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Chemiresistive properties regulated by nanoscale
curvature in molecularly-linked nanoparticle
composite assembly†
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Interparticle spatial properties influence the electrical and functional properties of nanoparticle-struc-

tured assemblies. This report describes the nanoscale curvature-induced change in chemiresistive pro-

perties of molecularly-linked assemblies of gold nanoparticles on multiwalled carbon nanotubes, which

are exploited for sensitive detection of volatile organic compounds. In addition to using linking/capping

molecules to define interparticle spatial distances, the nanoscale curvature radius of the carbon nano-

tubes provides intriguing tunability of the interparticle spatial properties to influence electrical properties,

which contrast with those observed for nanoparticle thin films assembled directly on chemiresistor

devices. The electrical characteristics of the nanoparticle–nanotube composite give positive response

profiles for the vapor molecules that are distinctively different to those observed for conventional nano-

particle thin-film assemblies. The dominant effect of electron coupling on overall chemiresistive pro-

perties is shown in relation to that of nanoscale curvature radius on the nanoparticle thin-film sensing

properties. Sensing data are also further assessed in correlation with the solubility parameters of the vapor

molecule. These findings have significant implications for the design of sensitive interfaces with nano-

composite-structured sensing materials and microfabricated chemiresistor devices.

1. Introduction

The assembly of monolayer-capped or molecularly linked

metal nanoparticles as sensing thin films is an important

pathway for tuning electrical properties in the construction of

highly sensitive interfaces for various sensor applications.1–15

In addition to electrical tunability, high surface area is impor-

tant in enabling high-performance sensor interfaces. Since our

demonstration of the facial assembly of gold nanoparticles on

carbon nanotubes (CNTs) through van der Waals inter-

actions,16 more studies have reported combinations of nano-

particles and CNTs through various interactions, exploring

their high specific surface area and unique electrical

properties. As electronic materials, CNTs feature p-type semi-

conductor characteristics,17 and are conductive or semi-

conductive along the tubes and quantized across the tubes in

single-walled and multiwalled CNTs (SWCNTs and MWCNTs).

The unique physical and chemical properties of CNTs allow

electronic conductivity tuning, by adjusting nanotube dia-

meters and surface properties, for catalysis, sensors, and bio-

sensors. Studies of the electrical properties of CNTs towards

sensing applications have focused on exploring p-type semi-

conducting properties in response to electron injection or

donation into nanomaterials.18 Metal/CNTs interact with oxi-

dizing gases, such as NO2, or electron acceptors, by removing

electrons and injecting holes into them, which lowers the

Fermi energy level and increases conductivity. In contrast, they

interact with reducing gases, such as CH4, SO2, and NH3, or

electron donors, by injecting electrons into them, which

decreases the charge-carrier concentration and conductivity.17

Using nanoparticles assembled on CNTs by van der Waals and

electrostatic interactions, studies have focused on electro-

chemical detection,19 including Pd/SWCNTs for nitrite oxi-

dation,20 SbNP-MWCNTs for heavy metal (Pb2+ and Cd2+)

detection,21 positively-charged AuNP–SWNT nanohybrids for

DNA detection,22 Au–PtNP/MWCNTs for cefotaxime determi-

nation,23 CNT@SnO2/NP hybrids for H2O2 detection,24 and

AuNP/MWCNTs for glucose biosensing.25 While the electron

donating/accepting properties of isolated SWCNTS or their

films have been studied, using O2 and NO2-induced changes
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in electrical conductivity of the semiconducting CNTs,26 and

detecting volatile organic compounds (VOCs) using gold nano-

particles on amine-modified multiwalled CNTs on chemi-

resistor,27 the molecular interactions and sensing mechanisms

remain unclear.

Understanding these interactions is important for exploring

NP–CNT systems for sensor or biosensor applications. In this

regard, the importance of generating CNT–NP hetero-

structures, in terms of various interactions, has been dis-

cussed,18 including noncovalent interactions that exploit the

conversion of sp2-hybridized carbon atoms on CNT surfaces to

their sp3-hybridized analogues to introduce defect sites,

electrostatic interactions that exploit charged polymer-coated

CNT surface interactions with charged NPs, and hydrophobic

interactions that exploit functionalized NP and CNT inter-

actions. The resulting nanocomposites have found appli-

cations in sensors, including the voltammetric determination

of colorants in foods using Fe3O4@SiO2/MWCNTs,28 an IgE

biosensor to diagnose cancer cells using MWCNT–AuNP,29 a

humidity sensor using Fe2O3/Au/CNTs,
30 chemiresistive

sensors for detecting exhaled breath VOCs for cancer

diagnosis,31–33 and optical or electrochemical sensors for

biomolecules.34–37 A study of noncovalent interactions

between CNTs and AuNPs recently took the effects of solvent

dielectric constant and temperature on controlled assembly of

superstructures into consideration,38 showing that repulsive

electrostatic interactions in high dielectric solutions reduced

the adsorption of nanoparticles on CNTs, yielding an apparent

activation barrier to adsorption (Ea = 9.6 kJ mol−1) within the

range expected for noncovalent interactions. A study of van der

Waals interactions between MWCNTs and citrate-capped

AuNPs39 showed that changes in the geometric parameters of

components had a pronounced effect on CNT nanoparticle

affinity, with larger, more polarizable nanostructures exhibit-

ing stronger attractive interactions. Therefore, the ability to

control these interactions is important for the exploration of

the nanostructural functional properties. The strong tendency

of pristine CNTs to aggregate or bundle is inherently associ-

ated with large attractive forces. Surface modification of CNTs

by functional groups is a common pathway to achieving func-

tional-group-anchored nanoparticles.40 Monolayer-capped

metal nanoparticles have well-defined interparticle spatial pro-

perties due to weak hydrophobic interactions.41 For nano-

particles on CNTs, the tendency of pristine CNTs to aggregate

or bundle is reduced and a skeleton-type structure can be

created to increase accessibility to large nanostructured

surface areas and effective mass transport. Importantly, the

coupling of nanoparticles to CNT surfaces can impart the

nanotubes with tunable electrical conductivity.

