Angewandte

Communications

Multivariable Sensors

DOI: 10.1002/anie.201305303

#@ Detection of Individual Vapors and Their Mixtures Using a Selectivity-

10360

% Tunable Three-Dimensional Network of Plasmonic Nanoparticles™*

Radislav A. Potyrailo,* Michael Larsen, and Orrie Riccobono

Vapor detection is needed in a variety of applications, ranging
from environmental monitoring, to industrial safety, medical
diagnostics, and homeland security.!!! Sensors with a sensing
material applied onto a physical transducer, have operational
advantages over other detectors that include continuous
detection, little or no power consumption, unobtrusive form
factors, and no consumables.”) However, poor selectivity of
individual sensors is one of their key problems.’! Combining
individual sensors into arrays'* became an accepted approach
to improve selectivity, for example, as shown in recent
excellent reports.”! Unfortunately, sensor arrays suffer from
problems with unknown interferences, uncorrelated noise
from individual sensors, and heterogeneous aging of sensing
materials.

Thus, development of selectivity-tunable yet simplified
sensor systems attracts tremendous attention.’” Our and other
research teams are developing new concepts of chemical
detection with multivariable sensors, where an individual
sensor has several partially or fully independent responses.
Such single sensor has several advantages over sensor arrays
that include a reduced number of noise sources, more
predictable sensor aging, and simplified fabrication/packag-
ing. Examples of such sensors include electrical and mechan-
ical resonators, field-effect transistors, and optical sensors
based on quantum dots, multi-reporter fluorophores, biolog-
ical iridescent nanostructures, core—shell nanoparticles, and
plasmonic metal/metal-oxide nanocomposites.”

In this study, we achieved selective detection of not only
individual vapors but also their mixtures using a single sensing
material and its localized surface plasmon resonance (LSPR)
spectroscopic readout. While LSPR detection of individual
vapors has been shown with plasmonic nanoparticles,”"® here
we demonstrate detection of vapor mixtures with a single
LSPR sensing film. To achieve this attractive capability,
instead of using a two-dimensional (2D) arrangement of
surface-attached plasmonic nanoparticles, ™%l we imple-
mented a 3D network of dispersed plasmonic nanoparticles
functionalized with a “soft” vapor-sorbing ligand shell and
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coupled its LSPR response with multivariate spectral analysis.
Earlier, such monolayer-functionalized metal nanoparticles
were used for sensing with univariate transducers,®** but
required sensor arrays with diverse vapor-sorbing ligands for
vapor-response selectivity,>>¢ %101

The three mechanisms facilitating the vapor response
selectivity of LSPR sensors reported in this study are
illustrated in Figure 1 A. First, the swelling/shrinking of the
soft shell is affected by the type and concentration of the
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Figure 1. Selective detection of vapors using a single sensing film
based on a 3D network of organothiol-functionalized plasmonic nano-
particles: A) Mechanisms facilitating vapor response selectivity involve
vapor-induced modulation of interparticle spacing D, dielectric con-
stant &, and refractive index n of the ligand shell, and film reflectivity R.
B) Concept of spectral discrimination of vapors A and B and their
mixtures A+ B upon multivariate analysis of resulting LSPR spectra.
C) TEM image of 1-mercapto-(triethylene glycol) methyl ether function-
alized gold nanoparticles. Inset, high-resolution TEM of two nano-
particles. D) TEM image of a sensing film formed from nanoparticles.
Insets, color change of the spin-cast sensing film before (left) and
during (right) water vapor exposure.

vapor, resulting in the change in the interparticle spacing D.!""
Second, vapors have their respective vapor partition coeffi-
cients K into the organic vapor-sorbing ligand shell®**? that
affect the resulting dielectric constant of the shell ¢, which is
in turn related to its refractive index n. Third, reflectivity R of
the metal nanoparticle network films is affected by the
variations of the film thickness.""®'? These diverse effects
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provide the possibility to spectrally discriminate different
vapors and their mixtures upon multivariate analysis of
resulting LSPR spectra and an attractive opportunity to
quantify individual vapors in their mixtures using only a single
LSPR film (see Figure 1B). Depending on the nature of the
ligand shell, type, and concentration of the vapor, morphology
and thickness of the formed nanoparticle network film, and
measurement conditions, the relative contributions from the
various mechanisms of the vapor-induced film response can
differently affect vapor selectivity of a single film.

