for potential application in both quantum sensing [191] and

quantum computing [192] systems. Nitrogen-vacancy defect based sensors in

diamond have demonstrated excellent sensitivity in nanoscale measurements
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of both magnetic [193] and electric [194] fields; however experiments have also

demonstrated a significant temperature [195] and strain field [196] response.

The sensitivity of NV magnetometers is remarkable, however experimental

work aimed at improving their performance has demonstrated that fundamen-

tal advances in sensor technology will require a concerted effort to understand

complex energy domain coupling effects on quantum sensing physics. Compu-

tational model development can contribute to that effort.

7.3 Previous work

Computational research is increasingly seen as a valuable adjunct to

experiment, assisting in the development of new materials and processes, using

models applied at both the molecular and electronic scales. Reacting molecular

dynamics models offer a computationally efficient approach to the materials

design problem, but generally rely on empirical force fields. Ab initio molecular

dynamics models, by contrast, offer the possibility of investigating the physics

of interest at a fundamental level. Although uncoupled simulations conducted

at the electronic and molecular scales have proven to be of considerable value in

scientific research and engineering design, the transient multiphyics of central

interest in many sensing applications will require a multiscale, multiphysics

modeling approach.

Although a variety of ab initio [197], molecular dynamics [198], and ab

initio molecular dynamics [199, 200] methods are currently available for appli-

cation to materials and process design problems, fundamental improvements

125



in current numerical methods are needed to support research on improved

sensors. The generic form of the numerical formulation developed in this re-

search means that the method can be applied in future research to a variety

of materials design applications.

7.4 Numerical model

The discussion which follows outlines the development of a new ab initio

molecular dynamics formulation, coupled to macroscale thermal and magnetic

loads, using the proposed nonholonomic Hamiltonian methodology. The mod-

eled system is a collection of n nuclei and ne electrons in an NVT ensemble.

The Hamiltonian for the system (H) is the sum of the kinetic (Tn) and poten-

tial (Vn) energies for the nuclei (which take a molecular dynamics form) and

a total energy (Ee) for the electrons (which takes a quantum mechanics form)

H = Tn + Vn + Ee (7.1)

The nuclear kinetic co-energy, nuclear momenta (p(i)), and nuclear po-

tential energy are

T ∗n =
1

2

n∑
i=1

M (i)q̇(i)2 , p(i) =
∂T ∗n
∂q̇(i)

, Vn = Vn(q) (7.2)

where M (i) is a nuclear mass and q(i) is a nuclear center of mass position.

The nuclear potential energy models electrostatic repulsion of the nuclei. The

quantum mechanics expression for the electronic energy includes electron re-

pulsion, electron-nuclear attraction, electron kinetic energy, and an imposed
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magnetic field, and is computed from the electronic wave function using the

expectation value expression (in Dirac bracket notation)

Ee =
< Ψ|He|Ψ >

< Ψ|Ψ >
, He = eφ(x) I +

ns∑
j=1

1

2m(j)

[
σ ·
(
i~∇(j) + eA(x)

)]2
(7.3)

σ ≡ (σ1, σ2, σ3) , I =

(
1 0
0 1

)
(7.4)

σ1 =

(
0 1
1 0

)
, σ2 =

(
0 −i
i 0

)
, σ3 =

(
1 0
0 −1

)
(7.5)

and for any vector (first order tensor) v

σ · v ≡ σ1v1 + σ2v2 + σ3v3 (7.6)

where He is the electronic Hamiltonian operator matrix, φ is the electric scalar

potential, I is an identity matrix, σ is a vector of Pauli matrices, ~ is the

reduced Planck constant, m is an electron mass, e is an electron charge, A(x)

is a magnetic vector potential, and Ψ = [Ψ+Ψ−]T is a vector (spin up and spin

down) of electronic wave functions. Interpolating the electronic wave function

with basis functions φj

Ψ+ =
ns∑
j=1

a(j) φj(q,x), Ψ− =
ns∑
j=1

b(j) φj(q,x) (7.7)
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defines the discrete stored energy function Ee = Ee(q, a, ā,b, b̄), where a and

b are vectors of time dependent basis set weighting coefficients and ‘ ¯ ’ de-

notes the complex conjugate. In order to complete the formulation, evolution

equations for the time dependent basis coefficients are now introduced. These

may be obtained from the Pauli equation

i~
∂Ψ

∂t
= HeΨ, He =

(
Haa

e Hab
e

Hba
e Hbb

e

)
(7.8)