In this report, we demonstrate the intriguing effect of nano-

scale curvature on the chemiresistive properties induced by

embedding CNTs as the substrate in a molecularly-linked

assembly of gold nanoparticles (AuNPs), which can be

exploited as sensing interfaces for VOCs. In previous studies

on the semiconducting properties of CNTs for sensing

applications,42–44 the small curvature radius feature of CNTs

on which nanoparticle assemblies are formed in CNT-based

nanocomposites has not been explored. In previous studies,42–44

we showed that the electrical properties of a thin-film assembly

of gold nanoparticles on a chemiresistor with flexible PET (poly-

ethylene terephthalate) substrate depended on the curvature

radius (Rb) of the PET substrate caused by changes in interparti-

cle distances (from d1 at Rb1 to d2 at Rb2). Under these con-

ditions, the ratio of resistances (R) before and after the change

in curvature radius can be expressed using eqn (1):44

Rt

Ri

¼ exp½�βðd1 � d2Þ� exp
0:5e2

4πεε0RT

1

r þ d1
�

1

r þ d2

� �� �

ð1Þ

where the resistance changes from Ri to Rt with changes in

interparticle distance of d1 to d2, β is the electron coupling

term, r is the particle core radius, and ε is dielectric constant

of the interparticle medium. Other parameters, and relative

changes in terms of ΔR/Ri, are given in the ESI.† The Rt to Ri
ratio contains two exponential components, the first mainly

determined by change in interparticle distance and the β value

(“β–d term”), and the second largely dependent on particle

size, interparticle distance change, and ε value (“ε–r term”).

Our recent studies on flexible PET chemiresistors coated with

nanoparticle thin-film assemblies showed that film resistance

responded to PET device strain (compressive or tensile

strain).44 For tensile strain, with respect to nanoparticle assem-

bly on the nanoscale-curved CNTs regardless of the microscale

device strain, the logarithm of Rt/Ri (ln(Rt/Ri)) was a function of

the curvature radius (Rb). For the nanoparticle assemblies on

CNTs studied in this work, nanoscale radius curvature played

an important role in the β–d term. Fig. 1a compares the effects

of radius curvature on relative electrical resistance in nano-

particle assemblies on nanoscale and bulk-scale substrates. As

shown by the plots of ln(Rt/Ri) vs. Rb for nanoparticle thin

films on CNT and PET substrates (Fig. 1b and c, respectively),

which are based on eqn (1), ln(Rt/Ri) increases when Rb

decreases, and decreases with increasing ε. A five-fold increase

in ln(Rt/Ri) is observed when Rb is reduced by a factor of 15 in

the bulk-scale Rb range (Fig. 1c, insert; mm range). In compari-

son, there is a 20–100-fold increase in ln(Rt/Ri) when Rb is

reduced by a factor of 15 in the nanoscale range (Fig. 1b,

insert). Both the “β–d” and “ε–r” terms play important roles in

determining response characteristics as a function of Rb. With

very small Rb, which corresponds with the CNT case, the domi-

nant role of the “β–d term” leads us to the hypothesis that the

chemiresistive characteristics of the nanoparticle thin-film

assembly on the nanoscale-curved CNTs, in response to pertur-

bations in the interparticle properties, would differ from that

on a planar substrate (with an infinitive curvature radius).44–46

While the ln(Rt/Ri) vs. ε plots at a fixed Rb (13 nm and

13 mm) show similar overall percentage changes in Rt/Ri in the

plotted ranges (84% for nanoscale and 92% for bulk-scale),

the absolute values of Rt/Ri are markedly different, demonstrat-

ing that ε has a much greater impact on the increase in electri-

cal resistance of the nanoscale-curved substrate than the bulk-

scale curved substrate. Therefore, under nanoscale-curve con-
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ditions, the dominant increase in electrical resistance upon

exposure to vapors of different dielectric properties (leading to

a change in interparticle dielectric medium properties of the

nanoparticle assembly) may override changes caused by other

factors. It should be noted that the interparticle properties,

not the curvature radius of the CNTs, change during vapor

exposure. Simulations in Fig. 1 illustrate the differences in the

electrical properties of nanoparticle assemblies containing

nanoscale-curved and bulk-scale bent substrates (at a fixed cur-

vature radius in each case) in response to changes in dielectric

medium properties.

In this study, using monolayer-protected Au nanoparticles

on CNTs assembled by exchange-crosslinking-precipitation47,48

as a model for nanocomposite thin films, we demonstrate the

unique effect of nanoscale curvature on chemiresistive sensing

properties, showing the influence of the CNT nanoscale-curva-

ture-induced changes on the film response characteristics to

VOC sorption. The films also feature skeleton-type structures

for effective surface area amplification.

2. Experimental section
2.1 Chemicals

1,9-Nonanedithiol (NDT) and decanethiolate (DT) were used as

received (Aldrich). Multiwalled carbon nanotubes (MWCNTs;

diameter, ∼26 nm) with a purity of ∼95% were obtained from

NanoLab (Brighton, MA). Polystyrene (PS, Aldrich) and di-

chloromethane (CH2Cl2, 99.9%, Fisher) were used as received.

Vapors were generated from hexane (99.9%, Fisher), toluene

(99.8%, Fisher), methanol (MeOH, 99.9%, Aldrich), ethanol

(EtOH, 99.9%, Aldrich), 1-propanol (PrOH, 100%, J.T. Baker),

and 1-butanol (BuOH, 99.9%, J. T. Baker).