Out of a variety of soft ligand shells®™ we selected 1-
mercapto-(triethylene glycol) methyl ether for functionaliza-
tion of gold nanoparticles because of its amphiphilic proper-
ties that provide the ability to respond to both polar and
nonpolar vapors as well as the strong color change upon vapor
exposures. Individual nanoparticles, the spin-cast sensing film,
and its color change upon vapor exposure (water vapor, at
a concentration of about 0.8 P/P,, where P is the vapor partial
pressure and P, is the saturated vapor pressure) are visualized
in Figure 1C,D. A transmission electron microscopy (TEM)
image in Figure 1 C illustrates that the nanoparticles are 6.0 =
0.8 nm in diameter (mean =+ standard deviation, SD). The
formed 3D network"* is a random dispersion of nanoparticles
with visible voids (Figure 1D). These voids (also known as
“regions of lower ligand density”®) facilitate rapid diffusion
of vapors into and out of the film. Spin-casting or printing of
such sensing films could be an advantage over monolayer
films because of the simplicity of their fabrication, yet
providing excellent performance.>

As model vapors, we selected six vapors (water, methyl
salicylate, tetrahydrofuran, dimethylformamide, ethyl ace-
tate, and benzene) with diverse range of their physical and
chemical properties and importance for industrial and home-
land protection applications (see Table S1 in the Supporting
Information). Absorption spectra of the sensing film upon
exposure to six vapors are presented in Figure S1. The
plasmonic response at the short- and long-wavelength
shoulders showed a significant diversity to different vapors.
Irrespective to their refractive index (see Table S1), all vapors
have led to the peak shift toward short wavelengths, indicat-
ing noticeable contributions of swelling effects of the organic
soft shell upon interactions with vapors of different refractive
indices.

Exposures to different vapors at several concentrations
were further performed to evaluate the response pattern. For
this assessment, we selected several wavelengths, including
those at the short- and long-wavelength shoulders of the
extinction peak and at the peak maximum (see Figure 2 and
Figure S1). Different vapors had their varying response and
recovery times ranging from the relatively fast (for water,
ethyl acetate, benzene) to the relatively slow (for methyl
salicylate). For each vapor, these dynamic responses were the
same at different wavelengths of the spectrum.

From the evaluation of the responses at individual wave-
lengths, we observed that tested vapors had different relative
magnitudes and even directions of response. Figure 3A
summarizes these response intensities at several representa-
tive wavelengths (440, 510, and 610 nm) normalized by the
response of a representative vapor (vapor 3). To explore in

Angew. Chem. Int. Ed. 2013, 52, 10360-10364

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

1 2 3 4 5 6 1 2 3 4 5 6
1.015 7 =

T

0.99— —

1.03 —

1.19 L 1 r- v r O

) Ul Uil
1.185— —
1.18— 510
1.39: —
A - -
137 —
1.35: 560:
1.24‘W-W V vv-vv In :
A L ~
1.2 =

1.16]

0 20 40 60 80 100 120 140
t/ min

Figure 2. Dynamic response patterns of a single sensing film of
organothiol-functionalized plasmonic nanoparticles to six model
vapors at representative wavelengths (440, 470, 510, 560, and

610 nm). Vapors: 1) water, 2) methyl salicylate, 3) tetrahydrofuran,

4) dimethylformamide, 5) ethyl acetate, and 6) benzene. All vapors are
at 0.09 and 0.18 P/P,.

detail the effects of different vapors on the absorption spectra
of the sensing film, we analyzed spectra using principal
components analysis (PCA)." This pattern recognition
method explains the variance of the data as the weighted
sums of the original variables, known as principal components
(PCs). Figure 3B depicts the scores plot of PC, versus PC,
upon exposure of the single sensing film to six vapors. The
first two PCs of the built PCA model accounted for > 99 % of
the total variance. This single sensing film discriminated
between most of the tested vapors as shown with replicate
measurements (n=2). The response of the film to water
vapor was close to the response to tetrahydrofuran and
dimethylformamide at tested concentrations. A slight
response nonlinearity was observed for methyl salicylate
and tetrahydrofuran.