Multiplying the Pauli equation by the complex conjugate basis function φk and

integrating over the modeled volume provides the discrete evolution equations

Ca ȧ = −Daq̇ + Qaaa + Qabb, Cb ḃ = −Dbq̇ + Qbaa + Qbbb (7.9)

C
a

ȧ = −D
a
q̇ + Q

aa
a + Q

ab
b, C

b
ḃ = −D

b
q̇ + Q

ba
a + Q

bb
b (7.10)

where the matrix coefficients are

Ca
kj = i~

∫
φkφj dx, Da

kj = i~
ns∑
l=1

a(l)
∫
φk

∂φl

∂q(j)
dx (7.11)

Qaa
kj =

∫
φkH

aa
e φj dx, Qab

kj =

∫
φkH

ab
e φj dx (7.12)
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Cb
kj = i~

∫
φkφj dx, Db

kj = i~
ns∑
l=1

b(l)
∫
φk

∂φl

∂q(j)
dx (7.13)

Qba
kj =

∫
φkH

ba
e φj dx, Qbb

kj =

∫
φkH

bb
e φj dx (7.14)

In previous work, the momentum balance relations for the nuclei have been

related to the wave equations by adopting a constant energy assumption for the

system, or invoking Hellman-Feynman theorems [201]. Such assumptions may

be unacceptable in cases where thermal and electromagnetic interaction with

the environment is of central interest. Instead, in the discussion which follows

the classical and quantum system dynamics are coupled using a nonholonomic

modeling approach.

The canonical Hamilton’s equations for the mixed classical-quantum

system are

ṗ = −∂H
∂q

+ f q, q̇ = M−1p, (7.15)

0 = −∂H
∂a

+ fa, 0 = −∂H
∂a

+ fa, 0 = −∂H
∂b

+ f b, 0 = −∂H
∂b

+ f b (7.16)

where the inertia matrix M is diagonal, and f q, fa, f b,fa, f b are generalized

forces due to the nonholonomic constraints and the power input to the sys-

tem. The last four Hamilton’s equations, which are degenerate momentum

equations (degenerate since there are no generalized momenta associated with
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the generalized coordinates a, a, b, and b, have been overlooked in previous

nanoscale simulation work (with the exception of recent work [202]). How-

ever they are of central importance, since they allow the Lagrange multipliers

associated with the nonholonomic constraints to be determined in closed form.

The power input (P) to the system is due to external mechanical forces

F(j)(t), the imposed magnetic field B, and the imposed electric field E, and

takes the form

P =
n∑

j=1

(
F(j)(t) + F

(j)
L + eZ(j) E

)
· v(j), F

(j)
L = eZ(j) v(j) ×B (7.17)

which has the general form

P = FextT q̇ (7.18)

The nonholonomic constraints are the discrete Pauli equations and a

rate relation which quantifies thermal interaction with the environment

θṠ = R (θ − θe) , θ =
n∑

j=1

1

2nkB
Mj q(j)2 (7.19)

where Ṡ is a net entropy flow from the nanoscale ensemble to the environment,

θe is a controlled environmental temperature (and may vary with time), R is

an overall heat transfer coefficient, θ is the ensemble temperature, and kB is

Boltzmann’s constant. Introducing vectors of Lagrange multipliers λa, λb, λa,

λb for the discrete Pauli equations, the quantum constraints and the thermal

dissipation expression require
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fa = CaTλa, f b = CbTλb, fa = C
aT
λa, f b = C

bT
λb (7.20)

f q = DaTλa + DbTλb + D
aT
λa + D

bT
λb + Fext − R

2nkB

(
1− θe

θ

)
p (7.21)

Since equations 16 and 18 require

λa = Ca−T ∂H

∂a
, λb = Cb−T ∂H

∂b
, λa = C

a−T ∂H

∂a
, λb = C

b−T ∂H

∂b
(7.22)

it follows that the final Hamilton’s equations for the NVT ensemble are

ṗ =− ∂H

∂q
+ DaTCa−T ∂H

∂a
+ DbTCb−T ∂H

∂b
+ D

aT
C

a−T ∂H

∂a
+

D
bT

C
b−T ∂H

∂b
+ Fext − R

2nkB

(
1− θe

θ

)
p

(7.23)

q̇ = M−1p (7.24)

augmented by the discrete Pauli equations

Ca ȧ = −DaM−1p+Qaaa+Qabb, Cb ḃ = −DbM−1p+Qbaa+Qbbb (7.25)

The formulation just derived is the first to exploit nonholonomic Hamil-

tonian methods in order to obtain an energy conserving multiscale multiphysics

model of a mixed classical-quantum system incorporating a spinor wave func-

tion. It generalizes previous work [202, 203, 204, 205], for muliphysics systems
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modeled at a variety of scales, and may be further extended to include relativis-

tic effects (Dirac formulation). The method may be applied to model either

an NVT or an NVE (R = 0) ensemble, and may be generalized to incorporate

a variety of additional quantum, molecular, and macro scale physics.

