A \

A
h elcYolele
http://pubs.acs.org/journal/acsodf

Odor-Based Nanomechanical Discrimination of Fuel Oils Using a
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ABSTRACT: Odors are one of the most diverse and complicated gaseous * - x Chemically-irrelevant ~ Discrimination
mixtures so that their discrimination is challenging yet attractive because of Y multiple materials F.,QZ.Q"’\ fo1
the rich information about their origin. The more similar the properties of U ® - \\\
odors are, the more difficult the discrimination becomes. The practical u =Q\Fo4
applications, however, often demand such discrimination, especially with a ™ u Odor sensing with... Poor
compact sensing platform. In this paper, we show that a nanomaterial

designed for a specific type of odors can clearly discriminate them even with a "‘*u iu %%% _Foa
single nanomechanical sensing channel. Fuel oils and their mixture are used * S, Fro2

as a model target that has similar chemical properties but different Fuel oils Chemically-relevant “Fo1
compositions mainly consisting of paraffinic, olefinic, naphthenic, and (FO1-5) single material Excellent

aromatic hydrocarbons. We demonstrate using octadecyl functionalized

silica—titania nanoparticles that the difference in the compositions is successfully picked up based on their high affinity for the
aliphatic hydrocarbons and alkyl chain length dependent nonlinear viscoelastic behavior. Such a properly designed material is proved
to derive sufficient information from a series of analytes to discriminate them even with a single sensing element. This approach
provides a guideline to prepare various sensors whose response properties are distinct and optimized depending on applications.

B INTRODUCTION problem that some illegal adulteration frequently happens by
mixing a certain amount of impurity to a fuel oil to increase its

++Discrimination of odors is one of the major challenges in 13,14 15,16
volume. Gas chromatography—mass spectrometry and

analytical science and related fields. An odor is often composed . < 3
other spectroscopic techniques such as infrared spectrosco-
of tens of, hundreds of, or even thousands of components, 17 2 1821-23 . -
. . . . Raman spectroscopy, ™ ion mobility spectrosco-
making it extremely diverse and complicated. Thus, the 35 .
terahertz spectroscopy, and ultraviolet spectrosco-

discrimination always requires organized techniques. Gas py’zg . . .
chromatography—mass spectrometry has been a well-known py~ have contributed to analyzing fuel oils, although they have

. . s several drawbacks mentioned earlier that limit the quick and
conventional technique for decades and is utilized as a standard . .
) ) . easy test. Alternatively, sensor arrays are more suitable for such a
in the world, although it suffers from the requirements of a

. . urpose because of their potential easiness, compactness, and
skillful operator and a rather long measurement time. Under the purpose pote . P ’

. L inexpensiveness. Several previous studies have reported that
circumstances, a sensor array concept emerges to discriminate

. . . . sensor arrays consisting of metal-oxide-based semiconduc-
odors with much easier operation, shorter measurement time, 29-31

- . tors uartz crystal microbalances coupled with capacitance
less cost, and more compact setup.”” The array consists of ’ d A P P

, ) , ; transducers,” functional Au nanoparticles,”” various polydiace-
multiple channels whose materials/coatings are different so that 34 . . . 35 o
. . tylenes,”™ and dye-silica/alumina mixtures™ are utilized to
each channel responds uniquely to a variety of odors. On the one

. o ) . discriminate the fuel oils. Although even tens of different
hand, this approach works to discriminate odors with different . o

. . channels are aligned for discrimination in some cases, only a few
properties and/or compositions. But on the other hand, to

e , . o of them seem to provide useful information. Importantly, the
discriminate odors with rather similar characteristics, a random hvd T . . .
_ ) ) ydrocarbons existing in the fuel oils are indeed diverse; they
line-up of functional channels does not work efficiently. Some inlv incl . . ) .
. . mainly include paraffinic, olefinic, naphthenic, and aromatic
synergistic, weakened, or neutralized effects between the

components of odors make the discrimination even more
difficult.'®™"* For these reasons, sensors and each of their
channels at least need to be properly designed to somehow pick
up any slight difference between such similar species.

