Featuring work from the research teams of
Dr Radislav A. Potyrailo, GE Global Research Center,
Niskayuna, NY, USA.

Toward high value sensing: monolayer-protected metal
nanoparticles in multivariable gas and vapor sensors

This review examines advances in multivariable sensors based
on monolayer-protected nanoparticles and several principles
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For detection of gases and vapors in complex backgrounds, “classic” analytical instruments are an
unavoidable alternative to existing sensors. Recently a new generation of sensors, known as multivariable
sensors, emerged with a fundamentally different perspective for sensing to eliminate limitations of
existing sensors. In multivariable sensors, a sensing material is designed to have diverse responses to
different gases and vapors and is coupled to a multivariable transducer that provides independent
outputs to recognize these diverse responses. Data analytics tools provide rejection of interferences and
multi-analyte quantitation. This review critically analyses advances of multivariable sensors based on
ligand-functionalized metal nanoparticles also known as monolayer-protected nanoparticles (MPNs).
These MPN sensing materials distinctively stand out from other sensing materials for multivariable sensors
due to their diversity of gas- and vapor-response mechanisms as provided by organic and biological ligands,
applicability of these sensing materials for broad classes of gas-phase compounds such as condensable
Received 5th January 2017 vapors and non-condensable gases, and for several principles of signal transduction in multivariable sensors
that result in non-resonant and resonant electrical sensors as well as material- and structure-based
photonic sensors. Such features should allow MPN multivariable sensors to be an attractive high value
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1. Introduction

Detection of gases and vapors in complex backgrounds is
needed for industrial safety, environmental surveillance, medical
diagnostics, homeland protection, and many other applica-
tions." When detection selectivity is critically required,
“classic” analytical instruments based on gas chromatography
(GC), mass spectrometry (MS), ion mobility spectrometry (IMS),
and tunable diode laser absorption spectroscopy (TDLAS) are
preferred despite their limitations of relatively high power
consumption, cost, and size.®'® These instruments are often
inconvenient and costly, even with the reduced carrier gas,
vacuum, or power demands,* but are an unavoidable alternative
to existing sensor systems.

The evolution in developments of diverse types of gas and
vapor sensors is outlined in Fig. 1 as three technology curves.
Initially, natural organisms have been used for detection of
gases and vapors for industrial safety, homeland protection and
other demanding applications (Fig. 1a and b)."* While natural
organisms such as canines continue to be applied in diverse
scenarios of detection of drugs, explosives, and cancer, their applic-
ability is limited by their costly training (~ $50,000 per dog) and
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addition to existing analytical instrumentation.

relatively low accuracy (90% in controlled conditions, <50% in
real-life situations).'*"?

Gas and vapor sensors have been under development for over
100 years, beginning with sensors based on catalytic metals,
metal oxides, polymers, and formulated materials.'*>> Sensors
based on metal oxides are the most popular type of commercially
available gas and vapor sensors> >’ (Fig. 1c and d). Recent
important advances in new gas sensors based on diverse sensing
materials and single-output detection include outstanding sen-
sitivity in vacuum and clean carrier gas**> and rapid response
times.**° We see tremendous merits of single-output sensors
based on resistivity, capacitance, light intensity, and other
detection principles in providing excellent solutions to measure-
ment needs in simple scenarios where selectivity of the response
is not required. However, as the complexity of analyzed samples
increases because of known and unknown chemical interferences
and other environmental effects, single-output sensors rapidly lose
their performance accuracy. Unfortunately, existing commercial-
and research-grade sensors are quite non-selective because
they struggle with antagonistic requirements for sensor reversi-
bility vs. selectivity’ that do not allow quantitation of gases and
vapors in mixtures and in the presence of interferences.>****

Combining sensors into arrays*® is a common compromise
to mitigate poor selectivity of sensors as shown in excellent
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studies with arrays of with up to thousands of elements.?”*>™*
Recent reviews cover different aspects of sensor arrays.
Examples of sensor arrays are illustrated in Fig. 1e and f. Over
the years, the field of sensor arrays has matured to under-
standing of their limitations outside controlled laboratory con-
ditions that include inability to operate in the presence of high
levels of known and unknown interferences and an uncorre-
lated drift of each sensor in an array.>*0*246718:50,51,54,57-60
Thus, at present, “classic” analytical instruments successfully
compete for high value applications where selective detection of
gas-phase compounds is critical.

Recently, a new generation of gas and vapor sensors, known
as multivariable sensors, has emerged with a fundamentally
different perspective for sensing (Fig. 1g and h) to eliminate
numerous limitations of existing commodity single-output
sensors and their arrays.®’”’® Commodity sensors are technol-
ogically mature products that serve established markets, are
widely available, inexpensive, and interchangeable. Unlike such
commodity sensors, multivariable sensors quantify multiple
individual vapors,®*®”” quantify multiple vapors in their
mixtures,®””*7® accurately detect vapors in the presence of
numerous interferences,”® and reject interferences at a several
million-fold excess level.?® Such performance characteristics
make multivariable sensors an attractive high value addition
to existing analytical instruments.

These attractive performance characteristics of individual
multivariable sensors have been achieved by applying new
sensor-design criteria for selective gas and vapor sensing as
illustrated in Fig. 2a. These design criteria involve (1) a sensing
material with diverse responses to different gases and vapors,
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(2) a multivariable transducer with carefully chosen excitation
conditions to provide independent outputs and to recognize
these different responses to gas-phase compounds, and (3) data
analytics to provide multi-analyte quantitation, rejection of
interferences, and drift minimization.”®'"®* These new multi-
variable sensor-design criteria bring a fundamentally new
sensing philosophy that allows response to interferences with
this new multivariable sensor but in different directions than
the analyte response (Fig. 2b). This new sensing philosophy is
the major departure from the existing sensing approach where
a conventional sensor cannot differentiate between the analyte
and interferences (Fig. 2c).

Numerous sensing materials have been demonstrated with
recently developed multivariable sensors. Examples of sensing
materials include dielectric and conducting polymers, 668808491
metal oxides,”>°® catalytic metals,””°° macrocycles,
carbon allotropes,'®™* ionic liquids,'** composite materials,
semiconducting nanowires,”® and functionalized metal
nanoparticles.42’72’74’80’88’107_112

To recognize diverse responses of these sensing materials
to different gases and vapors, three transducer types have
been explored: (1) electrical transducers such as impedance
devices®63:648491,93,94107 a11( field effect transistors,®>”%°87100:113
(2) photonic transducers such as material-based”*'%°"** and
nanostructure-based”®”" 73195114115 regonators, and (3) electro-
mechanical transducers such as thickness shear mode
resOnators.104,106,108,116,117

To process data from multivariable sensors, diverse data
analytics and machine learning tools have been utilized such
as Principal component analysis (PCA),*"”*'"® Discriminant
Analysis  (DA),”>""® Artificial Neural Network (ANN),'*
Hierarchical cluster analysis (HCA),”® Support Vector Machines
(SVM),”® Independent Component Analysis (ICA),"*® Partial
least squares (PLS) regression,”>"'% and Principal Component
Regression (PCR).”’

Metal nanoparticles functionalized or capped with different
organic or biological ligands - termed here as monolayer-
protected nanoparticles (MPNs) - distinctively stand out from
the rest of the sensing materials for multivariable sensors
because of their three attractive attributes: (1) ability to produce
diverse chemical functionality of nanoparticles, (2) applicability
of these sensing materials for diverse classes of gas-phase
compounds, and (3) broad principles of signal transduction
in multivariable sensors.

There are several remaining needs in advancement of these
sensing materials toward bringing them into practical applica-
tions. The very challenging needs include improvements of
stability of these materials, expanding the temperature range of
their operating conditions, and expanding further the range
of detected gas-phase compounds. At present, inadequate
stability is the biggest limitation of the majority of MPN
materials, precluding them from advancing to commercial
sensor products.

This review provides a comprehensive analysis of two key
topics such as functionalized nanoparticles for sensing of gas-
phase compounds and multivariable sensing using individual

63,84,100
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Fig. 1 Evolution in developments of diverse types of gas and vapor sensors as three technology curves. Natural organisms for detection of gases and
vapors: (a) canary detecting carbon monoxide in underground mines and (b) soldier detecting residual of mustard gas on the battlefield. Single-output
sensors: (c) schematic of one of the first sensors'® and (d) example of a modern commercially successful sensor. Sensor arrays as a compromise to
mitigate poor selectivity of conventional sensors: (e) schematic of operation of the first sensor array*® and (f) example of a modern sensor array with
65536 sensors (the size of the die 2.1 cm x 2.1 cm); inset in (f) shows a segment with nine sensor elements having dimensions of 220 pm x 220 pm with
20 pm gap between the electrodes.*® Multivariable sensors as a new generation of gas and vapor sensors: (g) radio-frequency sensor’? and (h) photonic
sensor.”® (a) Reprinted with permission from ref. 11. Copyright 2005, RKI Instruments. (c) Reprinted with permission from ref. 18. Copyright 1962, The
American Chemical Society. (e) Reprinted with permission from ref. 45. Copyright 1982, Nature Publishing Group. (f) Reprinted with permission from
ref. 48. Copyright 2017, Elsevier. (g) Reprinted with permission from ref. 72. Copyright 2013, The Royal Society of Chemistry. (h) Reprinted with permission
from ref. 73. Copyright 2015, Nature Publishing Group.
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Fig. 2 Multivariable sensors as a new generation of gas and vapor sensors. (a) Design criteria for selective sensing of gas-phase compounds
using individual multivariable sensors. (b) New sensing philosophy with multivariable sensors that allows response to interferences but in different
directions than the analyte response. (c) Existing sensing approach where a conventional sensor does not differentiate between the analyte
and interferences.
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new generation sensors. Excellent recent reviews on nanoparticles/
nanomaterials for gas and vapor sensing focus on single-output
sensors and conventional sensor arrays®'?°*® and do not analyze
opportunities for multivariable sensors. Earlier published reviews
on multivariable (also known as high-order or intelligent)
sensors*®*>**1?7 do not analyze the diverse response mecha-
nisms and opportunities for MPN materials in multivariable
transducers based on different principles and possible solu-
tions for the improvements of stability of these materials.

Thus, to accelerate the multi-disciplinary research in multi-
variable sensors, this review has six broad goals: (1) to provide
critical analysis of design parameters of MPNs for multivariable
sensors; (2) to demonstrate the opportunities of matching of
MPNs with different transducers to achieve discrimination of
different gases and vapors; (3) to highlight recent results on
improvement of stability of MPNs for future operation in
practical conditions; (4) to discuss insights on development
of new generations of MPN-based sensors; (5) to adapt attrac-
tive attributes of MPN sensing materials toward development of
new types of sensing materials for multivariable sensors; and
(6) to unite the fundamental and applied aspects of the design
of these MPN-based sensors to solve gas-measurement chal-
lenges of the 21° century society.

2. State-of-the-art in design of MPN
sensing materials

Metal nanoparticles functionalized with a ligand monolayer is a
natural progression of materials science of self-assembled
monolayers on gold and other surfaces.””®'*® Ligand-capped
metal nanoparticles have been introduced for gas sensing almost
twenty years ago° demonstrating improvements in vapor-
response sensitivity over traditional dielectric polymeric materials
by at least one order of magnitude."** These functionalized metal
nanoparticles were initially termed colloidal metal-insulator
metal-ensemble (MIME) clusters,'*° followed by other names such
as monolayer-protected clusters (MPCs),"*" monolayer-protected
nanoparticles (MPNs),"*> monolayer-capped metal nanoparticles
(MCNPs),"** and thin film-capped metallic nanoparticles
(TFCMNPs)."** The terminology adapted in this review is
monolayer-protected nanoparticles (MPNs).