We have found that the order of the response of the
sensing film to different vapors in the PCA scores plot
corresponded to the refractive index of the solvent (dashed
line in Figure 3B). Almost all tested vapors followed this
ranking except for water vapor. Such behavior of the sensing
film upon exposure to water vapor could be preliminary
explained that water was the only polar protic solvent among
tested vapors. This response behavior is currently under our
detailed evaluation. Such diversity of vapor responses is
a significant improvement in design of sensing materials
where selectivity is achieved by the multivariate response of
an individual film. Selectivity tuning can be achieved not only
by diverse functionality of soft vapor-sorbing ligands, but also
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Figure 3. Discrimination of six individual vapors using a single sensing
film of organothiol-functionalized plasmonic nanoparticles: A) Univari-
ate responses at representative wavelengths (440, 510, and 610 nm)
normalized by the response to vapor 3. Each data point is the mean of
two replicate exposures, error bars are +1 SD. B) Scores plot of

a developed PCA model. Each vapor concentration is represented by
two replicate exposures. The dashed line shows the film response to
different vapors in the order of the refractive indices n of the
corresponding solvent. Vapors: 1) water, 2) methyl salicylate, 3) tetra-
hydrofuran, 4) dimethylformamide, 5) ethyl acetate, and 6) benzene.
All vapors are at A) 0.36 and B) 0.09 and 0.18 P/P,.

by implementing more rigid vapor-sorbing ligands that
restrain swelling of sensing films and boost the effects of
analyte-dependent changes of the dielectric constant and the
refractive index of the film.*"!

Selectivity for diverse classes of vapors (Table S1)
reported in this study, has not been previously observed in
photonic sensing structures. In particular, 2D arrays of
surface-immobilized plasmonic nanoparticles decorated with
vapor-responsive layers (e.g. metal-organic frameworks,™
metal oxides"*) did not show such selectivity. Nanofabri-
cated sensors based on Bragg diffraction (e.g. porous silicon,
opal structures, inverse opal structures, and periodic layers of
SiO, and TiO, nanoparticles™) did not discriminate different
vapors within a chemically uniform photonic layer.'*

For studies of sensor response to binary vapor mixtures,
we identified ethyl acetate and benzene vapors (vapors A and
B, respectively) based on the PCA scores plot in response to
six vapors (Figure 3 B). These vapors were selected because of
their good separation in the scores plot in Figure 3B, rapid
response/recovery times, and significant differences in their
dielectric properties and refractive index (see Table S1).

The sensing film was exposed to pure vapors at different
concentrations, followed by the exposure of the sensor to
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eight mixtures of vapors A and B at their different ratios.
Figure S2 depicts the layout of the experiment with a time-
dependent sequence of concentrations of vapors A and B
delivered to the sensing film. For statistics, we included
several replicates of exposures to vapors. As illustrative
examples, Figure 4 A,B depict results of this experiment
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Figure 4. Detection of individual vapors A (ethyl acetate) and B
(benzene) and their binary mixtures using a single sensing film of
organothiol-functionalized plasmonic nanoparticles: A,B) Film absorb-
ance at 510 and 610 nm, respectively. C,D) Responses PC, and PGC,,
respectively from a built PCA model.

plotted as film absorbance at 510 and 610 nm, respectively.
These figure panels visualize a five-fold difference between
the response magnitude of the sensing film to ethyl acetate
(vapor A) vs. benzene (vapor B) at 510 nm and almost no
difference at 610 nm. Figure 4 C,D depict the time-dependent
responses of PC, and PC,, respectively from a built PCA
model. This multivariate spectral analysis of the film absorb-
ance provided a clear visualization of response differences
between individual ethyl acetate and benzene vapors and
their mixtures. The PCA model for the binary mixtures
involved only a subset of the classification space as compared
to the model for six vapors shown in Figure 3 B.