2.2 Synthesis and preparation

Compared with DT or other thiolate-capped AuNPs, NDT-

linked AuNPs have better stability due to interparticle

linkage.45 AuNPs with a core size of 2 nm encapsulated with

DT monolayer shells were synthesized using a two-phase

method49 and a synthetic modification.50 Details of the syn-

thesis of 2 nm gold nanoparticles (Aunm, 1.8–2.1 nm) have

been described previously.16 Nanoparticle assembly involved

suspending CNTs and gold nanoparticles in a controlled ratio

in hexane, to which NDT was added as a linking molecule in a

controlled concentration. The CNT surface was first treated

with concentrated hydrochloric acid to remove surface oxides.

After treatment, the CNTs were dispersed in hexane by soni-

cation. Typical concentrations were 16 μM for Aunm, and

0.37 mg mL−1 for CNTs. After stirring for ∼10 h, the powder

was collected, rinsed thoroughly with solvent, and dried under

ambient conditions before further characterization.

2.3 Characterization and sensor measurement

A Hitachi H-7000 Electron Microscope (100 kV) was used for

transmission electron microscopy (TEM) analysis of the nano-

materials. The samples were first suspended in hexane, then

drop cast onto a carbon-coated copper grid, and dried by

solvent evaporation under ambient conditions.

Fig. 1 (a) Comparison of the effect of curvature radius (Rb) on changes in relative resistance in nanoscale and bulk-scale substrates. Plots of ln(Rt/Ri)

vs. ε extracted from ln(Rt/Ri) vs. Rb plots at (b) 13 nm and (c) 13 mm (inserts) based on eqn (1), in terms of tensile strain for AuNP assemblies on CNT

(b; thickness, ∼2 nm) or PET (c; thickness, 125 μm) with different ε values (1 (a’ and f’), 2 (b’ and g’), 5 (c’ and h’), 10 (d’ and i’), and 20 (e’ and j’)).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017, 9, 4013–4023 | 4015

P
u
b
li

sh
ed

 o
n
 0

8
 M

ar
ch

 2
0
1
7
. 
D

o
w

n
lo

ad
ed

 b
y
 S

ta
te

 U
n
iv

er
si

ty
 o

f 
N

ew
 Y

o
rk

 a
t 

B
in

g
h
am

to
n
 o

n
 1

7
/0

3
/2

0
1
7
 1

2
:5

4
:0

1
. 

View Article Online



Sensor responses were measured using a customized sensor

array testing station. The interdigitated microelectrode (IME),

featuring 300 pairs of platinum electrodes (length, 50 μm;

width, 5 μm) with 5 μm spacing on a glass substrate (100 nm

thick), was used as the chemiresistor device. The thickness of

the nanocomposite film was less than or similar to the micro-

electrode thickness. Sensor coating preparation involved sus-

pending (NDT-Aunm)/CNT powder into a solution of poly-

styrene/CH2Cl2 (0.01 g mL−1), which was then cast onto the

IME surface in a controlled quantity, followed by solvent evap-

oration under ambient conditions. Polystyrene (PS) acted as a

fixation agent. The (NDT-Aunm)/CNT-coated sensor was

denoted as (NDT-Aunm)/CNTs/IME, whereas the NDT-Aunm
coated sensor was denoted as (NDT-Aunm)/IME. A computer-

interfaced multi-channel electrical multimeter (Keithley) was

used to measure the resistance of the nanostructured coating

on the IME device in a Teflon chamber (2 × 2 × 2 cm3) with

vapor-tubing connections. The resistance (R) was reported as

the relative differential resistance change (ΔR/Ri, where ΔR rep-

resents the resistance response, and Ri represents the initial

resistance). Vapor generation was carried out using a standard

protocol, with flowmeters controlling the flow rates and

mixing ratios.45 Vapor concentrations (in ppm (M)) were deter-

mined from the partial vapor pressure and vapor mixing ratio,

which was converted to ppm (V) by multiplying by 24.5. Details

of the experimental measurement procedures were described

in earlier reports.51

3. Results and discussion
3.1 Interparticle spatial properties and interactions

Molecularly-mediated thin-film assemblies of gold nano-

particles have been prepared by a simple exchanging-cross-

linking-precipitation route on planar substrates,47 carbon

spheres, and CNTs.16 As an interparticle linker, 1,9-nonane-

dithiol (NDT) forms covalent-type bonds with the gold surface

at both ends of the dithiol.16,47 FTIR analysis of NDT-linked

Aunm on CNTs revealed the presence of predominant CH2

stretching bands and the near-absence of CH3 stretching

bands, consistent with the assembly of NDT-Au nanoparticles

on planar gold surfaces.16 AuNP coverage on the CNTs was

controlled by adjusting the relative concentrations of AuNPs,

CNTs, and NDTs. Example morphologies of NDT-linked

assemblies of Aunm particles on CNTs obtained with con-

trolled ratios of NDTs, AuNPs, and CNTs are shown in Fig. 2.

While the general morphology was similar to those previously

reported,16 the spatially isolated feature revealed some details

regarding interparticle distances. The nanoparticle assembly

was not aligned in any specific direction relative to nanotube

diameter or length, and the packing density of the assembled

nanoparticles increased with increasing relative concentration

of [Aunm] vs. [CNT]. As described earlier,16 the packing density

was ∼2 × 1012 particles per cm2 with an average diameter of

26 nm for CNTs, which was smaller than that of NDT-linked

Aunm particles in ideal close-packing on planar surfaces (∼10 ×

1012 particles per cm2). A higher concentration led to a higher

packing density or multiple layers. An estimate of the density

of the Aunm–CNT nanocomposite (∼1.5 g cm−3, see ESI†) indi-

cated that coating the CNT with a monolayer of DT-Au2 nm

nanoparticles did not change the density significantly, in com-

parison with the density of carbon nanotubes (∼1.3 g cm−3

(ref. 52)). Notably, the film thickness depended on assembly

conditions. In this work, we focused on films assembled

under the same conditions to compare the sensing properties.