These sensing materials have been used in a variety of single-
output sensors including resistors,*”"*>'3371° capacitors,' 4!~
quartz crystal microbalances,*>'*™4¢ colorimetric,"*"'*® and
Schottky-diode sensors.**® Such individual single-output sensors
are non-selective, requiring the use of a traditional sensor array
format to achieve needed discrimination between gas-phase
compounds.*”1?¥140:146.147 The vapor-response mechanisms
involve changes in the dielectric constant and/or dimensions
of the ligand shell leading to the diverse effects in these sensing
films as probed with different types of transducers. Several
recent reviews describe single-output measurements using these
materials.">* ">

Typically, MPNs have a spherical shape because of its most
straightforward synthetic choice.”®® Cubic MPNs have been
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demonstrated for resistive sensing with vapor-dependent 2-13-fold
improvement in sensitivity over spherical nanoparticles.'****?
Examples of nanoparticles of spherical and cubic shapes in MPN
sensing materials are presented in Fig. 3a and b."**'** Numerous
other shapes of nanoparticles such as rod-, rectangle-, hexagon-,
triangle-, and starlike have been also grown using solution-based
chemical routes.'> However, these shapes have not found yet
their applications in MPNs for sensing.

Metals that have been explored in the design of MPN sensing
materials include Au,130 Ag,147,148 Pt’133,156,157 Pd’158—160 Ni,161
and several types of alloys such as AuAg,'®*'®® PdAg,'*® and
PdAu."”® The choice of a particular metal is driven by the ability
to functionalize nanoparticles with the desired materials chem-
istry and by the transduction principle of the resulting sensor.
For example, for certain analytes, chemiresistors with Pt nano-
particles have demonstrated 2-8-fold higher sensitivity as com-
pared to Au nanoparticles.'>® Nanoparticles of different metals
in MPN sensing materials are illustrated in Fig. 3a (Au'®*),
Fig. 3b and c (Pt"***°%), and Fig. 3d (Pd**°).

Nanoparticle ligands can be categorized as soft and rigid
ligands. Soft ligands change their length as a function of the
type and amount of sorbed vapor, leading to the change in
spacing between the nanoparticles. Rigid ligands do not appre-
ciably change their length and enhance the effects of analyte-
dependent changes of the dielectric constant of the film.'®* The
majority of reported nanoparticle ligands for gas and vapor
sensors are organic ligands for room-temperature operation.
The long-range order of assembled particles is controlled by the
thickness of the ligand shell; the improved order is proportional
to the thickness of the ligand shell as illustrated in Fig. 3e
and f.'®® In addition, biological ligands such as peptides’> and
DNA'®® were also used for expanding the range of detected
gas-phase compounds and selectivity of sensors. Examples
of particles with such biological ligands are presented in
Fig. 3g and h.”>¢

In situ nano-characterization of the MPN sensing films is
critical in understanding of details of their vapor-response and
degradation mechanisms. An example of a nano-characterization
technique that has been applied in situ is wet scanning transmis-
sion electron microscopy (Fig. 3i and j*®”) where Au nanoparticles
with a hydrophilic (poly(ethylene glycol)-thiol-stabilized) ligand
were imaged under dry and hydrated conditions.

A summary of diverse organic and biological ligands utilized
with MPNs, associated metal nanoparticles, and corresponding
detected gases and vapors using single-output sensors and
their arrays is presented in Table 1. This compilation illustrates
several important points: (1) a wide variety of explored ligands,
(2) the range of detected gas-phase compounds from organic
condensable vapors to non-condensable gases, and (3) examples
of uses of MPN-based sensors for model analytes and samples of
practical interest.

Compared to surface-effect sensing materials (e.g: metal oxides,
carbon nanotubes, graphene, semiconducting nanowires, porous
silicon, etc.)"?%'*"77178 grganic and biological ligands provide
gas and vapor sorption into the bulk of the MPN sensing film
and can be tailored to minimize effects from high humidity at

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Building blocks of MPN sensing materials. Examples of shapes of metal core: (a) spherical*®* and (b) cubic.'** Examples of materials of metal core:
(@) Au, > (b and c) Pt, 33156 and (d) Pd.*®° Examples of ligand materials: (e) hexanethiolate,®® (f) octadecylamine,'®® (g) peptide,”? and (h) DNA.1¢ Example

of in situ nano-characterization: (i and j) visualization of Au nanoparticles of a drop-cast film of a hydrophilic ligand under hydrated and dry conditions.

167

(a) Reprinted with permission from ref. 154. Copyright 2004, The American Chemical Society. (b) Reprinted with permission from ref. 133. Copyright
2010, The American Chemical Society. (c) Reprinted with permission from ref. 156. Copyright 2004, Elsevier. (d) Reprinted with permission from ref. 160.
Copyright 2011, The American Chemical Society. (e and f) Reprinted with permission from ref. 165. Copyright 2016, The American Chemical Society.
(g) Reprinted with permission from ref. 72. Copyright 2013, The Royal Society of Chemistry. (h) Reprinted with permission from ref. 166. Copyright 2013,
The American Chemical Society. (i and j) Reprinted with permission from ref. 167. Copyright 2016, The American Chemical Society.

realistic ambient conditions. In addition to permanent ligand
functionalization of nanoparticles, another method to alter the
sensor selectivity involves varying their functionalization via
vapor-phase thiol place-exchange reactions."**

For sensing, functionalized metal nanoparticles have been
self-assembled into random or ordered 3-D films with the inter-
particle spacing controlled by ligand shell thickness. Such
sensing films of MPN nanoparticles have been assembled by
numerous methods including spraying,"**"*! drop-casting,'**"%*'7°
spin-casting,"”® printing,'®® layer-by-layer deposition,"* self-
assembly via exchange-crosslinking-precipitation,'®® and drain-
to-deposit'®" methods. Gaps between nanoparticles consist of
two regions such as a region formed by the ligand and a “region
of lower ligand density’”"*® formed by the air voids between
particles and facilitating rapid diffusion of vapors into and out
of the film.

3. Design guidelines for multivariable
sensors based on MPN sensing materials

The gas and vapor response mechanisms of MPNs in electrical
sensors involve (1) tunneling between metal cores and (2) charge

This journal is © The Royal Society of Chemistry 2017

hopping along the atoms of the organic ligand. Electronic
conduction in a MPN film is described as:'**'%

Gel = 0o exp(—pd)exp(—E/ksT) (1)

where g, is a constant pre-exponential tunneling factor, f is the
electron tunneling coefficient, ¢ is interparticle surface-to-
surface separation, kg is Boltzmann’s constant, 7 is the absolute
temperature, and E, is the tunneling activation energy. Two
exponential terms in eqn (1) describe two types of contributions
to electronic conductivity of the film. The first exponential term
describes electron tunneling between the particles through the
dielectric ligand shell. The second exponential term describes
the activation energy E,, required to generate a positive and a
negative charged metal core from two initially neutral cores,
given by:'**

Ep= (32/(8n50€ligandrcore)) X (1 - (rcore/(rcore + 5))) (2)

where e is electron charge, ¢, is the permittivity of vacuum,
€ligana 15 the dielectric constant of the dielectric ligand medium
responsible for gas and vapor sensing, and rcore is the radius of
each metal core. As shown by eqn (2), the activation energy E, is
inversely proportional to &jigand, "core, and 6.
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Table 1 Examples of MPN-based sensors and arrays for gases and vapors

Type of nano- System details and
Class of sensed compounds Ligand particles (NPs)  figures of merit* Ref.
Hydrocarbon, polar aprotic Straight-chain alkanethiols (1-butanethiol, 1-pentanethiol, Au NPs, Detection: resistance; 168
and alcohol vapors 1-hexanethiol, 1-heptanethiol, 1-octanethiol, 1-nonanethiol, <10 nm diam. design: array of 5-20 and
1-decanethiol, 1-undecanethiol); branched alkanethiols Sensors; 169
(2-methyl-1-propanethiol, 2-methyl-1-butanethiol, 3-methyl-1- analytics: PCA, LDA,
butanethiol, 1-cylohexanethiol, 2-ethyl-1-hexanethiol); up to 5 PCs
aromatic ligands (1-phenylthiol, 1-naphthalenethiol,
4-biphenylthiol, 2-anthracenethiol, 1,1’,4’,1"-terphenyl-4-
thiol); composite ligands (2-phenylethanethiol alone and
with naphthalene, biphenyl, anthracene, or terphenyl)
BTEXN volatiles (benzene, Screened 132 ligands: 1-hexanethiol, 4-nitrophenyl disulphide, Au NPs, Detection: resistance; 170
toluene, ethylbenzene, benzyl mercaptan, p-tolyl disulfide, 4-(trifluoromethoxy)benzyl 4-6 nm diam. design: arrays formed
p-xylene, and naphthalene) mercaptan, 1,4-benzenedimethanethiol, 1-thio-p-glucose, with 132 different
4-methylbenzenethiol, 4-bromobenzenethiol, 4-chloro- thiols;
benzenethiol, 1-propanethiol, 4-mercaptobenzoic acid, analytics: random
6,8-thioctic acid, 3-mercaptopropionic acid, thiophenol, forest analysis;
1-butanethiol, 1-pentanethiol, 3,3’-thiodipropionic acid, RMS error: 8-17 ug L™