Fuel oils including gasoline, kerosene, and diesel are mainly
composed of hydrocarbons, meaning that these oils have similar
chemical properties. Furthermore, there is a serious worldwide
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hydrocarbons with hundreds of structural isomers whose
number of carbon atoms ranges from C4 to C40.'%%%%
Therefore, what we have to consider here is how to derive
measurable differences from these various mixtures consisting of
such chemically similar species whose slight difference in
composition matters. On the basis of our previous studies,”**’
one prerequisite is to design a sensor to have a roughly similar
property—hydrophobicity, in this case—with that of the fuel
oils so that the sensor becomes sensitive to them. To detect a
minute difference between the fuel oils, a sensor needs to have
sensitivity sufficient for obtaining a clear sensing signal to extract
effective features. The other key is to design the sensor surface to
derive further detailed information that reflects such difference
based on some common features in all components. As aliphatic
hydrocarbons are major components of fuel oils, alkyl chain
length would be one of the targets for this purpose. The
successful acquisition of alkyl chain length-related information
and its efficient transduction into sensor responses would realize
precise discrimination of fuel oils even with a single sensor
channel, leading to a practical compact sensing system.

In this paper, we describe an effective combination of a
nanomechanical sensor and a nanomaterial with nonlinear
viscoelasticity that enables us to clearly discriminate fuel oils. We
accomplish this by designing a functional nanoparticle that is
composed of octadecyl modified silica—titania hybrid nano-
particles (C18-STNPs)***” and using them as a gas sensing
material for a Membrane-type Surface stress Sensor (MSS).* As
compared to the other types of conventional sensors, MSS is free
from the following common problems: high temperature
operation, limited options for a sensing material, vibration/air
flow induced instability, cross talk between channels, bulky
setup, insufficient sensitivity, and high power consumption.**~**
The single-channel sensor functionalized with C18-STNPs is
chemically/physically stable, is specifically sensitive to hydro-
carbons that are one of the major components of the fuel oils,
provides distinct resolution on their adsorption/desorption
processes based on the change in the viscoelastic behavior of
C18-STNPs, and thus responds to the fuel oils differently
depending on their components. We demonstrate how the
present approach works by measuring regular gasoline, premium
gasoline, kerosene, diesel, and 10% kerosene dissolved in
regular.

B EXPERIMENTAL SECTION

Chemicals. Octadecyltriethoxysilane (ODTES; Tokyo
Chemical Industry Co., Ltd., >85.0%), dodecyltriethoxysilane
(DDTES; Tokyo Chemical Industry Co. Ltd., >95.0%),
titanium tetraisopropoxide (TTIP; Tokyo Chemical Industry
Co., Ltd., purity N/A), isopropyl alcohol (IPA; Wako Pure
Chemical Industries, Ltd., >99.7%), aqueous ammonia solution
(NH,aq; Kanto Chemical Co., Inc., 28.0—30.0%), and
octadecylamine (ODA; Aldrich, Inc,, 97.0%) were used to
prepare nanomaterials. Poly(vinylpyrrolidinone) (PVP; Sigma-
Aldrich, Inc., average molecular weight: 360,000), poly-
(allylamine hydrochloride) (PAA; Sigma-Aldrich, Inc., average
molecular weight: 17,500), and poly(methyl methacrylate)
(PMMA; Sigma-Aldrich, Inc., average molecular weight:
15,000) were used as coating materials. Ethanol (EtOH;
Wako Pure Chemical Industries, Ltd., >99.5%) and toluene
(Kanto Chemical Co., Inc., >99.5%) were used to prepare the
polymer solutions for spray coating. Fuel oils including regular
gasoline, premium gasoline, kerosene, and diesel were purchased
from ENEOS Corporation and utilized for their vapor

measurements. In addition, the following chemicals were also
used for the same purpose: formaldehyde aqueous solution
(formaldehyde aq.; Wako Pure Chemical Industries, Ltd., 35—
38%), acetic acid (Wako Pure Chemical Industries, Ltd.,
>99.7%), N,N-dimethylformamide (DMF; Tokyo Chemical
Industry Co., Ltd,, >99.5%), acetone (Sigma-Aldrich, Inc.,
>99.5%), 2-butanone (Wako Pure Chemical Industries, Ltd.,
>99.0%), methanol (MeOH; Kanto Chemical Co., Inc,
>99.8%), 1-butanol (1-BuOH; Sigma-Aldrich, Inc., >99.5%),
1-pentanol (1-PeOH; Sigma-Aldrich, Inc., >98.0%), n-hexane
(C6; Wako Pure Chemical Industries, Ltd., >96.0%), n-heptane
(C7; Nacalai Tesque, Inc., >99.0%), n-octane (C8; Nacalai
Tesque, Inc., >98.0%), n-nonane (C9; Nacalai Tesque, Inc.,
>98.0%), n-decane (C10; Nacalai Tesque, Inc., >98.0%), n-
undecane (C11; Nacalai Tesque, Inc, >99.0%), n-dodecane
(C12; Nacalai Tesque, Inc.,, >99.0%), benzene (Wako Pure
Chemical Industries, Ltd., >99.5%), toluene (Wako Pure
Chemical Industries, Ltd., >99.5%), xylene (mixture of o-, m-,
and p-xylene; Wako Pure Chemical Industries, Ltd.), 1,2-
dichlorobenzene (1,2-DCB; Sigma-Aldrich, Inc.,, >99%), and
1,3-dichlorobenzene (1,3-DCB; Sigma-Aldrich, Inc., >99%). All
the chemicals were used as received. The chemical structures of
ODTES, PVP, PAA, and PMMA are shown in Figure SI.