As a linker molecule, NDT also played an important role in

defining the interparticle spatial properties of the assembled

AuNPs. In control experiments carried out in the absence of

linker molecules, the image of the same nanoparticle sample

showed the presence of loosely-scattered particles on both

CNT and carbon films in the TEM grid. The average nearest-

neighbor interparticle center-to-center or edge-to-edge dis-

tances were measured using the TEM data (Fig. 3), which

revealed subtle differences among decanethiolate (DT)-Aunm
particles (a, top), NDT-Aunm particles on planar carbon in the

TEM grid (a, bottom), and NDT-Aunm particles on CNTs (b).

TEM analysis allowed the determination of average interparti-

cle center-to-center or edge-to-edge distances (Table S1†). For

the DT-Aunm film (Fig. 3a, top), an average interparticle edge-

to-edge distance of 1.8 ± 0.3 nm was obtained, which was quite

consistent with expectations based on a model of interdigita-

tion of alkyl thiolates on shells between neighboring nano-

particles.41 For the NDT-Aunm film (Fig. 3a, bottom), the

average interparticle distance was 1.5 ± 0.5 nm. For

(NDT-Aunm)/CNT (Fig. 3b), an average interparticle edge-to-

edge distance of 2.9 ± 0.7 nm was obtained. The interparticle

distance for (NDT-Aunm)/CNT was larger than that of

NDT-Aunm film on a planar substrate. Nanoparticle assembly

Fig. 2 TEM micrographs of (a) CNTs, and (b–d) (NDT-Aunm)/CNTs

derived under three different assembly conditions: [NP]/[NDT] ratio fixed

at 2.1 × 103, while [NP(mM)]/[CNTs(mg mL−1)] ratios are 24 (b), 48 (c),

and 110 (d).
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along the curved nanotubes was evident from the TEM data

(Fig. 3b and S1†). Notably, the average interparticle edge-to-

edge distance of larger AuNPs (5–6 nm) assembled on CNTs

(2.0 ± 0.5 nm, see Fig. S1†) was smaller than that of 2 nm-sized

nanoparticles on CNTs, which was consistent with the

expected interparticle gap based on steric repulsion and van

der Waals attraction, as discussed below.

Therefore, the curvature radius of the nanotube affects

interparticle interactions. A major adhesive force responsible

for nanoparticle assembly on the CNT surface involves van der

Waals interactions between the organic shell and carbon

surface. This type of adhesion is apparently quite strong, as

evidenced by the particles not being easily removed by exten-

sive washing and sonication, as supported by TEM characteriz-

ation. Theoretically, steric repulsion and van der Waals attrac-

tion operate in particle–particle and the particle–CNT inter-

actions (Fig. 3c). Fig. 3d and e show the calculated interaction

potentials for these two models (see ESI† for details). There

are clear differences in interparticle gaps and interaction

potentials between the particle–particle and particle–CNT

interactions. As shown in Table 1, comparisons of interparticle

edge-to-edge gaps for NDT-assembled AuNPs of two different

sizes (2 nm and 6 nm) on flat C film and curved CNT

(measured from TEM) and the interaction-minimum-derived

interparticle gaps (obtained from calculations of steric repul-

sion and van der Waals attraction) resulted in several signifi-

cant observations: (1) the interparticle distance was greater for

NPs assembled on the curved CNT than on the flat C film;

(2) larger-sized particles exhibited smaller gaps for both flat

and curved substrates; and (3) the interaction was stronger for

AuNP–CNT than AuNP–AuNP pairs. These observations were

in agreement with the assessment of the effect of nanoscale

curvature on interparticle interactions and distances. Notably,

particle–CNT strong adhesion was supported by the experi-

mental observation that removing particles from CNTs was

Fig. 3 (a–b) TEM micrographs and interparticle edge-to-edge distances (dee) for DT-Aunm (a, top panel; dee, ∼1.8 ± 0.3 nm), NDT-Au (2 nm) on

planar carbon film in the TEM grid (a, bottom panel; dee, ∼1.5 ± 0.5 nm), and NDT-Aunm on CNTs (b; dee, ∼2.9 ± 0.7 nm). (c) Model for calculation of

NP–CNT and NP–NP interactions (AuNPs (2 nm) with CNTs (26 nm)) in terms of interparticle gap (d or D). (d) Calculated steric repulsion, van der

Waals attraction potentials, and their sum for AuNP–AuNP (2 nm, i) and AuNP–AuNP (6 nm, ii) interactions as a function of interparticle edge-to-

edge gap. (e) Calculated van der Waals attraction potentials of (DT-Au2 nm)/CNTs26 nm (i(CNT)), (DT-Au6 nm)/CNTs26 nm (ii(CNT)) compared with

those of AuNP–AuNP (2 nm, i), and AuNP–AuNP (6 nm, ii) as functions of the interparticle edge-to-edge gap. (Hamaker constant (A) for AuNP–NP

(2 nm): 0.8476 eV;53 and AuNP–CNT: 60 × 10−20 J (3.75 eV)54). Note that other parameters, δ and σ, representing the length and diameter of a

capping molecule on the nanoparticle surface (δ = 0.57 nm, and σ = 0.36 nm for 2 nm AuNPs and 0.40 nm for 6 nm AuNPs), were extracted from

data in a previous report.55

Table 1 Interparticle edge-to-edge gaps for NDT-assembled AuNPs on

flat C film and curved CNT measured using TEM data, and interaction-

minimum-derived interparticle gaps from calculations of steric repulsion

and van der Waals attraction

Particle
size

TEM gap
(C film)