1-octanethiol, 1-dodecanethiol, 1,4-butanedithiol,
1,6-hexanedithiol, 1,8-octanedithiol, 1,10-decanedithiol,
4-aminothiophenol, 6-(ferrocenyl)hexanethiol,
3-mercaptohexyl hexanoate, 2-aminothiophenol, ¢trans-4,5-
dihydroxy-1,2-dithiane, 1-decanethiol, triphenylsilanethiol,
4-mercapto-1-butanol, triisopropylsilanethiol, cyclohex-
ylmercaptan, 6-mercapto-1-hexanol, 1-heptanethiol, 3-amino-5-
mercapto-1,2,4-triazole, cyclopentylmercaptan, p-terphenyl-
4,4"-dithiol, 6-mercaptohexanoic acid, 4-nitrothiophenol,
4-methyl-4-mercaptopentan-2-one, 3-aminothiophenol,
4-mercaptophenylboronic acid, 2-mercaptobenzoxazole,
4-tert-butylbenzenethiol, tert-dodecanethiol, 4-mercapto-4-
methylpentan-2-ol, 4-ethyl-4H-1,2,4-triazole-3-thiol, 1-
octadecanethiol, hexadecyl mercaptan, 1H,1H,2H,2H-
perfluorodecanethiol, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-
1-octanethiol, 3-mercaptophenylboronic acid, triphenyl-
methanethiol, 4-fluorothiophenol, 2-mercaptopyridine-3-
carboxylic acid, 2-phenylethanethiol, 4-mercaptopyridine,
2-mercaptoisobutyric acid, 3-mercaptobenzoic acid,
4-isopropylbenzenethiol, 4-tert-butylbenzyl mercaptan, dithio-
glycolic acid, thioacetic acid, 3-mercapto-1-hexanol, r-cysteine,
bis(4-methoxyphenyl)disulfide, 1,2-ethanedithiol,
2-mercaptobenzimidazole, 3,4-difluorothiophenol, thiourea,
4-methoxybenzylmercaptan, 4-mercaptophenol, trithio-
cyanuric acid, 4-(trifluoromethyl)-2,3,5,6-tetrafluoro-
thiophenol, thioglycolic acid, biphenyl-4,4"-dithiol,
4-methoxybenzenethiol, mercaptosuccinic acid,
11-mercaptoundecanoic acid, 2-ethylhexanethiol,
2,3,5,6-tetrafluorobenzenethiol, 1,16-hexadecanedithiol,
2-(2-methoxyethoxy)ethanethiol, 1,1',4’,1"-terphenyl-4-thiol,
2-naphthalenethiol, p-cysteine, 6-mercaptopyridine-3-carboxylic
acid, 1-thioglycerol, 2-furanmethanethiol, 4-(3-methoxypropyl)-
4H-1,2,4-triazole-3-thiol, 3-chloro-1-propanethiol, 4-
mercaptophenylacetic acid, 2-(trimethylsilyl)ethanethiol,
2-methyl-1-butanethiol, 4-(mercaptomethyl)benzoic acid,
4-acetamidothiophenol, 2,4-dichlorobenzenethiol, 2-amino-4-
chlorobenzenethiol, N-acetylcysteamine, 4-bromobenzyl
mercaptan, 4-chlorobenzenemethanethiol, 4-fluorobenzyl
mercaptan, 3-ethoxythiophenol, 4,4'-
bis(mercaptomethyl)biphenyl, 2,5-dichlorobenzenethiol,
3,4-dichlorobenzenethiol, 2-chlorothiophenol, 3-methyl-1-
butanethiol, 4-mercaptobutyric acid, 4-bromo-2-
fluorobenzylmercaptan, 4-trifluoromethylbenzylmercaptan,
4-chloro-2-fluorobenzylmercaptan, 1-phenylethylmercaptan,
5-[(e)-2-phenylvinyl]-4H-1,2,4-triazole-3-thiol, 3-(tri-
fluoromethoxy)thiophenol, 3-bromobenzylmercaptan,
2,4,6-trimethylbenzylmercaptan, (4-nitrobenzyl)mercaptan,
1,2-benzenedimethanethiol, 4,4’-dimercaptostilbene,
1-adamantanethiol, 4-(mercaptomethyl)benzoic acid,
2-(5-sulfanyl-4H-1,2,4-triazol-3-yl)phenol, benzene-1,3-dithiol,
2-bromothiophenol, 2,4-difluorothiophenol, 2-(butylamino)-
ethanethiol, 3-chlorobenzenethiol, 3-bromothiophenol,
2,3-dimercapto-1-propanol
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Table 1 (continued)
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Type of nano- System details and
Class of sensed compounds Ligand particles (NPs)  figures of merit® Ref.
Organic vapors Poly(propyleneimine) dendrimers, polyphenylene dendrimers Au NPs, Detection: simulta- 171
4 nm diam. neous resistance and and
quartz crystal 172
microbalance
Organic vapors DNA oligomers: AAA AAA AAA GAG GAG GAA AAG GAG T, TTT Au NPs, Detection: resistance; 166
TTA CTC CTT TTC CTC CTC TTT T, AAA AAA AAA AAA AAA 10 nm diam. LOD: 32 ppm
AAA AAA AAA A, TTT TTT TTT TTT TTT TTT TTT TTT T, CCC (toluene), 326 ppm
CCC CCC CCC CCC CCC CCC CCC C (methanol) 242 ppm
(ethanol)
Organic vapors Oleylamine, 11-mercaptoundecanol, 11-mercaptoundecanoic Cubic Pt NPs, Detection: resistance; 133
acid, and benzylmercaptan 17 nm side design: array of four
Sensors;
analytics: PCA, 3 PCs;
LOD: 160 ppm octane
NH;, CO, toluene 1,9-Nonanedithiol and dodecylamine Au NPs, Detection: resistance; 156
4 nm diam. LOD: <100 ppb NH;
Pt NPs,
3 nm diam.
NO,, toluene 4-Methylbenzenethiol, 1-hexanethiol and 1-dodecanethiol Au NPs, Detection: resistance; 173
3.1- LOD: <0.5 ppm NO,
3.6 nm diam.
CO, Poly(ethylene glycol)monomethyl ether, 1,8-octanedithiol, Au38 Detection: resistance; 174
1,9-nonanedithiol, 1,10-decanedithiol measurement range:
0-6.5 MPa
H, Hexanethiolate ligand, followed by further ozone and thermal Pd NPs, 3 nm Detection: resistance; 158
activation diam. LOD: 0.11%
H, Tetraoctylammonium bromide ligand on Pd, PdAg; Pd, PdAg, PdAu Detection: resistance; 159
octylamine and dodecylamine ligands on Pd, PdAg, PdAu NPs, 3-7 nm LOD: 0.08-0.11%
diam.
H, Octylamine, hexanethiolate, and mixed monolayers of Pd NPs, 3 nm Detection: resistance; 160
octylamine and hexanethiolate diam. LOD: 0.3%
Metabolites from bacterial 1-Hexanethiol, 1-10-decanedithiol, 2-ethylhexanethiol, Au NPs, 4-6 nm Detection: resistance; 175
species Escherichia coli, 1-16-hexadecanedithiol, 3-mercaptohexylhexanoate, diam. design: array of 23
Bacillussubtilis, 1-heptanethiol sensors
Staphylococcus epidermidis, and analytics: PCA, 2 PCs;
Enterobacter aerogenes LOD: 3.7 x 10° CFU
per mL E. coli
Lung cancer breath Decanethiol, 11-mercaptoundecanoic acid, 16- Au NPs, Detection: resistance; 138
mercaptohexadecanoic acid, 3-mercaptopropanoic acid, 2 nm diam. design: array of 5-6
1,3-propanedithiol, 1,4-butanedithiol, 1,5-pentanedithiol, Sensors;
1,6-hexanedithiol analytics: PCA, 3 PCs;
LOD: 20 ppm acetone
Ovarian carcinoma from 2-Nitro-4-trifluoro-methylbenzenethiol, 4-chlorobenzene- Au NPs, size not Detection: resistance; 176

breath

methanethiol, 3-ethoxythiophenol, 4-tert-butylbenzenethiol,
2-naphthalenethiol

“ Abbreviations: LOD = limit of detection, RMS = root mean square.

reported

design: array of 10
Sensors;

analytics: dis-
criminant factor ana-
lysis, 3 factors

Soft ligands of MPNs change their length proportionally to
the type and amount of sorbed compound. Film swelling upon
analyte exposures causes an increase of film resistance with
increased J, an increase of film mass, and a change in the film
viscoelastic properties. These types of effects participate in

This journal is © The Royal Society of Chemistry 2017

the gas and vapor response mechanisms of MPNs in electro-
mechanical sensors.

Depending on the dielectric constant of the analyte vapor ¢,,
the dielectric constant of the dielectric ligand medium respon-
sible for vapor sensing éjjgang can also either increase or decrease
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causing change in electronic conduction (eqn (1) and (2)). Rigid
ligands restrain film swelling and boost the effects of analyte-
dependent changes of &jigana.

An exposure to a gas or a vapor affects the effective dielectric
constant eq of the film/analyte system:"®?

Ceff = 8ligand + Pa ‘{(sA - 1) - Q(gligand - 1)}' [3)

where Q is swelling factor, ¢, is the dielectric constant of analyte
gas or vapor, and ¢, is volume fraction of analyte gas or vapor
in the film:

@a = K(M]p)(P/(RT)) (4)

where M and p are liquid analyte molar mass and density,
respectively, P, is partial pressure of analyte, R is gas constant,
and K is the film/analyte partition coefficient. The partition
coefficient K is the ratio of the concentration of the analyte gas
or vapor in the sensing film Cs to the concentration of the

analyte in the gas phase C; 184185

K= C/Cy (5)

The charge transport properties of MPNs films are also
related to their optical properties and gas and vapor response
mechanisms of MPNs in photonic sensors. In particular, varia-
tions of film conductivity are accompanied by a variations of
the peak position and the width of the plasmon absorption
band."®® For small metal particles, their wavelength-dependent
extinction cross section is given by the dipole absorption:'®”

Tabs = (/) Voeait{eal(er + 2eem) + &7} (6)

where o is the angular frequency, V, is the particle volume, and
& = ¢ 1 ig, is the dielectric constant of the particle.

The surface plasmon peak position of coated nanoparticles
assembled on a substrate and exposed to a gas-phase analyte
can be described as:'*%"%8

;umaxz = )VPZ{(SC@ + Zﬁeff) — Zg(Seff — &)/3} [7)

where /max is the surface plasmon peak position, 4, is the bulk
metal plasmon wavelength, ¢ is the optical dielectric function
of the metal, and g is a coefficient corresponding to the volume
fraction between core and shell of a monolayer-protected
nanoparticle with radius of its metal core r.ore and radius of
its dielectric ligand shell rg,ey given by:'%®

g = {(rcore + rshell)3 - (rcore)S}/(rcore + rshell)S (8)

Eqn (1)-(8) describe the fundamentals of analyte-modulated
conductivity, dielectric constant, partition coefficient, film
thickness, and optical extinction effects in MPNs that form the
basis for MPN-based multivariable electrical, electromechanical,
and photonic sensors.

Design guidelines for multivariable electrical sensors based on
MPN sensing materials to achieve discrimination and quantita-
tion of different gas-phase compounds with a single sensing film
include gas- or vapor-induced modulation of interparticle surface-
to-surface separation ¢ and dielectric constant &g of the sensing
film. Additional contributions include contact resistance and
capacitance of the film/electrode and substrate/film interfaces

5318 | Chem. Soc. Rev., 2017, 46, 5311-5346
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and morphology of the film. In non-resonant multivariable
electrical sensors, these variations affect measured resistance R
and capacitance C responses of the sensor at different probing
frequencies (Fig. 4a). In resonant multivariable electrical sensors,
these variations affect measured resistance R, capacitance C,
inductance L, quantity factor Q, and other resonant response
parameters of the sensor (Fig. 4b).

In multivariable photonic sensors, two broad design concepts
are utilized with MPNs such as material- and structure-based
designs. Material-based designs comprise of MPNs as sensing
units, which are much smaller than the wavelength of interro-
gation light. The structure-based designs comprise of structural
units that are comparable with the wavelength of interrogation
light with the MPN material deposited on such structure.

Design guidelines for material-based multivariable photonic
sensors include gas- or vapor-induced modulation of inter-
particle surface-to-surface separation ¢ and dielectric constant &
of the sensing film. In photonic sensors, these variations affect
extinction cross section g,,s and plasmon peak position Apax of
the sensing film. Combined with the thickness and morphology
of the film, these parameters affect the measured spectral reflec-
tance or transmission (Fig. 4c). Design guidelines for structure-
based multivariable photonic sensors combine parameters of the
material-based photonic sensors with extinction, scattering, and
gas- or vapor-induced dimensional changes of the structural
units (Fig. 4d).

Examples of capabilities of MPN-based multivariable sensors
are presented in Table 2. These examples illustrate several new
important aspects as compared to single-output sensors and
their arrays (Table 1): (1) multivariable sensors take advantage of
ligands earlier screened in single-output sensors but also utilize
new ligands with predicted or expected diversity of response
mechanisms to different gas-phase compounds, (2) dispersion
dimensionality of individual multivariable sensors is similar to
that of arrays of single-output sensors, and (3) signal excitation
conditions and new data analytics are important to achieve high
dispersion dimensionality.

The next sections will detail the fundamental aspects of the
performance of multivariable electrical sensors as non-resonant
and resonant circuits and photonic sensors as material-based
and structure-based sensors. The applied aspects of these
multivariable sensors will be demonstrated in quantitation of
multiple individual analytes, quantitation of multiple analytes
in their mixtures, accurate detection of analytes in the presence
of numerous interferences, and rejection of interferences at a
several million-fold excess.

4. Non-resonant multivariable
electrical sensors

In multivariable electrical sensors, changes in dielectric constant
and conductance of the MPN sensing materials as produced by
diverse gas-phase compounds, predictably affect several measured
outputs of the multivariable sensor at different probing fre-
quencies. Gas- or vapor-modulated changes in resistance R and

This journal is © The Royal Society of Chemistry 2017
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(a) Non-resonant electrical

(b) Resonant electrical
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(c) Material-based photonic

ol

\ 7

Fig. 4 Design guidelines for multivariable sensors based on MPN sensing materials for discrimination and quantitation of different gases and vapors with
a single sensor: (a) non-resonant and (b) resonant electrical sensors, (c) material-based and (d) structure-based photonic sensors.

capacitance C of multivariable electrical sensors can be
measured using impedance spectroscopy as illustrated in
Fig. 5. Variations of real Z’ and imaginary Z” parts of impedance
spectra of an RC circuit that contains MPN sensing material
(Fig. 5a and b) can reveal independent changes of R and C and
can provide multivariable sensor response. A simplified equi-
valent circuit of such a sensor with a single RC constant is
depicted in the inset of Fig. 5a. Examples of electrodes employed
with MPNs are presented in Fig. 5c¢-f.*%*"'8%19 Electrodes
employed for resistance measurements with gaps ranging from
10 nm to several hundreds of micrometers®®”>130:144,180,193-197
are also applicable for multivariable impedance measurements.