Nanomaterial Synthesis. C18-STNPs were synthesized by
a multistep nucleation-controlled growth method with some
minor modifications.”®*”* The procedure is schematically
shown in Scheme S1. Briefly, five starting solutions (solutions
A—E) were prepared. The detailed composition of each solution
is summarized in Table S1. The solutions A, B, C, and D were
individually flowed in perfluoroalkoxyalkane tubes (PFA; 1.0
mm inner diameter, 1/16 in. outer diameter, product of YMC
Co., Ltd.) using a syringe pump (CXN1070, product of ISIS,
Co., Ltd.) at 10 mL/min. The solutions A and B and solutions C
and D were mixed, respectively, in a polytetrafluoroethylene
(PTFE) fluidic channel with a Y-shape junction (the cross-
sectional area of the channel: approximately 1 mm? KeyChem
mixer, product of YMC Co., Ltd.). After that, the two resultant
reaction solutions—solution A + B and solution C + D—were
mixed in the second fluidic channel placed just after the first two
fluidic channels. The first and second fluidic channels were
connected with 100 mm PFA tubes. Then, the mixture of the
four solutions (A—D) was flowed through a PFA tube with a
length of 700 mm and added into solution E under magnetic
stirring. After the addition, the final reaction solution was aged at
room temperature for a week without magnetic stirring.

Spray Coating Procedure. The suspension of C18-STNPs
was spray-coated onto the surface of MSS by using a spray coater
(rCoater, product of Asahi Sunac Co.). MSS consisted of a thin
silicon membrane (2.8 um thick, 300 ym in diameter)
suspended by four beams where piezoresistors are embedded.*’
When the coating adsorbed the analytes, it swelled and
generated surface stress that was detected with the piezor-
esistors. As we had four membranes on a chip, the spray coating
procedure was applied to each membrane one by one using a
mask. To prepare the suspension, C18-STNPs were centrifuged
at 9000 rpm for 10 min. The sediment was carefully washed with
IPA several times followed by the addition of the IPA/water
mixture (vol/vol = 3/5) into it. The concentration was set at
approximately 1 g/L. Before spray-coating, sonication was
applied to get C18-STNPs dispersed as much as possible (some
aggregates might be still recognized). Then, the suspension was
loaded in a syringe and flowed through a PTFE tube at 3 mL/
min by using a syringe pump (YSP-201, product of YMC Co.,
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Ltd.). The suspension was introduced into a spray nozzle and
sprayed with the help of two types of carrier air (atomizing air:
0.030 MPa and patterning air: 0.030 MPa) to form
homogeneous droplets. An MSS chip was mounted on a stage
that was heated at approximately 100 °C to quickly evaporate
the droplets. The stage moved back and forth, while the spray
nozzle moved from the left to the right at 15 mm/s with a 0.3
mm pitch. The distance between the spray nozzle and stage was
set at 100 mm. The coating process was repeated 20 times to get
the coating with a thickness of around 1.5 ym (determined with
the Dektak-XT Stylus Profiler (DXT-A), Bruker Corp.).

A similar protocol was performed for three polymers: PVP,
PAA, and PMMA. As they dissolved in different solvents, EtOH,
water/EtOH mixture (vol/vol = 1/4), and toluene were utilized,
respectively. Their concentration was set at S g/L. Optical
microscope images of all the four coatings are shown in Figure 1

¢ i _/f)f’él:v?aain 0,
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Figure 1. Optical microscope images of MSS before and after being
coated with C18-STNPs.

and Figure S2. Since a spray nozzle was going back and forth
multiple times above MSS during a coating cycle, the whole
sensor surface was eventually coated with each material.
According to a previous report,”* MSS is sufficiently robust
against the inhomogeneity of the coating owing to its symmetric
structure. The signal deviation was reported to be in the range of
only 5—6% even with a receptor layer having a coffee ring
structure, which is difficult to control. Since the receptor layers
prepared in the present study using a spray coater were rather
uniform without a distinct feature, the present coating could
provide even less deviation in the sensing signals.