The preceding general formulation may be specialized to the plane wave

interpolation case. In that case, the interpolation functions are orthogonal and

may be normalized so that

Ca = Cb = i~ I, Da = Db = 0 (7.26)

and the state equations are

ṗ = −∂H
∂q

+ Fext − R

2nkB

(
1− θe

θ

)
p (7.27)

q̇ = M−1p (7.28)

i~ ȧ = Qaaa + Qabb, i~ ḃ = Qbaa + Qbbb (7.29)

A bond graph representation of the plane wave case is shown in Figure 7.1,

extending the research of Zhang [206]. The extensions include the addition

of spin polarization and the modeling of interaction of the atomic nuclei with

external electric and magnetic fields.
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7.5 Summary

The research described in this chapter, formulating a new computa-

tional model of spin polarized sensing physics, can strongly complement ex-

perimental research in the study of mixed energy domain dynamics of quantum

sensors.

Figure 7.1: Bond graph of the new spin-polarized AIMD formulation
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Chapter 8

Conclusion

Computational research plays a critical role in the development of ex-

plosives detection systems, due to both safety concerns and to severe restric-

tions on the distribution of controlled materials. This dissertation has applied

both ab initio and statistical methods to investigate the performance of car-

bon nanotube based sensors in the trace detection of explosives. The results

suggest that CNT based sensor arrays show excellent potential, offering op-

portunities for both sensitive and selective detection of explosive molecules.

The chemiresistive sensing performance of both metallic and semicon-

ducting nanotubes was evaluated, in a variety of configurations, including in-

ternally doped, substitutionally doped, structurally flawed, and functionalized

systems. All configurations were evaluated for their performance in a sensing

array, for both sensitivity and selectivity in the detection of explosives. The

computational results indicate that the proposed sensor arrays: (a) can distin-

guish common background gases from both nitroaromatic and nitramine ex-

plosives, (b) can distinguish between nitroaromatic and nitramine explosives,

and (c) can distinguish similar nitramine explosives from each other. These

results recommend the experimental study of improved explosive sensing de-
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vices, devices based on the most productive CNT based sensor configurations

investigated in this research.

Table 8.1 shows a comparison of the various sensor configurations ana-

lyzed in this dissertation. The comparison is based on the following five factors:

(1) Ease of Manufacturing. Manufacturing processes have been established to

produce CNTs with internal doping, lattice defects, and functionalizations;

however, separating metallic and semiconducting CNTs is the critical issue.

(2) Sensitivity. Sensitivity for the explosives, obtained from the computational

research in this dissertation, is in the following sequence - CNTs with internal

doping > CNTs with defects > CNTs with functionalization. (3) Selectivity.

All four sensor arrays showed good selectivity towards the explosives, based

on the Principal Component Analysis results in this dissertation. (4) Ther-

mal Stability. Published experimental work indicates that internal doping is

extremely stable [207]. Defects are also very stable and extremely high temper-

atures are required to change the defect density in CNTs [208]. Compared to

internal doping and defects, functionalizations are relatively less stable [209].

(5) Chemical Stability. Internal doping places dopants inside the CNT so

they do not react with the analytes outside the CNT. Published experimental

work suggests that defects are also stable, although dangling bonds in certain

defects (e.g. vacancy) can be terminated by reactive groups under suitable

temperature and pressure conditions [210]. Compared to internal doping and

defects, functionalizations are relatively less stable [211].

Comparing the various sensor configurations using these five criteria,
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internal doping appears to be the most promising configuration, and the most

practical configuration.

Next generation research on explosive sensor design must address three

important issues: (a) modeling sensor performance at finite temperatures,

(b) modeling sensor performance in mixed energy domain environments, in

particular under applied electromagnetic fields, and (c) modeling sensor per-

formance with spin polarization. A new ab initio molecular dynamics model

has been formulated to address these issues. Development of the formulation

is complete; future numerical implementation and validation work will allow

this model to address the finite temperature, mixed energy domain dynamics

problems important in the development of next generation explosives detection

systems.