An example of impedance measurements of four model
vapors (Fig. 6) illustrates capabilities and opportunities of
multivariable impedance sensing with MPN materials.'*
Measurements were performed using a laboratory desktop sys-
tem over the frequency range from 50 Hz to 1 MHz. A well-known
“soft” ligand 1-octanethiol (CgH;,S-Au, OCT) was used with its
length of ~0.8 nm and dielectric constant ¢ocr = 2-3,198-200
Model vapors such as acetonitrile (ACN), tetrahydrofuran (THF),
benzene (BEN), and ethyl acetate (EA) were selected to cover a
diverse range of chemical properties. Dynamic Z' and Z”
responses of this single multivariable RC impedance sensor to
tested vapors offered a whole suite of diversity as depicted at
three exemplary frequencies of 100 Hz, 10 kHz, and 1 MHz
(Fig. 6a—f). This diversity can be summarized as three classes

This journal is © The Royal Society of Chemistry 2017

such as different relative intensities, opposite directions, and
different dynamics of responses. These different responses of
the sensing film originate from the diverse effects of vapors on
the MPNs sensing material at probed frequencies of the real Z’
and imaginary Z” impedance spectra (Fig. 6g and h). The Nyquist
plots of these impedance spectra (Z’ vs. Z”) shown in Fig. 6i and j
reveal an existence of two RC time constants in the equivalent
circuit of the sensor over the measured frequency range from
50 Hz to 1 MHz. The Nyquist plots also show that vapors have
different effects on RC constants. These effects were resolved by
performing PCA on the spectra. The built PCA model showed
that the first two PCs provided strong contributions (Fig. 6k) and
discriminated well between four vapors at their medium and
high concentrations while PC3 had very nonlinear response to
concentrations of vapors (Fig. 6l).

In another example with laboratory equipment, a comparison
of resistance and capacitance responses of metal nanoparticles
capped with a 2-mercapto-benzylalcoholthiol ligand was per-
formed using impedance spectroscopy measurements in two
important scenarios such as well-controlled and real-world
applications of measurements of exhaled breath.'®” Sensor capa-
citance response to well-controlled analytes was more stable and
had less baseline drift vs. resistance response (Fig. 7a). Sensor
capacitance response to breath samples of patients also had
lower baseline drift vs. resistance responses. As expected, the
variable levels of humidity in these real-world samples produced
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Table 2 Examples of capabilities of MPN-based multivariable sensors
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Ligand and type of
&

Demonstrated performance® Detection modality Data analytics nanoparticl Ref.
Discrimination of EtOH, HE, AC, Non-resonant impedance Determination of ionic and elec- Ionic ligand on 2.5 nm NPs 189
DCM, TOL, THF, and ACN vapors spectroscopy down to tronic resistance from equivalent
100 mHz circuit model

Discrimination of ACN, THF, Non-resonant impedance PCA, two PCs with strong 1-Octanethiol on 2-4 nm NPs 190
BEN, and EA vapors spectroscopy contributions, PC3 with very

nonlinear response to concentra-

tions of vapors
Discrimination of HE and HEOH Non-resonant impedance Determination of resistance and 2-Mercapto-benzylalcoholthiol 107
vapors and samples of exhaled spectroscopy capacitance from equivalent on 3-5 nm NPs
breath circuit model
Detection of volatile metabolites Non-resonant impedance Raw responses at two selected 1-Octanethiol on 2-4 nm NPs 191
of biological CHO cells in cell spectroscopy frequencies; PCA, two PCs
culture
Discrimination of ACN, THF, Resonant impedance PCA, three PCs with strong 1-Octanethiol on 2-4 nm NPs 190
BEN, and EA vapors spectroscopy contributions
Rejection of high levels of water ~Resonant impedance PCA, two PCs; 1-Octanethiol on 2-4 nm NPs 80 and 88
vapor interference spectroscopy toluene detection: rejected

humidity at ~3000-fold over-

loading,

1-nonanol detection: rejected

humidity at ~2 000 000-fold

overloading
Discrimination between vapors  Resonant impedance PCA, two PCs; A3 peptide AYSSGAPPMPPF on 72

with similar dielectric constants

spectroscopy

discrimination between DCM

8-12 nm NPs

(6r = 9.1) and MeS (¢ = 9.0)

Discrimination between vapors
with similar dielectric constants

Resonant impedance
spectroscopy;

PCA, two PCs;
discrimination between PA, SAH,

1-Octanethiol on 2-4 nm NPs 80

excitation: at —10 and 0 dBm and PEN (¢, = 13.9-14.5)

power levels
Resonant impedance
spectroscopy

Discrimination of complex aro-
mas from seven common teas

Quantitation of H,O, MeS, SAH, Resonant impedance
and ACN vapors in binary, ternary, spectroscopy

and quaternary mixtures
Discrimination of TOL and HEP
vapors

Two-wavelength reflected
light measurements

PCA, four PCs

Wavelength selection at the
opposite sides of plasmonic band NPs

1-Mercapto-(triethylene 190
glycol)methyl ether on
3.5-5.5 nm NPs

Classification using SVM followed 1-Octanethiol on 2-4 nm NPs 79
by quantitation by PCR

1-Octanethiol on 4.3 + 0.9 nm 74

Discrimination of individual White light reflected light PCA, two PCs 1-Mercapto-(triethylene 109
vapors H,0, MeS, THF, DMF, EA, measurements glycol)methyl ether on

and BEN and mixtures of EA and 3.5-5.5 nm NPs

BEN

Discrimination of PCE, TOL, OCT, Three-wavelength reflected = Wavelength selection across plas- 6-Phenoxyhexane-1-thiol on 76

BAC, MEK, and IPA vapors light measurements

Discrimination of vapors of the
first nine linear alcohols of their
homologous series and H,O

White light reflected light

monic band, PCA, two PCs

4-nm NPs,
1-octanethiol on 4-nm NP,
dithianate on 40 nm NPs

PCA for dimensionality reduction 1-Octanethiol on 2-4 nm NPs 191
measurements of functiona- followed by LDA for vapor
lized Morpho nanostructures classification and followed by

non-linear PCR for quantitation

“ Abbreviations of vapors: acetone (AC), acetonitrile (ACN), benzene (BEN), 2-butanone (MEK), butyl acetate (BAC), dichloromethane (DCM),
dimethylformamide (DMF), ethanol (EtOH), ethyl acetate (EA), heptane (HEP), hexane (HE), hexanol (HEOH), methyl salicylate (MeS), n-octane
(OCT), paraldehyde (PA), 1-pentanol (PEN), 2-propanol (IPA), salicylaldehyde (SAH), tetrachloroethylene (PCE), tetrahydrofuran (THF), toluene
(TOL), and water (H,0). * All reported here nanoparticles were spherical Au nanoparticles.

more significant baseline offsets of capacitance vs. resistance
responses (Fig. 7b).

Measurements of impedance spectra down to 100 mHz
allowed identification of new mechanisms for multivariable
sensing that utilize ion and electron transport processes in ionic
ligand-functionalized gold nanoparticles."®® When an alkane
ligand was synthesized with a positively charged group at its
head and a mobile negative counter ion, the ionic Rjni and
electronic Rejectron resistance values of such MPNs were different
and varied by several orders of magnitude upon exposure to
diverse vapors (Fig. 8a). The values and relative magnitudes of

5320 | Chem. Soc. Rev., 2017, 46, 5311-5346

Rionic and Rejectron €an be used for discrimination of vapors
(Fig. 8b). This diversity of Rjonic and Rejectron Tesponses was found
to be dependent not only on the vapor-induced change in
interparticle distance and the dielectric environment of the
MPN film but also on the interplay between ion and electron
transport, the equilibrium between the absorbed and free vapor
molecules, and the vapor-induced ion mobility.

With the goal of developing field deployable, unobtrusive,
low power sensor systems, application specific integrated circuits
(ASICs) recently were implemented to replace desktop and
fieldable sensor readers fabricated from discrete components.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Electrical measurements of MPN sensing materials using multivariable non-resonant impedance sensors. (a) Real Z' and (b) imaginary Z” parts of
impedance spectra, inset in (a) shows a simplified equivalent circuit with one RC constant with resistance R and capacitance C of the circuit. Examples of

electrode structures employed with MPNs: (c) tooth electrodes with 50 nm gaps,*® (d) interdigital electrodes with 100 nm gaps arranged in a square pattern,

192

() interdigital electrodes with 20 pm gaps arranged in a circular pattern,*’ (f) large-area electrodes with 90 pm gaps on a flexible substrate 1%° (c) Reprinted with
permission from ref. 39. Copyright 2016, The American Chemical Society. (d) Reprinted with permission from ref. 192. Copyright 2009, IEEE. (e) Reprinted with
permission from ref. 47. Copyright 2009, Nature Publishing Group. (f) Reprinted with permission from ref. 180. Copyright 2015, The American Chemical Society.

Such approach reduces the needed power, size, and cost of the
sensor readers by several orders of magnitude as illustrated in
Fig. 9.%°" These ASIC-based sensor readers allow implementations of
multivariable sensors in their wearable and mobile formats.>*>*%

Recently, an ASIC-based impedance analyzer was implemen-
ted to measure effects of diverse vapors on a MPN film.""* This
impedance analyzer operated over the frequency range from
1 kHz to 100 kHz, had <100 mW power consumption, and
had dimensions of only ~1 cm x 1 ecm x 0.2 cm. Three model
vapors (water, toluene, and ethyl acetate) produced diverse Z’
and Z” responses of the multivariable sensor, for example as
depicted in Fig. 10a—c at three representative frequencies such as
10 kHz, 35 kHz, and 100 kHz. These results demonstrated that
ASIC-based measurements of outputs at different frequencies
from this sensor provided desired diverse responses for differ-
entiation of vapors. This response diversity was visualized using
a scores plot of a developed PCA model as a function of time
(Fig. 10d), experimentally validating sensing philosophy with
multivariable sensors that brings response to diverse vapors into
different response directions (Fig. 2b). The steady-state responses
of the sensor were also processed using PCA (Fig. 10e), illustrating
an improvement in the PC2 contributions.

Besides working with model vapors and their mixtures, dis-
crimination of complex aromas has been also recently achieved
using individual multivariable MPN-based sensors. In one appli-
cation example, headspace atmosphere of a biopharmaceutical
biological cell growth reaction was measured. Biopharmaceutical
cell culture media have numerous nutrients to support growth
of biological cells in biopharmaceutical cell culture production.
During their growth, biological cells excrete a variety of metabolic
products into the cell culture medium. Some of these metabolic

This journal is © The Royal Society of Chemistry 2017

products are small volatile molecules that partition into the head-
space of a bioreactor. The level of these volatiles serves as indica-
tion of biological cell growth process. Because the headspace of
bioreactor had relative humidity approaching 100%, the sensor
should not be saturated with the high humidity but instead should
be able to detect the presence of required volatile metabolites.
Thus, gold nanoparticles with a hydrophobic 1-octanethiol ligand
were utilized as a sensing material. Fig. 11 illustrates results of
replicate measurements of the headspace of a biological cell
culture medium and a medium with Chinese hamster ovary
(CHO) cells. Measurements with this sensor were performed over
the frequency range from 5 Hz to 15 MHz. Exemplary responses
are illustrated in Fig. 11a-h. While sensor Z’' and Z” responses at
some frequencies did not discriminate between high-humidity
headspace without and with CHO cells (e.g: Fig. 11a, b, d and f),
other frequencies were more appropriate for such discrimination
(Fig. 11c and e). This developed sensor discriminated well between
cell cultures without and with CHO cells using a developed PCA
model based on whole measured impedance spectra (Fig. 11g-i) or
using raw responses of the sensor at selected frequencies (Fig. 11e,
fand j). Such capability of the individual multivariable sensor was
competing with sensor arrays for the detection of metabolic
volatile products from biological organisms.'”>***

5. Resonant multivariable electrical
sensors

Adding an inductor L to an electrical RC circuit provides
an inductor-capacitor-resistor (LCR) resonator where vapor-
modulated changes in resistance R and capacitance C of

Chem. Soc. Rev., 2017, 46, 5311-5346 | 5321
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Fig. 6 Measurements of four model vapors using a multivariable non-resonant impedance sensor with 1-octanethiol-capped gold nanoparticles.
Vapors: acetonitrile (ACN), tetrahydrofuran (THF), benzene (BEN), and ethyl acetate (EA). (a—f) Dynamic responses Z’ and Z” of the sensor upon exposures
to four vapors at their three concentrations and illustrated at three representative frequencies of 100 Hz, 10 kHz, and 1 MHz, respectively. (g and h) Real Z’
and imaginary Z” impedance spectra, respectively upon exposure to a blank and to the highest tested concentrations of four vapors. (i and j) The Nyquist
plots of Z’ vs. Z" reveal existence of two RC time constants and effects of different vapors on RC constants. The dotted-line region of the Nyquist plots in
(i) is zoomed-in in (j). (k and |) Scores plots of PC1 vs. PC2 and PC1 vs. PC2 vs. PC3 of the developed PCA model, respectively.’°° Reprinted with
permission from ref. 190. Copyright 2017, IEEE.
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Fig. 7 Comparison of resistance and capacitance responses of 2-mercapto-benzylalcoholthiol-capped gold nanoparticles upon exposure to different
volatiles. (a) Control experiment of exposures to dry air and to hexane and hexanol as two model volatiles. (b) Exposures to 15 breath samples obtained
over a period of ~1 month.*®” Reprinted with permission from ref. 107. Copyright 2011, The American Chemical Society.
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multivariable electrical sensors can be measured in a resonant
circuit configuration as illustrated in Fig. 12. Variations of real
Z' and imaginary Z" parts of resonance impedance spectra of an
LCR sensor that contains MPN sensing material (Fig. 12a and b)
can reveal independent changes of R and C and provide multi-
variable sensor response. A simplified equivalent circuit of such
a sensor with a single RC constant is depicted in the inset of
Fig. 12a. Electrodes employed with MPNs in non-resonant sensor
configurations (Fig. 5¢c-f) can be also applied in resonant sensors
as RC transducers by connecting an appropriate inductor.