TEM gap
(CNT)

Calc’d
gapa

Calc’d
attraction/CNTb

Au (2 nm) 1.5 ± 0.5 nm 2.9 ± 0.7 nm 1.5 nm 0.7 nm
Au (6 nm) 1.3 ± 0.4 nm 2.0 ± 0.5 nm 1.1 nm 0.6 nm

aModel: symmetric dimer of AuNPs. Hamaker constant (A) for AuNP–
NP (2 nm): 0.8476 eV and for AuNP–NP (6 nm): 0.8407 eV;53 δ and σ

stand for the length and diameter of a capping molecule on the nano-
particle surface, δ (0.57 nm) and σ (0.36 nm for 2 nm AuNPs, and
0.40 nm for 6 nm AuNPs), were obtained from the reported data and
the following equation (ratio of the surface occupied by a thiol mole-

cule on a NP (σR) and on a flat surface (σF):
σR

σF
/

sR

sF
¼

1

1þ d=R
, (σF =

0.14 nm2).55 For Au2 nm, σR/σF = 0.17, the diameter of a capping mole-
cule on the nanoparticle surface is 0.36 nm. For Au6 nm, σR/σF = 0.88,
the diameter of a capping molecule on the nanoparticle surface is
0.40 nm. bModel: asymmetric dimer of AuNP and CNT ((DT-Au2 nm)/
CNT26 nm and (DT-Au6 nm)/CNT26 nm). Hamaker constant (A) for AuNP–
CNT: 60 × 10−20 J (3.7452 eV).54 The length and diameter of a capping
molecule on the nanoparticle surface (δ and σ) are the same as in (a).
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difficult, and substantiated by the interparticle potential

energy calculation (see Fig. 3). This inherent strong adhesion

was not from polystyrene, which only helped fix the overall

composite film to the chemiresistor surface.

NP–CNT interaction was much stronger than the NP–NP

interaction, as reflected in the smaller interparticle gap and

larger potential for NP–CNT interaction. This was consistent

with the experimental observation that NP adhesion to CNTs

was favored, whereas the NP–NP interactions were weak in the

absence of NDT linkage. The combination of interparticle

NDT linkage and the NP–CNT strong attractive interactions led

to AuNP assembly on the CNT surface. This type of interparti-

cle interaction was exploited to harness the chemiresistive

sensing properties. Notably, the morphologies have a subtle

influence on the VOC response sensitivities because of the

subtle differences in interparticle spatial properties.45,56 Given

that the three assembly conditions have little influence on

films obtained with the same thickness, the VOC response

measurements described below focus on films prepared under

the same conditions.

3.2 Nanoscale curvature induced changes in sensing

properties

The combination of nanoscale-curvature-tuned interparticle

spatial properties and skeleton-type nanoparticle–CNT nano-

composites on interdigitated microelectrode (IME) as a chemi-

resistor was expected to enhance the electrical properties, VOC

accessibility and mass transport characteristics of the nano-

composite structure. Bare MWCNTs, upon casting on an IME,

were electrically conductive or semiconductive because of

good electronic contacts between the conductive CNTs.

However, the electronic conductivity of DT-capped Au particles

coated on CNTs was dependent on both electronic contact pro-

perties at particle–CNT or particle–particle interfaces and the

electronic conductivity of the composite ensemble. The

change in electronic properties due to interfacial interactions

constitutes a basis for designing sensing materials responsive

to vapor sorption in the nanostructure. Electrical conductivity

is determined by the particle size, interparticle distance, and

dielectric medium properties of the nanoparticle–CNT compo-

site materials, and is, therefore, expected to respond to the

quantity and chemical or physical nature of the vapor mole-

cules being adsorbed into the nanostructure. We focused on

demonstrating the viability of the nanoparticle–CNT compo-

sites as enhanced sensing materials, in comparison with nano-

particle sensing materials without CNTs, by investigating the

response properties to volatile organic compounds (VOCs).

The measured resistance values of the thin-film scaffolds

on the IME devices were compared to assess the relative con-

ductivities (Fig. S2†). First, the comparison was made under

the assumption that the film thickness was the same for all

films. Compared with the values for polystyrene (PS)/CNTs/

IME, the conductivities of both PS/(NDT-Aunm)/CNTs/IME and

PS/(NDT-Aunm)/IME were at least 3–4 orders of magnitude

smaller. The conductivity of PS/(NDT-Aunm)/CNTs/IME were

around one order of magnitude smaller than that of PS/

(NDT-Aunm)/IME. This result demonstrated that the electrical

conductivities of PS/(NDT-Aunm)/CNTs/IME and PS/

(NDT-Aunm)/IME were dominated by the nanoparticle assem-

bly, not the CNTs. Given that the CNT was coated with a mono-

layer of DT-Au2 nm nanoparticles, that the electrical conduc-

tivity was largely dictated by the nanoparticle assembly, and

that the estimated density of the Aunm–CNT nanocomposite

remained similar to that of the CNTs (see ESI†), it was believed

that CNT largely functioned as a fibrous skeleton substrate for

nanoparticle assembly. Notably, the actual thickness of the PS/

(NDT-Aunm)/CNTs/IME was at least 5–10 times greater than

that of PS/(NDT-Aunm)/IME. The polymer did not influence the

electrical conductivity of the nanocomposites, and functioned

only as a binder for the nanoparticle-coated CNTs, enabling

their fixation as a thin-film scaffold to the interdigitated micro-

electrode device.