Major contributions. This dissertation makes three major contributions:

• It extended computational studies on CNT based wiring, by modeling

CNTs doped with nine materials belonging to four material classes, in

a unified framework. It showed the near-orthogonal performance char-

acteristics of the various dopant types, for metallic and semiconducting

CNTs, suggesting that fabricating high mass specific conductivity wiring

from metallic/semiconducting CNT mixtures may be very difficult.

• It compared the chemiresistive sensing performance of four CNT based

sensor array configurations for explosive molecules. It showed that sensor
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arrays have great potential for the selective detection of explosives, and

suggested that CNT sensor arrays with internal doping are the most

practical design choice.

• It developed a new ab initio molecular dynamics formulation which gen-

eralizes Ehrenfest methods, extending a previous formulation [206] to

incorporate spin polarization and electromagnetic field loading.
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Table 8.1: Comparison of the Sensor Configurations.

Comparison of the Sensor Configurations
Sensor Ease of Sensitivity Selectivity Thermal Chemical

Configuration Manufacturing (explosives) (explosives) Stability Stability
Internal Doping X Excellent Excellent Excellent1 Excellent
Lattice Defects X Very Good Excellent Very Good2 Very Good4

Functionalized X* Good Excellent Good3 Fair5

CNT(M)
Functionalized X* Good Very Good Good3 Fair5

CNT(S)

*Controlled processes are available to produce functionalized CNTs; however, cost-effective methods are required for sepa-
rating metallic and semiconducting CNTs.
1 Based on experiments on CNTs filled with metal halides [207].
2 Based on annealing experiments on CNTs with defects [208].
3 Based on experimental data [209] for COOH functionalized CNTs.
4 Based on experimental observations on defect termination [210].
5 Based on experiments that use covalent functionalization of CNTs to attach them to polymers [211].
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Appendix 1

van der Waals Effects

The SIESTA modeling results presented in this dissertation are ob-

tained using a generalized gradient approximation (GGA) with the Perdew-

Burke-Ernzerhof (PBE) parameterization [4]. In order to evaluate the effect of

adding van der Waals interactions, several test problems were solved using: (1)

GGA-PBE, (2) the van der Waals (VDW) correlation functional with DRSLL

(Dion-Rydberg, Schroeder-Langreth-Lundqvist) [212] parameterization, and

(3) GGA-PBE plus molecular mechanics potentials describing species interac-

tions [213, 214, 215]. The molecular mechanics potentials chosen for the tests

were Grimme dispersion potentials[216] (the C6 parameters and the van der

Waals radii were taken from the work of Grimme [216]).

Table 1.1 compares computed results for the bond lengths of several

dopant molecules, for all three methods, with published experimental data.

The bond lengths computed using GGA-PBE and GGA-PBE+MM match to

three significant figures, and show better agreement with the experimental

data than does VDW-DRSLL. Consistent with previous work [217, 218, 219],

the bond lengths computed by VDW are overestimated. Table 1.2 compares

computed results for the equilibrium standoffs of three monatomic and three
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diatomic dopants from the surface of a metallic carbon nanotube. As in the

case of the bond length calculations, the GGA-PBE and GGA-PBE+MM re-

sults agree to three significant figures, while the differences with VDW-DRSLL

range from -0.02 to +0.06 Å. Since the effects of adding van der Waals inter-

actions appear to be small, and since the GGA-PBE formulation appears to

show the best agreement with experiments, all of the results presented in the

main text were computed using the GGA-PBE formulation.

Table 1.1: Comparison of computed dopant molecule bond lengths

Dopant Model Equilibrium Bond
Length (Å)

GGA 2.37
GGA+MM 2.37

ICl VDW 2.40
Experiment 2.32[220], 2.35[29]

GGA 2.52
GGA+MM 2.52

IBr VDW 2.55
Experiment 2.47[221], 2.49[29]

GGA 2.22
GGA+MM 2.22

LiBr VDW 2.24
Experiment 2.17[222]
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Table 1.2: Interaction of CNT and dopants

System Model Equilibrium
Standoff (Å)

GGA 3.17
CNT(M)+Iodine GGA+MM 3.17

VDW 3.17
GGA 2.86

CNT(M)+Bromine GGA+MM 2.86
VDW 2.86
GGA 1.86

CNT(M)+Lithium GGA+MM 1.86
VDW 1.94
GGA 3.34

CNT(M)+ICl GGA+MM 3.34
VDW 3.32
GGA 3.42

CNT(M)+IBr GGA+MM 3.42
VDW 3.41
GGA 3.38

CNT(M)+LiBr GGA+MM 3.38
VDW 3.41
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