This journal is © The Royal Society of Chemistry 2017

An example of such electrode is presented in Fig. 12c.”> Coiled
electrodes simultaneously serve as inductors resulting in LCR
transducers in the radio-frequency range with examples illus-
trated in Fig. 12d and e.?°"?% Split-ring resonators are LCR
transducers in the microwave frequency range with an example
shown in Fig. 12£.%°°

Application of resonant structures provides the ability to
enhance sensitivity and selectivity of MPN sensors. Fig. 13 illus-
trates an example of measurements of same four vapors shown in
Fig. 6 but using a single multivariable LCR impedance sensor.
The sensing IDE coated with 1-octanethiol that has been
applied for measurements in Fig. 6 has been coupled to a coil
to form an LCR sensor and was wirelessly interrogated."*®
Dynamic Z' and Z” responses of this single multivariable LCR
sensor to tested vapors are presented as Fy,, Fy, F», Zp,, Z1, and Z,
responses in Fig. 13a-f. The definitions of Fy, Fy, F», Z,,, Z;, and
Z, responses are provided in Fig. 12a and b. Similarly to the non-
resonant responses illustrated in Fig. 6, the diversity of the LCR
sensor can be summarized as three classes such as different
relative intensities, opposite directions, and different dynamics
of responses. These different responses of the 1-octanethiol
sensing film when probed with an LCR transducer originate
from the diverse effects of vapors on the LCR circuit components
and are summarized in unique variations in the measured real Z’
and imaginary Z” resonance impedance spectra (Fig. 13g and h).
The Nyquist plots of these resonant impedance spectra (not
shown) revealed a single RC time constant in the equivalent
circuit of the sensor over the measured frequency range from
27 MHz to 37 MHz. The built PCA model showed that the first two
PCs provided strong vapor-dependent contributions (Fig. 13i) and
discriminated well between four vapors at their all tested
concentrations. The PC3 also provided contributions correlated
with concentrations of vapors (Fig. 13j). Thus, the resonant
sensor (Fig. 13) demonstrated an improved vapor resolution
into three dimensions of the PCA scores plot as compared to
the non-resonant sensor (Fig. 6).
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The philosophy of multivariable sensing coupled with MPN
sensing materials allowed straightforward rejection of inter-
ferences in mixtures of vapors. For example, mixtures of toluene
and water vapors at their different ratios were measured using
1-octanethiol-capped metal nanoparticles on a resonant struc-
ture. The multivariate data analysis, as shown in a PCA scores
plot versus experimental time (see Fig. 14a), illustrated different
directions of the sensor response to toluene and water vapors.®>
Critical to the sensor performance, the sensing material applied
onto the resonant structure had the same magnitude of response
to the model analyte vapor in the presence of different humidity
levels.®® The sensor rejected humidity effect at a ~3000-fold
overloading when calculated as the ratio of the highest tested
water vapor concentration (40% RH = 12 000 ppm) to the resolu-
tion of detection of toluene concentration. Similar experiments
and data analysis were performed with 1-nonanol and water
vapors using 1-octanethiol-capped metal nanoparticles on a
resonant structure but with the experimental ability to reach
75% RH in vapor mixtures (Fig. 14b). The sensor rejected
humidity effect at a 2000 000-fold overloading. Such rejection
of interferences with a single sensor as schematically outlined
in Fig. 2b and experimentally validated in Fig. 14 is one of the
key performance characteristics of the developed individual
multivariable sensors.

5324 | Chem. Soc. Rev., 2017, 46, 5311-5346

Discrimination between individual vapors of the similar
dielectric constants has been also demonstrated using MPN
sensing materials coupled with resonant LCR sensors. These
advances have been achieved using two approaches — by using new
capping ligands and by using new sensor-excitation conditions.

In the first approach, a biological capping ligand was used
(Fig. 15).”%> The capping ligand was A3 peptide AYSSGAPPMPPF.
As model analytes, toxic vapors and chemical warfare agent
simulants, such as acetonitrile (ACN), dichloromethane (DCM),
and methyl salicylate (MeS) were used with an added background
of water vapor. Even through DCM has a dielectric constant
&= 9.1 which is close to that of MeS (¢, = 9.0), direction of sensor
response to DCM was opposite in comparison to response to
MesS vapor (Fig. 15a and b). However, MeS was much bulkier
in comparison to DCM and therefore was likely to affect the
rigidity of the ligand differently as reflected in measured resonant
spectral response. Results of multivariate analysis (Fig. 15c)
illustrated the discrimination ability provided by this single
A3-Au nanoparticle material. This new type of sensing materials
can provide numerous opportunities for tailoring the vapor
response selectivity based on the diversity of the amino acids
composition of the peptides, and by the modulation of the
nature of peptide-nanoparticle interaction through designed
combinations of hydrophobic and hydrophilic amino acids.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Headspace measurements of a biological cell culture medium (M) and a medium with CHO cells (C) using a multivariable non-resonant
impedance sensor with 1-octanethiol-capped gold nanoparticles. Responses of the real AZ' and imaginary AZ” impedance at representative frequencies
as a function of experimental time: (a and b) 5 kHz, (c and d) 3 MHz, and (e and f) 6 MHz. Results of the developed PCA model: (g and h) PC1 and PC2,
respectively as a function of experimental time and (i) PC1 vs. PC2 as a function of experimental time. For comparison, (j) illustrates AZ’ at 3 MHz vs. AZ’ at

6 MHz as a function of experimental time.

Acceptable response of the peptide-capped Au nanoparticles to
target vapors only in the presence of humidity indicated that
the peptides needed to be humidity-activated to exhibit the
response to target vapors. Humidifying of tested gas streams is
also common when using other biomolecular receptors.'®®>%”
In the second approach, the sensor selectivity was controlled
by excitation of an integrated circuit (IC) chip that was a part of
the sensor at different power levels.®’ Such sensor was con-
structed using a passive radio frequency identification (RFID)
tag normally operating at 13.56 MHz, connecting a sensing
interdigital chip to the RFID antenna coil, and performing
measurements with a wireless proximity readout. A sensing film
made of 1-octanethiol-capped Au nanoparticles, was applied onto
a sensing interdigital chip by drop casting. Different power levels
applied to the sensor caused spectral distortions of the resonance
spectra affecting differently the resonant and anti-resonant por-
tions of the spectra. The power of operation of the RFID sensor
was controlled from —10 dBm to 0 dBm. Discrimination between
vapors of similar dielectric constants was demonstrated using

This journal is © The Royal Society of Chemistry 2017

three model vapors: 1-pentanol, paraldehyde, and salicylaldehyde
with a range of dielectric constants of 14.5-13.9 (20-25 °C).
Exemplary responses of the sensor at two power modulation
levels are compared in Fig. 16a and b illustrating the change of
the response pattern. The scores plots at two power levels
(Fig. 16¢ and d) illustrate the desired improvement in sensor
resolution of vapors at a carefully selected power level. This
achievement adds a new independent variable toward higher
sensor response dimensionality that can be used not only with
MPN but also with other sensing materials.

Discrimination of complex aromas from numerous teas
has been recently demonstrated using individual multivariable
resonant MPN-based sensors (Fig. 17)."°° Bags of different types
of teas were kept in jars to generate aromas in the jag headspace
filled with ambient lab air (relative humidity ~40%). Gold nano-
particles were functionalized with a soft ligand such as 1-mercapto-
(triethylene glycol) methyl ether (C,H;505S-Au, MTE). This
ligand was chosen because of its amphiphilic properties to
respond to both polar and nonpolar vapors. The length of the
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Fig. 12 Electrical measurements of MPN sensing materials using multivariable resonant impedance sensors. (a) Real Z’ and (b) imaginary Z” parts of
impedance spectra, inset in (@) shows an equivalent LCR circuit with one RC constant with resistance R, capacitance C, and inductance L of the circuit.
Multivariable measurements can be done of the Z’ and Z” spectra or their calculated parameters such as frequency F, and magnitude Z, of Z’ spectrum,
the resonant F; and antiresonant £, frequencies and zero-crossing frequency Fz of Z” spectrum, and impedance magnitudes Z; and Z, of Z” spectrum.
Other spectral parameters may be also calculated, e.g., quality factor Q of resonance (Q = F,/Af, where Af is the full width at half maximum). Examples of

electrodes employed in LCR circuits with MPNs: (c) interdigital electrodes with 10 um gaps arranged in a square pattern,”
e) coiled electrodes with 270 um gaps of a conventional RFID tag converted into a multivariable sensor,
Reprinted with permission from ref. 72. Copyright 2013, The Royal Society of

10 um gaps,?°* (

with 25/150 pm gaps (smallest/largest gaps) of a split-ring resonator.2%® (c)

2 (d) coiled electrodes with

295 and (f) patterned electrodes

Chemistry. (e) Reprinted with permission from ref. 205. Copyright 2012, The American Chemical Society.

MTE ligand on the surface of nanoparticles in vacuum has
been estimated to be ~ 1.5 nm.?°® Different parts of the ligand
chain can be considered with their respective dielectric
constants.”’ The triethylene glycol (TEG) chains have dielectric
constant eérgg = 23.69, while the methyl ether (ME) groups have
a much lower dielectric constant ¢y = 5.0. Results presented
in Fig. 17a-f illustrate diversity of F,, Fy, Fs, Fz, Zp, and Q
responses of the resonant sensor upon exposure to these
complex volatile patterns. This diversity of individual responses
of the multivariable sensor resulted in the PCA-based discrimi-
nation of volatiles patterns from these tested teas using four
principal components as illustrated in Fig. 17g and h. Thus,
in addition to discrimination of odors from the cell culture
media with and without living biological cells using a non-
resonant sensor (Fig. 11), an individual multivariable resonant
sensor had high resolution of tea aromas competing with sensor
arrays.zw—zu

In data analytics with multivariable sensors, multivariate
statistical and machine learning methodologies are expanding
their applicability not only for pattern recognition, but also for
quantitative analysis of responses of multivariable sensors. It was
recently demonstrated that binary, ternary, and even quaternary
mixtures of model analytes were resolved and individual vapors
in these mixtures were quantified with a single sensor. To achieve
this attractive goal, SVM classification was performed to correctly

5326 | Chem. Soc. Rev., 2017, 46, 5311-5346

determine types of vapors followed by PCR quantitation to
determine concentrations of each vapor (Fig. 18).”°

6. Material-based multivariable
photonic sensors

Multivariable photonic sensors that utilize material-based designs
comprise of units that are much smaller than the wavelength of
interrogation light. These units are MPN sensing materials that
exhibit plasmonic properties affected by gas-phase compounds.
Fig. 19 illustrates examples of such materials that change their
optical properties upon exposure to volatiles.’**®” Visual obser-
vations capture color changes of macroscopic films of Au nano-
particles functionalized with mercapto-poly(ethylene glycol)
(Fig. 19a and b) and MTE (Fig. 19c and d) ligands. Optical
microscopy (Fig. 19e and f) illustrates that films can form color-
changing microscopic islands of assembled nanoparticles. In
multivariable material-based multivariable photonic sensors,
not only the color change (wavelength shift) is of importance but
also other optical parameters (extinction and band broadening)
that lead to the multivariable sensor response (see Section 3).
In one study, two model vapors such as toluene and heptane
were discriminated using a single sensing film of 1-octanethiol-
capped Au nanoparticles.”* Swelling of the sensing film dominated