The relative differential resistance change (ΔR/Ri, where ΔR

is the resistance response and Ri is the initial resistance) of the

nanocomposite on the IME device in response to toluene and

hexane vapor was measured (see Fig. S3†). Polystyrene thin

film (<100 nm) was used to increase the mechanical strength

of the coating materials on the IME surface, at which the

sensor response displayed a minimum level of noise. With the

absence of polymer, the data were less reproducible due to the

likelihood of the movement of nanotubes in the coating,

especially under repeated vapor sorption–desorption cycles.

Because of the possible effect of added polymeric materials on

sensing response, we also included control experimental data,

namely the response data for polystyrene-coated CNTs/IME,

obtained under identical conditions for comparison.

Compared with the control, which showed no response

(Fig. S3a,† curve-b′) because the semiconducting characteristic

was not operative when the CNT surface was coated with the

nanoparticle assembly, (NDT-Aunm)/CNTs/IME (curve-a′ in

Fig. S3a†) showed clear response profiles upon exposure to

different concentrations of toluene vapor. In general, the

(NDT-Aunm)/CNT coating on IME had resistance in the order

of ∼30 MΩ, which was much greater than that of a simple CNT

coating on IME (∼1 kΩ). This difference was qualitatively con-

sistent with the presence of nanoparticles and the polymer in

the nanocomposite material. Similar response profiles were

observed for hexane vapor (Fig. S3b†), which showed a subtle

difference in response sensitivity.

The observation that (NDT-Aunm)/CNT is responsive to

vapor sorption shows that molecular partition and interaction

in the nanocomposite scaffold can be effectively converted to a

change in electrical conductivity via the embedded nanotubes.

The detected resistance change displays a positive response

profile, with a decrease in electronic conductivity of the

coating as a result of partition of the vapor analyte into the

nanostructure.45 In the control experiment, the use of CNTs or

polystyrene/CNTs (curve-b′) alone as coating materials pro-

duced no response due to the lack of change in electronic con-

ductivity. The plots of ΔR/Ri vs. vapor concentration (moles per

liter, ppm) display a good linear relationship (Fig. S3† insert).

The slope measures the response sensitivity dependent on
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both the nature of the vapor molecule and the structural pro-

perties of the sensing materials, as reflected in the response to

toluene being more sensitive to that of hexane.

Remarkably, completely different responses were observed

using methanol (MeOH) vapor with (NDT-Aunm)/CNTs/IME

and (NDT-Aunm)/IME. In Fig. 4, the response profiles for the

sorption of MeOH vapors to (NDT-Aunm)/CNTs/IME (a′) and

(NDT-Aunm)/IME (b′) are compared. Positive responses were

observed for (NDT-Aunm)/CNTs/IME (a′), in contrast to the

negative responses for (NDT-Aunm)/IME (b′). In addition, the

positive responses for (NDT-Aunm)/CNTs/IME clearly increased

with MeOH vapor concentration, whereas the negative

responses for (NDT-Aunm)/IME showed no clear trend as the

MeOH vapor concentration was changed. This sharp contrast

was believed to reflect the operation of the small curvature

radius in (NDT-Aunm)/CNTs. As shown in Fig. 1, the “β–d term”

played a dominant role in changing the electrical properties of

(NDT-Aunm)/CNTs/IME. This was different from (NDT-Aunm)/

IME, where both “β–d” and “ε–r” terms played important roles

in determining the response characteristics as a function of

Rb, often yielding negative responses from the adsorption of

vapors with high dielectric constants, a phenomenon observed

in our previous work45 and by others.46 To our knowledge, this

is the first example of the same NDT-AuNPs assembly demon-

strating different response profiles using different supporting

substrates. Notably, interparticle interactions, as illustrated in

Fig. 3d and e, are important for tuning the vapor–film inter-

actions responsible for the vapor sensing properties.

While CNTs function as a fibrous skeleton substrate for the

assembly of nanoparticles, the open structure could not be

attributed to the absence of negative response to methanol.

The intriguing response characteristics were further explored

using alcohol molecules of different chain lengths. In Fig. 5,

the response profiles of (NDT-Aunm)/CNTs/IME to the sorption

of different alcohol (R–OH) vapors are compared. In addition

to the common hydrophilic –OH groups, these vapors (metha-

nol (MeOH, a), ethanol (EtOH, b), 1-propanol (PrOH, c), and

1-butanol (BuOH, d)) contain different hydrophobic R groups

(size: MeOH < EtOH < PrOH < BuOH). The dielectric constants

of these molecules decreased in the order MeOH (ε = 33.0) >

EtOH (ε = 25.3) > PrOH (ε = 20.8) > BuOH (ε = 17.8). The plot

of ΔR/Ri vs. vapor concentration displayed good linearity

(Fig. 5, right), with the slope used to measure response sensi-

tivity. The response profiles and response sensitivities for

(NDT-Aunm)/IME were also measured in response to the same

series of alcohol vapors (MeOH, EtOH, PrOH, and BuOH) (see

Fig. S4a†). In comparison with the response profiles for

(NDT-Aunm)/CNT/IME (Fig. 5), there were two distinct differ-

ences. Firstly, (NDT-Aunm)/IME exhibited both negative and

positive response profiles depending on the chain length of

the alcohol vapors (Fig. S4a†), and secondly, the slopes

(Fig. S4b†) were significantly smaller than those of

(NDT-Aunm)/CNT/IME. These results suggested that the

sensing properties were profoundly affected by the presence of

nanotubes.

A close examination of the detailed response profiles pro-

vided important information for assessing the sensing pro-

perties. In the absence of CNTs (Fig. S4†), the response

profile was negative for MeOH (a′), but positive for BuOH (d′).