Our concept of quantifying individual vapors in their
mixtures using a single LSPR film (see Figure 1B) we further
demonstrated experimentally as shown in Figure 5. For this
analysis, we selected 86 absorption spectra that corresponded
to concentrations of individual vapors, their mixtures, and the
baseline (see the Supporting Information). The designed map
of vapors concentrations (Figure 5SA) had an excellent
resemblance with the experimentally obtained map (Fig-
ure 5B). This data shows the power of the application of 3D
networked nanoparticles functionalized with a soft ligand
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Figure 5. Quantitation of vapors in their binary mixtures using a single
sensing film of organothiol-functionalized plasmonic nanoparticles.
Comparison between A) a designed map and B) PCA results. Correla-
tion plots between the actual (measured) and predicted cross-
validated concentrations of C) ethyl acetate and D) benzene vapors
(vapors A and B, respectively). For this quantitation, 86 absorption
spectra that corresponded to concentrations of individual vapors, their
mixtures, and the baseline were used.

shell for the discrimination of vapors in their binary mixtures.
Individual vapors and all their mixtures were clearly resolved.

To quantify vapor concentrations, we applied a multi-
variate linear regression model using partial least squares
(PLS) technique.'"! The PLS technique determines correla-
tions between the independent variables and the instrument
response by finding the direction in the multidimensional
space of the instrument response that explains the maximum
variance for the independent variables. We used PLS to
quantify individual vapors in these mixture experiments
based on the 86 absorption spectra. From our initial analysis,
we selected three latent variables (see Figure S3) that were
further used for concentration predictions. The cross-valida-
tion of the model was performed using a cross-validation with
random samples with five splits and 20 iterations. Fig-
ure 5C,D illustrate correlation plots between the actual and
predicted cross-validated concentrations of ethyl acetate and
benzene vapors. The residual error plots for these vapors are
presented in Figure S4. This data illustrates the ability of
a single sensing film of organothiol-functionalized gold
nanoparticles to not only discriminate but also to quantify
individual vapors in their mixtures.

Statistics of quantitation of individual vapors in these
mixture experiments is presented in Table S2. The key
outputs of the developed multivariate model are the root-
mean-square error of calibration (RMSEC) and the root-
mean-square error of cross-validation (RMSECV). The
prediction accuracy of the developed model was 0.006—
0.008 P/P,. If needed, approaches to improve the accuracy

Angew. Chem. Int. Ed. 2013, 52, 10360-10364

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

of prediction further could be to develop more robust
calibration models based on a larger number of calibration
samples and to explore nonlinear multivariate regression
models.['”]

Response drift has been reported in organothiol-function-
alized nanoparticle films on chemiresistors.'* '8l We observed
the wavelength-dependent baseline drift. It was negligible at
510 nm and noticeable at 610 nm (Figure 2). PC, and PC, also
had different baseline drift (Figure 4 C,D). This drift affected
the prediction accuracy of concentrations of vapors in their
mixtures. To determine the wavelength-dependent baseline
drift in more detail, we took the ratio of absorption spectra
measured in dry nitrogen before and after exposures to all
vapors. This analysis determined the magnitude, direction,
and nonmonotonic nature of this drift (Figure S5). 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,**18 responsible for film instability. The origin of this
drift is the focus of our on-going studies.

In conclusion, we showed that a single film of monolayer-
functionalized gold nanoparticles coupled with plasmonic
readout discriminated between diverse individual vapors and
quantified vapors in their simple mixtures. Our vision for
multivariable sensing materials for detection of individual
vapors and their mixtures introduces a new perspective for
sensing, where tunable selectivity is achieved in a single
sensing film, rather than from an array of separate sensors.
The design requirements to achieve a desired tunable vapor
selectivity with such a single film include vapor-induced
modulation of the interparticle spacing D through the length
of the ligand shell, refractive index of the ligand shell n,
reflectivity R of the nanoparticle network film, and their
relative contributions to the total mutlivariable response. The
number of vapors that could be quantified with such new
sensors will be at least two—three, similar to sensor arrays.!'”)
However, the use of a single sensor simplifies system design,
improves sensor stability, and allows new sensor readouts with
smartphones and in wearable devices.””! The present film can
quantify individual vapors at most in binary mixtures and
could be affected by other vapors. Our current work is
focused on enhancing dimensionality of multivariable
response of individual sensors, quantifying vapors mixed
with interferences, and selectivity tuning by a designed
exclusion of sensor response to specific vapors.
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