This journal is © The Royal Society of Chemistry 2017
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Fig. 16 Discrimination of individual vapors of similar dielectric constants using a multivariable resonant impedance sensor and its spectral distortions.
Examples of F, F,, Zy, Z> responses at (a) —10 dBm and (b) O dBm and corresponding PCA scores plots (c and d). Model vapors: (1) 1-pentanol, (2) paraldehyde,
and (3) salicylaldehyde. Sensing material was 1-octanethiol-capped gold nanoparticles.®®

over the changes in the film refractive index. While the plasmonic  both vapors, the film absorbance increased upon exposure to
peak of the sensing film was blue-shifted upon exposures to toluene but decreased upon exposure to heptane (Fig. 20a).
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Fig. 17 Discrimination of complex aromas from teas using a multivariable resonant impedance sensor with MTE-capped gold nanoparticles.
(a—f) Diversity of Fo, F1, Fo, Fz, Zp, and Q responses of the sensor. Scores plots of the developed PCA model (g) PC1 vs. PC2 vs. PC3 and (h) PC2 vs.
PC3 vs. PC4. Labels: (B) Blank ambient laboratory air, (1) Robert Roberts Blackcurrant Tea, (2) Dilmah Moroccan Mint Green Tea, (3) Bigelow Green Tea
With Lemon, (4) Dilmah Pure Camomile Flowers Tea, (5) Bewley's Pure Rooibos Tea, (6) Numi Organic Jasmine Green Tea, and (7) Dilmah Earl Grey
Tea.?° Reprinted with permission from ref. 190. Copyright 2017, IEEE.
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Fig. 18 Results of analysis of (a) binary, (b) ternary, and (c) quaternary mixtures using a multivariable resonant impedance sensor and SVM classification
followed by PCR quantitation. Vapors: water (H,O), methyl salicylate (MeS), salicylaldehyde (SAH), and acetonitrile (ACN). Sensing material was
1-octanethiol-capped gold nanoparticles.”®

Quantitation of these vapors was further performed using dual-
wavelength measurements of the intensity of the reflected light at
the opposite sides of the absorption peak at 488 nm and 785 nm  providing the ability for discrimination of these vapors (Fig. 20d).

This journal is © The Royal Society of Chemistry 2017

(Fig. 20b and c). The reflectance sensitivity ratios for toluene

and n-heptane were of 0.68 and 0.80 at these two wavelengths,
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Fig. 19 Examples of MPN materials that change their visually-detected
optical properties upon exposure to volatiles. Left and right panels — before
and during vapor exposures, respectively. Color changes of macroscopic films
of Au nanoparticles functionalized with mercapto-poly(ethylene glycol) (a and
b)!%” and MTE (c and d) ligands.*°° (e and f) Color changes of microscopic
islands of assembled nanoparticles.*®” (a, b, e and f) Reprinted with permission
from ref. 167. Copyright 2016, The American Chemical Society. (c and d)
Reprinted with permission from ref. 109. Copyright 2013, Wiley-VCH.

A MTE ligand was chosen in another study for discrimi-
nation of individual vapors and their mixtures because of its

View Article Online

Chem Soc Rev

amphiphilic properties to respond to both polar and nonpolar
vapors (Fig. 21)."% The color of the sensing film with the MTE-
based MPN film was changing from blue to the different shades
of red upon exposure to different vapors. Six vapors with diverse
range of their properties (water, methyl salicylate, tetrahydro-
furan, dimethylformamide, ethyl acetate, and benzene) produced
diverse plasmonic responses affecting the peak and the short- and
long-wavelength shoulders of the plasmonic band (Fig. 21a-c).
Irrespective to their refractive index, all vapors have led to the
peak shift toward short wavelengths, indicating noticeable con-
tributions of swelling effects of the organic soft shell upon inter-
actions with vapors of different refractive index. The PCA scores
plot illustrated that this sensing film discriminated most of the
vapors (Fig. 21d). The vapors were ranked in the order of the
solvent refractive index except for water vapor, likely because
water was the only polar protic solvent among tested vapors.
The film was further utilized to quantify ethyl acetate and benzene
in their mixtures. The time-dependent responses of PC1 and PC2
from a built PCA model illustrate discrimination of individual
vapors and their mixtures (Fig. 21e and f). The designed map of
vapors concentrations (Fig. 21g) had good resemblance with the
experimentally obtained map (Fig. 21h). This data shows the
power of the application of MPN materials for the discrimination
of vapors in their simple mixtures.

Several ligands and sizes of Au nanoparticles were compared
for their ability to discriminate between multiple vapors with
individual colorimetric films when probed at only three wave-
lengths such as 405, 532, and 600 nm across the plasmonic
peak. Using experimentally measured changes in absorbance at
these three wavelengths and adding a 5% of computed varia-
tion in responses, PCA models were constructed (Fig. 22).”® The
average recognition rate (RR) values were 51.5-99% among the
six tested types of MPNs films. Tested vapors were tetrachloro-
ethylene (PCE), toluene (TOL), n-octane (OCT), butyl acetate
(BAC), 2-butanone (MEK), and 2-propanol (IPA). While a relatively
poor discrimination of vapors was achieved using a 6-phenoxy-
hexane-1-thiol ligand (RR = 51.5%) (Fig. 22a), other types of MPN
materials had outstanding discrimination. Excellent discrimination
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Fig. 20 Optical discrimination of individual vapors using a single sensing film of 1-octanethiol-capped Au nanoparticles and a two-wavelength
detection. Model vapors: toluene and n-heptane. (a) Absorption spectra of the sensing film on a glass slide before exposure (solid blue line), and during
exposures to n-heptane (dashed green line) and toluene (dashed-dotted red line). Insets show enlargements of selected spectral regions. Laser
reflectance calibration curves at (b) 785 nm and (c) 488 nm for toluene (circles) and n-heptane (squares) of peak areas plotted vs. the injected mass of
vapor. (d) Film sensitivity to each vapor at 785 nm upon normalization to the sensitivity at 488 nm.”* Reprinted with permission from ref. 74. Copyright
2013, The Royal Society of Chemistry.
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Fig. 21 Optical discrimination of individual vapors and their mixtures using a single sensing film of MTE-capped Au nanoparticles and a white-light
detection. Model vapors: (1) water, (2) methyl salicylate, (3) tetrahydrofuran, (4) dimethylformamide, (5) ethyl acetate, and (6) benzene. (a—c) Dynamic
response patterns of the sensing film to six vapors at representative wavelengths (440, 510, and 610 nm). (d) Scores plot of a developed PCA model. Each
vapor concentration is represented by two replicate exposures. Dashed line is film response to different vapors in the order of the refractive index n of the
corresponding solvent. (e and f) Responses PC1 and PC2, respectively from a built PCA model of detection of individual vapors A (ethyl acetate) and
B (benzene) and their binary mixtures. (g and h) Comparison between a designed map and PCA results, respectively of detection of ethyl acetate and
benzene.°° Reprinted with permission from ref. 109. Copyright 2013, Wiley-VCH.
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Fig. 22 PCA scores plots illustrating optical discrimination of vapors using individual MPN sensing films and a three-wavelength detection. Model
vapors: tetrachloroethylene (PCE), toluene (TOL), n-octane (OCT), butyl acetate (BAC), 2-butanone (MEK), and 2-propanol (IPA). Ligands and sizes of
Au nanoparticles (NPs): (a) 6-phenoxyhexane-1-thiol and 4 nm Au NP, (b) 1-octanethiol and 4 nm Au NP, and (c) dithianate and 40-nm Au NP. The 95%
confidence ellipses were generated from experimental data with added 5% error.”® Reprinted with permission from ref. 76. Copyright 2015, IEEE.

between six vapors was achieved with 1-octanethiol (RR = 98.4%) and  These results illustrated the strong ligand-dependent ability of MPN
dithianate (RR = 99.9%) ligands (see Fig. 22b and c, respectively). —materials for the discrimination of vapors.
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7. Structure-based multivariable
photonic sensors

Structure-based photonic sensors comprise of units that are
comparable with the wavelength of interrogation light.>'*>*°
Such sensors often operate based on single-output gas and
vapor quantitation principles such as detection of wavelength
shift of the resonance peak®'** or detection of signal intensity
change at a single wavelength.”*® Monitoring of multiple analytes
using these approaches requires traditional sensor arrays.>?*>?*72>8
However, these physical structures facilitate multivariable
performance of sensors when implemented as pristine
structures’®”»%>??% or when combined with the MPN material
deposited on such structures.

Recently structure-based multivariable photonic sensors have
been reported’®’*7*1% that demonstrated the superior discrimi-
nation of diverse and closely related vapors as compared to other
types of multivariable sensors."”" These multivariable photonic
sensors have been demonstrated using composite structurally
colored colloidal crystal films self-assembled from polystyrene

View Article Online
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core nanospheres with a sol-gel shell,'® natural biological
nanostructures,”””" and fabricated bioinspired nanostruc-
tures.”® The interest in natural biological nanostructures for
vapor detection is driven by geometries that are attractive for
sensing but difficult to reproduce using existing nanofabrica-
tiOn tOOIS‘75,115,2307239

A tree-like nanostructure of microscopic scales that pro-
duces iridescence of tropical Morpho butterflies was found to
be attractive for sensing of volatiles”® because of its open-air
architecture that allows volatiles to interact with all its regions
such as ridges, lamella, and microribs (Fig. 23a). Iridescent scales
of Morpho butterflies yielded an unexpected diverse optical
responses to different vapors.”® This vapor-selectivity originated
from a gradient of surface polarity of a conformal epicuticle
layer of the ridge structure.”" This polarity gradient runs from
the polar tops to the less-polar bottoms of ridges. The mecha-
nism of selective vapor response of the Morpho scales involves
preferential sorption of vapors of different polarity onto the
corresponding regions of the nanostructure (Fig. 23b).”* Such
vapor interactions are expressed in the corresponding regions
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Fig. 23 Example of design of structure-based multivariable photonic sensors. (a) Open-air architecture of tree-like nanostructure of iridescent
microscopic scales of tropical Morpho butterfly allows gas-phase compounds to interact with all its regions such as ridges, lamella, and microribs. Inset:
Reflected light image of a Morpho butterfly.” (b) Origin of vapor-selectivity of structure-based multivariable photonic sensors. Interactions of vapors with
different spatial regions of the nanostructure are expressed in the corresponding regions of the reflected light spectrum.” (c) Morpho nanostructure with
1-octanethiol-capped Au nanoparticles deposited from a toluene solution has formed clusters in the pockets between the microribs. (d—j) Visualization
of deposited 1-octanethiol-capped Au nanoparticles by applying an Al,Oz ALD coating onto the Morpho nanostructure followed by deposition of MPNs:
(d and e) SEM images with ALD conformal coating and deposited nanoparticles. (f-j) Auger elemental maps reveal distribution of respectively C, N, O, Al,
and Au elements on the surface. (a and b) Reprinted with permission from ref. 71. Copyright 2013, The National Academy of Sciences USA.
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of the reflected light spectrum, responsible for the unusual
vapor response selectivity of the Morpho scales. To expand
diversity of response to vapors, Morpho nanostructure was
decorated with 1-octanethiol-capped Au nanoparticles forming
clusters in the pockets between the microribs (Fig. 23c). To
visualize better the deposited nanoparticles, an Al,O; atomic
layer deposition (ALD) coating was applied followed by deposi-
tion of MPNs. Fig. 23d and e illustrate SEM images with the
ALD conformal coating and deposited nanoparticles. Auger
elemental maps revealed distribution of elements on the surface
(Fig. 23fj).