For EtOH (c′) and PrOH (d′), the small and spiky response

profiles appeared to be a mixture of these two extremes. A

negative response indicated an increase in electrical conduc-

tivity as a result of the partition of vapor molecules in the

sensing film, whereas a positive response showed a decrease

in electrical conductivity.45 The intermittent spiky responses

suggested the involvement of both behaviors in a relatively

dynamic way. Although similar behavior has been observed

for similarly nanostructured films on a 15 μm-spaced IME

device,45 the observation of these negative or negative-to-posi-

tive response profiles at the 5 μm-spaced IME device was

remarkable, demonstrating that the IME gap size played a

role in amplifying response characteristics. A larger gap45

shows a response between positive and negative, whereas a

smaller gap (as in this study) features mainly a negative

response to methanol.57 We also performed repetitive runs to

examine sensor reproducibility. In most cases, the response

profiles were repeatable, except for EtOH and PrOH vapors

with (NDT-Aunm)/IME (Fig. S4†), for which the second run, as

shown by the dashed lines (Fig. S4a,† pink curves), showed

subtle changes in response profile. In general, this change

was a transition from a negative to positive response profile,

but the overall response magnitude was small. This dynamic

nature was indicative of vapor-induced structural changes in

the NDT-Aunm film.

In comparison with sensor responses for NDT-Aunm
sensing films (see Fig. S4†), which exhibited a detection limit

of ∼20 ppb for the VOCs,51 the noise levels in the response

curves for (NDT-Aunm)/CNTs films were larger by a factor of

∼8, making the detection limit lower in the present work. This

likely reflected the loose packing of the nanoparticle-coated

CNTs on the IME substrate. This problem could be addressed

by thin-film processing, such as annealing or preconditioning,

of the nanocomposite films, which is part of our ongoing

work.

Fig. 4 (a) Illustration of vapor sorption at the two different types of

nanoparticle thin-film interfaces. (b) Response profiles for methanol

vapor (vapor concentrations: 347, 694, 1389, 2083, and 2777 ppm (M)),

comparing (NDT-Aunm)/CNTs/IME (a’) and (NDT-Aunm)/IME (b’), as illus-

trated in the left panel (a).
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The sharp distinction of response profiles for different

alcohol vapors between (NDT-Aunm)/CNTs/IME (Fig. 5) and

(NDT-Aunm)/IME (Fig. S4†) is that the former displays a consist-

ent positive response profile, regardless of the size of the alkyl

group and the dielectric constant of the vapors. In addition to

increased dielectric properties for the shorter-chain alcohols

affecting electron hopping between nanoparticles, the sharp

contrast was believed to reflect changes in electrical properties

due to the combination of hydrophobic monolayer-capped

AuNPs and the unique surface characteristics of CNTs with

effective mass transport within the nanostructure. Furthermore,

the small curvature radius of the CNTs was believed to play a

dominant role in dictating the response profile, as shown

earlier in eqn (1) and Fig. 1, where the “β–d term” was able to

override the “ε–r term” for a small curvature radius.

For CNTs fully coated with nanoparticles, the average inter-

particle distances of all particles in relation to the nanoscale

curvature effect should be the same, regardless of the relative

orientation of the nanotubes on the microelectrode substrate.

Since electrical conductivity was determined by the nano-

particle assembly, not by the CNTs, the change in electrical

conductivity of the nanoparticle assembly on the nanoscale-

curved CNTs to a perturbation of the interparticle properties

by the adsorption of VOCs should be the same for all nano-

particles coated on the CNT surface. As such, the origin of the

negative response profiles for the nanoparticle assembly on

CNTs with respect to direct nanoparticle assembly on the

microelectrode substrate could be mainly attributed to the

nanoscale curvature effect, as defined by the interparticle dis-

tance changes in relation to changes in the curvature-depen-

dent electrical properties (see eqn (1)).

To understand the correlation between the nanostructure

and the sensing properties, the above assessments were

further substantiated by comparing response sensitivities

using different alcohol vapors for both (NDT-Aunm)/CNTs/IME

and (NDT-Aunm)/IME. Both displayed clear increasing trends

in the order MeOH < EtOH < PrOH < BuOH, while the

response magnitude was greater for the nanoparticle–nano-

Fig. 5 Response profiles of (NDT-Aunm)/CNTs/IME using different R–OH vapors (MeOH (a) vapor concentrations: 347, 694, 1389, 2083, 2777 (in

ppm (M)), EtOH (b) vapor concentrations: 161, 322, 644, 966, 1288 (in ppm (M)), PrOH (c) vapor concentrations: 56, 112, 232, 335, 446 (in ppm (M))

and BuOH (d) vapor concentrations: 17, 33, 67, 100, 133 (in ppm (M))). Right: Plots of response vs. concentration of different R–OH vapors (in ppm

(M)) at (NDT-Aunm)/CNTs/IME (linear regression slopes: 1.3 × 10−5 (MeOH), 2.7 × 10−5 (EtOH), 7.3 × 10−5 (PrOH), 2.6 × 10−4 (BuOH)).
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tube composite film (Fig. 6). The enhanced accessibility of the

CNT-regulated interparticle voids played an important role in

determining the response properties of the nanostructure. The

response sensitivities were ordered by increasing hydrophobic R

group size in R–OH, exhibiting an exponential increase relative

to the number of carbons in the alcohol molecules (Fig. 6a,

insert). Remarkably, the sensitivity (S) was described by a simple

exponential relationship with chain length (N, the chain C

number, S = a × ebN, where a and b are constants). Interestingly,

this trend coincided with the trend in terms of Hansen solubi-

lity parameter (∂t) (see Fig. 6b), which is defined as58

@t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@d2 þ @p2 þ @h2
q

ð2Þ

where ∂d is the dispersion component, ∂p is the polar com-

ponent, and ∂h is the hydrogen bonding component. VOC-

induced swelling of polymer materials has been shown to

increase when the total solubility parameter decreases.58

Notably, the solubility parameter is related to thermodynamic

activity, which has been widely demonstrated to correlate with

VOC sensing data.59,60 Based on the dependencies of the total

solubility parameter and the dielectric constant of the alcohol

vapor molecules on individual components (Fig. S5†), the

combination of polarity and dispersion components appeared

to have a dominant effect on the observed trend. This result

again supported the enhanced accessibility of the nano-

structure to the VOCs and the operation of hydrophobic inter-

actions inside the nanocomposite framework. Differences in

terms of response profiles for shorter chain alcohols and

fitting parameters for the data between (NDT-Aunm)/CNTs/IME

and (NDT-Aunm)/IME reflect the significant role played by

CNTs in the nanostructure.

As an additional probe of hydrophobicity and polarity

characteristics of nanocomposite-sensing properties, data for

both (NDT-Aunm)/CNTs/IME and (NDT-Aunm)/IME, in response

to several hydrophobic vapor molecules with different substi-

tutions, including benzene, toluene, and xylenes, were also

compared (see Fig. S6a†). VOCs, such as benzene, toluene, and

xylene, are major air toxins or pollutants, resulting from

various emission sources. Excessive exposure to benzene can

be harmful to the immune system, and adverse health effects

caused by VOC exposure have received public attention. For

these hydrophobic VOCs, the sensing responses all give posi-

tive profiles. The response sensitivity showed a clear increasing

trend with methyl-group substitution on the aromatic ring

(Fig. S6a† insert). As shown in Fig. S6b,† this trend was con-

sistent with the total solubility parameter trend. Considering

the dependencies on individual components in the total solu-

bility parameter (Fig. S7†), the dispersion component

appeared to be dominant in the observed trend.

In general, the amount of NDT-Aunm particles directly

assembled on the IME device was much greater than that on

(NDT-Aunm)/CNTs/IME. This was caused by differences in

packing density and mass loading of the assembled nano-

particles, as determined by TEM and QCM (quartz crystal

microbalance) analyses. For (NDT-Aunm)/IME, the assembled

particles were in 57 equivalent layers, while for (NDT-Aunm)/

CNTs/IME, the assembled particles were ≤1 equivalent layer.

In general, the response sensitivity for (NDT-Aunm)/CNTs/IME

was greater than that of (NDT-Aunm)/IME. This greater

response sensitivity for (NDT-Aunm)/CNTs/IME reflected the

effective accessibility of the large surface areas on the nano-

composite structures to analytes. Nanoparticle loading on

(NDT-Aunm)/IME was ∼50 times larger than that on

(NDT-Aunm)/CNTs/IME. This increased response sensitivity for

nanoparticle–nanotube composite materials was again sugges-

tive of enhanced accessibility of the nanostructured surfaces to

the analyte, and the unique conductive property of the nano-

composite. These findings again demonstrate that the for-

mation of nanoparticle–nanotube composites provides intri-

Fig. 6 (a) Response sensitivities of (NDT-Aunm)/CNTs/IME (blue bars)

and (NDT-Aunm)/IME (red bars) in response to exposure to a series of

alcohols. Insert: Plots of response sensitivity vs. number of carbons in

R–OH (#C). Data are fitted by an exponential growth model yielding:

(a’) y = 1.92 × 10−2 e1.23x ((NDT-Aunm)/CNTs/IME) and (b’) y = 1.34 × 10−3 e1.65x

((NDT-Aunm)/IME). (b) Plots of response sensitivity vs. total solubility

parameter: ((a’) (NDT-Aunm)/CNTs/IME) and (b’) ((NDT-Aunm)/IME). (See

also Fig. S5† for dependencies on individual parameters in total solubility

parameter, and the dielectric constant of the vapor molecules.)
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guing tunability of the interparticle spatial properties to influ-

ence the electrical properties relative to direct use of a nano-

particle assembly. It should be noted that the response profiles

were complex, depending on a combination of factors. For this

reason, we focused on a system of 2 nm particles for a more

detailed understanding. A further study with different particle

sizes is ongoing. Further investigations are needed to establish

quantitative correlations between nanocomposite structures

and sensitivity, selectivity, response times, and detection

limits for a range of VOCs.

4. Conclusions

This study has demonstrated the viability of highly sensitive

detection of VOCs using nanoscale-curvature-induced changes

in chemiresistive properties in molecularly-linked assemblies

of gold nanoparticles on multiwalled carbon nanotubes. The

electrical properties tuned by the nanoscale curvature radius

of the nanotubes enabled consistent positive response profiles

to VOCs, which were distinct from nanoparticle thin-film

assemblies on planar substrates. The dominant effect of elec-

tron coupling on the overall chemiresistive properties was

shown in relation to the nanoscale curvature radius, which cor-

related well with VOC solubility parameters. The enhanced

sensing properties also benefitted from increased accessibility

of VOCs to the nanostructured interface. The consistent posi-

tive response profile, regardless of alkyl group size and dielec-

tric constant of the vapors, reflected the dominant role played

by the “β–d term” in the electrical properties of the thin-film

assembly with a small curvature radius. Moreover, the corre-

lation of response sensitivity with alcohol vapor molecule size

or aromatic vapor molecule substitution coincided with the

trend in total solubility parameter, which demonstrated the

importance of hydrophobicity and polarity based interactions

on nanocomposite sensor response characteristics. In addition

to the quantitative correlation of these molecular interactions

in terms of selectivity, response time, and detection limit,

studies of the nanoscale curvature correlation with CNTs of

different diameters and other similarly shaped nanomaterials

are part of future work, with the aim to gain insight into the

design of highly sensitive sensor interfaces for the detection of

VOCs from various sources, including air pollutants for emis-

sion control and human breath for health monitoring.
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