Discrimination of vapors of the first nine linear alcohols of
their homologous series and water was accomplished with Au
nanoparticles capped with a 1-octanethiol ligand deposited
onto a Morpho natural biological nanostructure. Detection of
these closely related alcohol vapors is not straightforward even
using gas chromatography and sensor arrays.** The MPN-
functionalized Morpho natural biological nanostructure was
exposed to ten vapors (water, methanol, ethanol, 1-propanol,
1-butanol, 1-pentanol, 1- hexanol, 1-heptanol, 1-octanol, and
1-nonanol, four concentrations of each vapor). Spectral data
was processed using PCA followed by Linear Discriminant
Analysis (LDA) for vapor classification and followed by non-
linear Principal Component Regression (PCR) for quantitation.
The PCA-LDA results demonstrated sensor discrimination of
the vapors (Fig. 24a). Results of cross-validated PCR model are
presented in Fig. 24b. From the experimentally measured four
concentrations of each vapor, the cross-validated success rate
was 100% as indicated by only diagonal contributions of actual
vs. predicted vapors at their four concentrations.

Such ability to discriminate multiple vapors with a single sensor
is surely attractive, however with a caveat of reproducibility of
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the structure-to-structure reflectance of natural samples.”"”
The number of methodologies for fabrication of such bio-
inspired structures is growing.”**'*2#17251 Gontrolled deposi-
tion of sensing moieties on these structures***~>** should allow
further tuning of multivariable response of these sensors.

8. Stability of MPN sensing materials

At present, inadequate stability of most of reported MPN
materials is their biggest limitation. Stability evaluation of sensing
materials and development of technical solutions to improve
stability are important tasks toward bringing new sensors to
their field applications.”>*>*” Stability of MPN sensing films
depends on stability of the metal particles, the ligand, and the
particle-ligand linkage. General methods for stabilization of
MPNs include utilization of end groups to modify the inter-
actions between neighboring MPNs, incorporation of ionic
functional groups in the adsorbate to provide electrostatic
repulsion, diversification of the adsorbates to create chains of
varying lengths and thereby enhance steric repulsion, develop-
ment of chelating surfactants that reduce desorption, and addi-
tion of cross-links or polymerizable moieties into the adsorbate
structure.>*®

Depending on the metal type, small metal particles oxidize
at different rates in ambient air conditions. For example, it was
shown that citrate-coated Ag nanoparticles (~8 nm diameter)
deposited on a glass slide and stored in air were oxidized after
one month of storage as determined from the disappearance of
the plasmonic band of Ag nanoparticles."*® Au and Pd nano-
particles demonstrate a significantly more stable performance
over Ag nanoparticles in vapor sensing."*®
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Fig. 24 Optical discrimination of ten vapors using a structure-based multivariable photonic sensor with 1-octanethiol-capped Au nanoparticles applied
onto Morpho nanostructure and a white-light detection. (a) The PCA-LDA results of discrimination of ten vapors. (b) Results of cross-validated non-
linear PCR model. Cross-validation: leave-one-out. Vapors 1-10: water, methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol,

1-octanol, and 1-nonanol.
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Effects of nature of ligands on the stability of MPN sensing
films in chemiresistors have been studied over 12-16 months
of storage.'®® The studied ligands were hexanethiol (C6) and
tetraoctylammonium bromide (TOABr) attached to Au nano-
particles. Stability of these sensing materials was characterized
by exposure to model vapors (toluene and methanol) to deter-
mine changes in sensor sensitivity, by exposure to a blank gas
to determine changes in intrinsic film conductivity, and by
cyclic voltammetry to determine changes in ohmic and electron
hopping behaviors. Response to model vapors decreased by
~60% and ~20% for C6- and TOABr-capped Au nanoparticles,
respectively (Fig. 25a and b). The conductivity of C6 films
decreased by a factor of two while the conductivity of TOABr
films was almost unchanged. This decrease in conductivity and
response for C6-Au MPNs was due to sulfur oxidation, which is
well known to occur over time in air for thiols on Au. The cyclic
voltammetry measurements revealed changes in electron hopping
behavior for C6-Au films and changes in capacitive charging for
TOABr films (Fig. 25¢ and d). This study demonstrated that
chemiresistors made of TOABr-capped Au nanoparticles were at
least 2x more stable than those comprised of Cé6-capped Au
nanoparticles.

To understand better the origin of the instabilities of the
MPN sensing films, effects of different conditions of 44-month
storage of MPN films on the chemistry, morphology and vapor
responses were evaluated.>®® The tested four types of storage
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conditions were (1) exposed to light in ambient air (‘“ambient/
light”); (2) protected from light in ambient air (‘“ambient/
dark”); (3) exposed to light in Argon (“inert/light”); and
(4) protected from light in Argon (“inert/dark’). The studied
ligands were 1,9-nonanedithiol and 1,16-hexadecanedithiol
attached to Au nanoparticles. Vapor response resistance
measurements to model vapors (toluene, 1-propanol, water,
and hydrogen sulfide), X-ray photoelectron spectroscopy (XPS),
and SEM were utilized for characterization of sensing films.
Storage under ambient conditions resulted in oxidation of
sulfur and carbon and appearance of nitrogen, a loss of sulfur
and the increase of the particles size in the film. These effects
were explained by the reaction of the thiol groups with ozone
from the air, which destabilized the network. The XPS S 2p
spectrum of the fresh 1,16-hexadecanedithiol film was dominated
by thiols, bound and unbound to Au (Fig. 26a). During storage
under ambient/light conditions the amount of both species
decreased while oxidized sulfur species appeared and increased
continuously with storage time (Fig. 26b). The responses of the
1,16-hexadecanedithiol films toward model vapors before and
after storage are shown in Fig. 26c¢. Sensors under all storage
conditions have changed their sensitivity and response patterns
to model vapors. The films stored under argon showed a smaller
change than those stored under ambient conditions, and their
responses were very similar when comparing dark and light inert
storage conditions.
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Fig. 25 Evaluation of effects of nature of ligands C6- and TOABr-attached to Au nanoparticles on the stability of MPN sensing films over 12-16 months
of storage. (a) Response of C6-Au sensing material to toluene and (b) response of TOABr-Au sensing material to methanol before and after storage
demonstrate changes in sensor sensitivity and changes in intrinsic film conductivity. (c) Changes in electron hopping behavior for C6-Au films and
(d) changes in capacitive charging for TOABY films before and after storage.®® Reprinted with permission from ref. 163. Copyright 2008, The American

Chemical Society.
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Fig. 26 Chemistry and vapor responses of MPN 1,16-hexadecanedithiol films upon 44-month storage. (a and b) S 2p XPS spectra of fresh and stored
films, respectively. The spectrum of the fresh sample was dominated by thiols bound to Au at 162.1 eV and unbound thiols at 163.5. During storage, the
amount of both species decreased while new oxidized sulfur species such as sulfinates at 167.4 eV and sulfonates at 168.5 eV appeared and increased
continuously with storage time. (c) Responses of sensors before and after storage toward toluene, 1-propanol, water, and hydrogen sulfide.2%° Reprinted
with permission from ref. 259. Copyright 2009, The American Chemical Society.

Stability of MPNs on chemiresistors has been studied for
almost five years.'®® Six ligands have been tested by making
replicate sensors (n = 2) for each ligand. Each replicate sensor
had a very similar baseline current at the first day of the long
term test; however, two types of variations were observed during
the test. These variations were in baseline current over the
duration of the test and between replicate sensors (Fig. 27).

1000
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Baseline current (nA at 50 mV)
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1
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Fig. 27 Variations in the baseline current over time for MPN-based sensors
with six different ligand shells and with two sensors tested of each type.
Sensors: (1) 5 nm Au-HS(CH,),CHs, (2) 2 nm Au-HSCH,CH,CgHs, (3) 5 nm
Au-HS(CH,)gCHs, (4) 2 nm Au-HS(CH)sCHs, (5) 2 nm Au-HS(CH,)sCOOH,
and (6) 2 nm Au-HS(CH,),CHs.® Reprinted with permission from ref. 193.
Copyright 2015, IEEE.
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In addition to evaluations of stability of MPN sensing films
using chemiresistors,>** %" evaluations were also performed
using multivariable optical readout.'® It was found that the
observed baseline drift was wavelength-dependent. While there
was no significant drift over 400-500 nm, the drift increased
from ~500 to 690 nm, stabilized at its maximum at ~690 nm,
and decreased at longer wavelengths. There could be more than
one degradation mechanism of the sensing film,>**"**! respon-
sible for film instability.

The relatively poor long-term stability of thiol-capped Au
nanoparticles has been improved by capping Au nanoparticles
with trithiol ligands.*®' The nanoparticles with trithiol ligands
had similar sensitivity towards different types of polar or non-
polar volatile organic compounds (Fig. 28a) but were signifi-
cantly more stable (Fig. 28b). Response of trithiol-Au to a
500 ppm toluene vapor had a ~10% sensitivity decrease vs. a
~50% sensitivity decrease of monothiol-Au. The known rela-
tively poor stability of monothiol-Au nanoparticles was due to
their ease of oxidization under ambient air conditions, forming
sulfonyl-like oxidized products. In the case of trithiol-Au nano-
particles, the surface thiolate was less susceptible to oxidation
due to binding to gold and the electron-rich nature of the gold
core. Nevertheless, slow oxidation of the surface thiolate still
occurred on a timescale of months to one year when exposed to
air, light, and moisture under ambient conditions.

9. Conclusions and outlook: from
MPN sensor ideas to products

Sensors research is a field with multi-disciplinary contributions
where fundamental and applied sciences are united to produce
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Fig. 28 Stability improvement of vapor sensors using trithiol-capped Au nanoparticles. (a) Responses of trithiol and monothiol-capped Au nanoparticle
sensors to various volatile organic compounds. Inset: Structures of trithiol and monothiol-capped Au nanoparticles. (b) Response of trithiol-Au and
monothiol-Au-based sensors to 500 ppm toluene over a six-month test period.?®! Reprinted with permission from ref. 261. Copyright 2010, Institute

of Physics.

new sensing materials, couple them with physical transducers,
and build sensor devices with previously unavailable capabili-
ties. The growing number of disciplines involved in building
innovative sensor systems is truly impressive. Materials science,
organic, polymeric, inorganic, and biological chemistry, and
nanotechnology are involved in the development of sensing
materials. Engineering, analytical chemistry, and nanotechnol-
ogy are involved in the design of physical transducers and
building sensor devices. Other critically involved disciplines
include informatics, statistics, machine learning, product
management science, and product marketing. Ideally, these
disciplines synergistically interact to produce solutions for new
sensor systems to solve important measurement needs that
cannot be solved by using existing technical approaches. This
review was designed to give such a perspective for these new
sensor systems.

As shown in this review, metal nanoparticles capped with
different organic and biological ligands have been applied as
attractive sensing materials in multivariable sensors. These MPN
materials produce diverse chemical functionality for detection of
different gas-phase compounds using several principles of multi-
variable signal transduction. As a result, these sensing materials
provide vapor-induced changes in conductivity, dielectric con-
stant, partition coefficient, film thickness, film mass, film
viscoelastic properties, and optical extinction effects such as
the peak position and the width of the plasmon absorption
band. These changes in MPNs form the basis for MPN-based
multivariable sensors.

From the initial demonstration of monolayer-protected
nanoparticles as a sensing material for volatiles in the late
1990s,"3° the progress in development of MPN sensing materials
expanded to studies of diverse types of organic and biological
ligands, applications of transducers with different transduction
principles, studies of sensor responses to model vapor mixtures
and real-world samples, evaluation of materials degradation and
improvements of material stability. Multivariable response of

5336 | Chem. Soc. Rev., 2017, 46, 5311-5346

these MPN-based sensors typically has a 2D-3D dispersion and
sometimes 4D dispersion,”>*%*®'"> close to 4D responses
with multivariable sensors based on conjugated polymers®
and silane-functionalized polymeric nanostructures.”®

These developed MPN-based multivariable sensors were
demonstrated in laboratory scenarios for quantitation of multi-
ple individual model vapors, quantitation of multiple vapors in
their mixtures, accurate detection of vapors in the presence of
numerous interferences, rejection of interferences at a several
million-fold excess, and discrimination of complex aromas. We
believe that to bring these sensors outside pristine lab conditions,
research activities should be focused on selectivity and stability
improvements, expansion of temperature range of operating
conditions, and further expansion of the range of detected gas-
phase compounds. Sensitivity improvements may be also of
interest to increase the signal-to-noise ratio in detection of ppm
and ppb levels of analytes.

Selectivity improvements will continue to be driven by the
general knowledge about functional groups of organic ligands
to create networks of metal nanoparticles.'*® However, quanti-
tative effects of different gas-phase compounds on selectivity of
ligands in metal nanoparticle networks are difficult to ration-
ally predict based on existing general knowledge, similar to the
situation with other sensing materials.****> Thus, high-throughput
screening technologies should provide a desired ability to generate
more rapidly new knowledge for the future design rules of
ligands for needed gases and vapors.'”® Also, computational
methodologies should be more proactively applied for the design
of ligands for enhanced selectivity, especially given the growing
speed and accuracy of computations®®*>* and the expanding
impact of machine learning and artificial intelligence methods
in materials science.?®®¢® For further selectivity improvements,
synergistic effects of the core and ligand shell of nanoparticles
in producing electrical and optical effects should be explored.
The inert nature of the metal core that is known to be respon-
sible only for the electron hopping should be expanded for the

This journal is © The Royal Society of Chemistry 2017
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analyte-modulated electron hopping based on analyte-dependent
changes in conductivity of the metal-like conducting core.
Dynamic signatures of different gas-phase compounds and
complex aromas can be further discriminated using bio-inspired
approaches.?*®*”°

Sensitivity improvements can be considered from the pers-
pectives of material and transducer designs. Cubic nanoparticles
in MPN-based sensors have been demonstrated to outperform
spherical particles in sensitivity of electrical readout."**'** Other
shapes of nanoparticles such as rod-, hexagon-, triangle-, and
starlike shapes"®> and nanoporous nanoparticles with dendritic,
branched, and nanocage structures®”* can be also evaluated for
their vapor sensitivity. Further, by tailoring the number and
position of MPNs in close-packed clusters, sensing materials can
be made with plasmon modes of Fano-like narrow resonances>’
to enhance sensitivity of optical sensors.?”*”> From transducer
design perspective, to enhance sensitivity of non-resonant and
resonant impedance sensors, electrodes with nanometer gaps
should be explored in combination with close-packed MPN
clusters. To enhance sensitivity of impedance and photonic
sensors, transducers can be designed with high-quality factor
resonant structures. Impedance transducers can be designed as
radio-frequency interferometers>’® or with a regenerative loop in
the sensor reader to increase the quality factor of the system.>””
Photonic sensors can be designed with high-quality factor
resonances in 3D bioinspired structures.”**”®

Stability improvements will become critical for the broad
acceptance of MPN sensing materials in practical applications.
These improvements will originate from better understanding
of the degradation mechanisms followed by the development
of design rules for more stable MPN materials. More stable
ligands and their linkers to nanoparticles of different metals
should be developed using high-throughput experimental screening
and computational methodologies, perhaps in parallel with
screening for material selectivity.

Expansion of temperature range of operating conditions of
MPNs beyond room temperature for sensing at elevated tem-
peratures will be important for industrial applications. At pre-
sent, nanoparticle-based sensing materials operating at elevated
temperatures of 300-800 °C utilize plasmonic nanoparticles
incorporated into an inorganic rigid metal oxide matrix rather
than having a “ligand” layer around individual nanoparticles.
Materials of nanoparticles in these high-temperature sensors are
typically Au or Au alloys. Examples of metal oxides in such films
include CuO, ZnO, TiO,, NiO-SiO,, SiO,, BaO, CeO,, and yttria-
stabilized zirconia (YSZ, ZrO, and Y,0;)."'%"'?792% The
mechanisms of vapor response of such nanocomposite films
involve the charge exchange with the nanoparticles or a change
in the dielectric constant surrounding the nanoparticles, depen-
dent on the type of a metal oxide and its morphology.'*°
Materials developments with a “ligand” layer around individual
nanoparticles for these high-temperature sensors should pro-
vide enhanced sensitivity and possibly selectivity control.

Expanding the range of detected gas-phase compounds
to include gases of environmental and industrial importance
should be beneficial because of the large demand for new

This journal is © The Royal Society of Chemistry 2017
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sensors with higher reliability, lower power consumption,
and lower cost as compared to existing technical solutions.***
Examples of gas-phase compounds of such interest include
environmental background (e.g. O,, CO,), atmospheric pollutants
(e.g. O3, NO,, CH,4, waste odors), and public/homeland safety
hazardous volatiles (e.g. toxic industrial chemicals, explosives).

We believe that adequate comparison of MPN materials should
include understanding of the levels of remaining impurities and
the density of ligand moieties on the surface of nanoparticles.
Often, such information is not provided, thus results from
different research teams may not be the same.

The general state of the art of gas and vapor sensing is
remarkable. This field is thriving with commercially successful
technologies such as catalytic combustion pellistors, metal oxide
and polymer chemiresistors, electrochemical sensors, and cata-
lytic field effect transistors.****¢?%% The number of annually
published research papers with ‘vapor sensor’’ and ““gas sensor”
concepts follows an exponential growth curve with over 5000
papers published in 2016 alone. From these remarkable develop-
ments, we see several key learnings that can be applied to the
MPN-based and other types of multivariable sensors.

First, a “low cost sensor’” argument is often used as the key
sensor-technology differentiator. This argument is important
when viewing sensor elements initially only as a stand-alone
component, e.g. <$1 sensor elements manufactured using MEMS
processes or < $0.001-$0.01 sensor elements that can be manu-
factured using new roll-to-roll and printing processes.”*"*%° It is
also recognized that a sensor element is typically a part of a
sensor system. An appropriate standard packaging of such
sensing elements adds cost - for example, up to a dollar when
packaged on a flexible electronic circuit, up to several dollars
when packaged in a standardized semiconductor package, or
up to several tens of dollars when packaged for intrinsic safety
compliance. With added electronics, gas sampling, housing,
and other necessities, the whole system can be hundreds or
thousands of dollars - for example, a little more than $100 for a
hand-held food spoilage sensor system>®" or a little less than
$8000 for a hand-held sensor system for complex chemical
mixtures.>*

We witness that some classes of gas and vapor sensors are
becoming or have already become technologically mature, also
known as “commodity products”. The most prominent examples
are polymeric capacitor sensors for ambient humidity and metal
oxide resistor and pellistor sensors for diverse gases. These
sensors serve established markets, are widely available, inter-
changeable, and inexpensive. Because these sensors are based
on mature technologies, their advancements are mostly in cost
reduction. However, we will also emphasize that when sensors
bring high value to users that is unavailable from other tech-
nologies, these sensors do not need to be low cost for their
acceptance by the markets — the “low cost” belief is for com-
modity products. For example, in numerous industrial applica-
tions humidity should be reliably detected down to ppb levels.
It is accomplished using sensors that are in high demand even
though they are 100-1000 times more expensive than commodity
sensors for ambient humidity. As another example, monitoring
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of fugitive methane gas emissions is critical for industrial safety,
environmental compliance, and productivity. Thus, industrial
companies utilize methane imaging systems that are $100 000
each. These and many other scenarios require high value sensors
to perform monitoring tasks that cannot be accomplished using
commodity sensors.

Second, an “acceptable low quality sensing” argument
sometimes is used by developers with an assumption that for
the next generation of sensors it will be acceptable to have data
of relatively low quality (e.g. poor selectivity, drift, etc.), yet
valuable to users. As a prominent example, environmental
pollution sensors when made at a significantly reduced cost
and, as a trade-off, relatively poor performance, are sometimes
viewed as the next big breakthrough to allow ubiquitous air
quality sensor networks. Commercial air quality sensors are
being compared to reference methods®® with sensor data relia-
bility and accuracy as the key factors>** and a relaxed objective of
allowed 25-30% of response uncertainty.>*>?°® Unfortunately,
recent studies have reiterated the known fact that those “low
cost” sensors do generate sensor responses much stronger to
interferences than to analytes.>*? It was concluded that “most of
these devices are unreliable and some are practically useless”.>*”
If these sensors to be used in critical applications - for example,
by people with asthma to make personal decisions on medica-
tion, by public to trigger legal actions on exceeding local air-
quality standards, by municipal officials to close roads based on
live sensor data, and in many other realistic scenarios - the cost
of false alarms would be overwhelming.® Manufacturers were
encouraged to be more open about limitations of these low-cost
sensors.>”’

Third, the field of sensors for gases and vapors should learn
from other sensors to bring the high-quality data to low cost
formats. For example, recent wearable sensors for physiological
parameters have inspired numerous applications. It has been
further recognized that many of the early wearable physio-
logical sensors had insufficient accuracy. Such poor accuracy
went initially un-noticed due to the excitement of potential
applications. However, soon thereafter it has been realized that
to be broadly accepted and sustainable, wearable physiological
sensors should significantly improve their accuracy.??®3%
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Thus, at present, the number of wearable sensors that have
same accuracy as medical devices or hospital equipment is
increasing.*?¢7%°

Fourth, to bring new sensor ideas from laboratory to prac-
tical applications, these sensors must demonstrate a new
value to users by outperforming existing sensors and/or other
technical solutions.>?*#**'°'2 gych sensor development pro-
cess typically takes several years from an idea to product
launch.**7" We summarize the state of the development of
MPN sensors in Fig. 29 highlighting research and product
development phases that are linked by the “valley of death” -
the gap between innovative sensor ideas and their commercial
implementation. This progress can be described using technol-
ogy readiness levels®'® as key milestones. Other metrics can be
manufacturing,®'” data,>**3*° system,*****' or commercial***3>*
readiness levels. To successfully cross the “valley of death”, the
key technical risks relevant to specific applications of MPN
sensors should be eliminated during the research phase. Risk
reduction steps are a part of research activities on the research
and development (R&D) roadmap of MPN sensors (Fig. 30).
Specifics of these steps are related to sensor and system per-
formance targets in intended applications. Assessment of expected
markets provides important information on desired features of
sensor products.

Productization and commercialization of sensors is more
costly than research - investments are typically 1:10:100:1000
when advancing from proof-of-concept, to prototype, pilot scale
production, and product launch.’** However, in our opinion,
the importance of early phases of sensor development is
tremendous and will increase further in future in MPN and
other sensors. These future ideas and feasibility demonstra-
tions should focus on outperforming existing sensor concepts
by at least 10-100 fold. These performance breakthroughs
will result in “high value sensors“ and will separate these
new sensor ideas from the pack of commodity research results.
Such performance advantages as to be tested first in pristine lab
conditions and then to be further sustained in field tests will be
the catalyst to secure interest of governmental and private
organizations to invest in commercialization of new generations
of sensors.

Product
Development

O O O O O O

k=
0]
E MPN sensors are here
3
>
=
>
()}
o
[s)
8 ™
O o —
2
Idea Laboratory Field Technology
feasibility  validation transfer

Fig. 29 Present state of the development of MPN sensors.
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Sensor networks Industrial harsh environment sensors

Consumer and industrial electronics with integrated sensors

Market
drivers

Environmental, residential, industrial, and homeland safety
Personal health and wellness

Industrial process monitoring

System
performance
targets

Stability

Sensor
performance
targets
Sensitivity

Weeks (e.g. bedside monitoring, food safety)

Selectivity Variable humidity and other common known interferences

Reliable quantitation Patterns detection (e.g. odors, breath) Extreme chemical and physical conditions
Mobile applications Gas application-specific integrated circuits (electronic/photonic)

Years (e.g. industrial, environmental monitoring)

Unknown interferences

ppm levels (e.g. industrial volatiles, food safety), ppb levels (e.g. environmental pollutants, breath volatiles)

WILNRGIEN  Metal types, shapes, and porosity Analyte-sensitive core

Research [UARNNICELER | igand designs for stability

New ligands for multi-response mechanisms for diverse volatiles

achvities Transduction

2017

Enhanced sensitivity via materials, transducer designs

AUEWIIEN  Stability improvement Selectivity improvement against known and unknown interferences

Enhanced selectivity via excitation, structure designs

2027

Fig. 30 R&D roadmap of MPN sensors that incorporates research activities, sensor and system performance targets as well as market and

product drivers.

New generations of MPN-based and other high value sensors
will continue to impact our society in many positive ways in
being able to provide accurate real-time surveillance data about
environmental and industrial pollutants, to provide real-time
monitoring capabilities for improved process and asset control,
and to measure and assess health and wellness of individuals.
For these and other applications, new generations of sensors will
compete with other micro-analytical technologies. The achieved
performance characteristics of sensing and other technologies
will guarantee their acceptance by users.
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