Vapor Measurement. We measured vapors of 28 samples
including S fuel oils and their mixture (10% kerosene dissolved
in regular) and 23 chemicals including ultrapure water,
formaldehyde aq., acetic acid, DMF, 2 ketones (acetone and
2-butanone), 5 alcohols (MeOH, EtOH, IPA, 1-BuOH, and 1-
PeOH), 7 alkanes (C6 to C12), and S aromatic compounds
(benzene, toluene, xylene, 1,2-DCB, and 1,3-DCB). These
samples were measured using the following experimental setup.
A schematic of the setup is shown in Scheme S2. The C18-
STNPs-coated MSS chip was placed in a chamber with its
interior volume in the range of microliters, and the chamber was
carefully sealed with O-rings. Two mass flow controllers (MFC1
and MFC2; FCST1005C-4F2-F100N2, purchased from Fujikin
Inc.) were utilized to introduce nitrogen into the chamber at a
flow rate of 100 mL/min. MFC1 was for purging to accelerate
the desorption of adsorbents, and MFC2 was for introducing a
sample vapor together with nitrogen as a carrier. Both injection
and purging were performed for 30 s. and this cycle was repeated
four times for all the samples. The details of the injection—
purging cycle and corresponding sensor output are shown in
Figure S3. In this study, 1 mL of the sample liquid was added
into a small vial capped with a rubber lid, and two needles
connected to PTFE tubes were stuck into the headspace of the
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vial through the rubber lid. One end of the PTFE was connected
to MFC2 and the other end of the PTFE tube was connected to a
vacant vial to make the mixed gas sample homogeneous.
Another PTFE tube stuck into the mixing vial was connected to
the chamber. MFC1 and the vacant vial were set in the same
manner and connected to the mixing vial as well. The two MFCs
were switched every 30 s to conduct a sample injection—purging
cycle, which was repeated four times. The data were recorded at
abridge voltage of —0.5 V and a sampling rate of 20 Hz. The data
collection program was designed by LabVIEW (NI Corp.). All
the experiments were conducted under ambient conditions
without any temperature/humidity control.

Principal Component Analysis (PCA). The following four
parameters were extracted from an MSS response as features for
PCA:

Parameter 1: (b — a)/(t, — t,)
Parameter 2: (d — ¢)/(t; — t.)
Parameter 3: (f — e)/(tf —t)

Parameter 4: (d — g)

wherea, b, ¢, d, e, f, g t, b, t, ty b, t and t,are denoted in Figure
2. Specifically, t,, ty, t, t, t,, t; and t, were defined as t, =ty + 1 [s],

d Parametir_Z
‘ \
e
/ Parameter 3
T
b ___________
Parameter 4
Parameter 1
PPy E—
g

tot, ty totgt, b ly

Figure 2. A schematic diagram of the four parameters extracted from a
response curve.

ty=to+2[s],t. =ty +25 [s],t;=to+ 30 [s], t, =t + 31 [s], t;= 1,
+32[s],and ty=t+ 60 [s], respectively. The responses from the
second to fourth injection—purging cycle were used for the
feature extraction because the first cycle was usually affected by
preadsorbed water molecules and/or residual compounds from
previous measurements, resulting in a transient response. Thus,
we used 90, 150, and 210 as £,. Three sets of the four parameters
were extracted accordingly for PCA. The present PCA was
performed using Origin Pro 2020 (Lightstone Corp.). These
parameters reflect several physicochemical characteristics
included in a response: adsorzption, quasi-equilibrium, desorp-
tion, and adsorption capacity.”**”

Material/Coating Characterization. Scanning electron
microscope (SEM) images were obtained using a Hitachi
Ultrahigh Resolution Scanning Electron Microscope SU8000 at
an accelerating voltage of 10 kV. Prior to each observation,
samples were coated with a few nanometers of platinum.

A particle size distribution was measured by a dynamic light
scattering (DLS) technique using an ELSZ-2000 (Otsuka
Electronics Co., Ltd.). C18-STNPs were dispersed in trichloro-
methane and then used for the measurement.
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Figure 3. (a) MSS responses to regular (black), premium (red), diesel (green), kerosene (blue), and 10% kerosene in regular (pale blue). Each panel
from the left to the right shows the response measured by the MSS coated with C18-STNPs, PVP, PAA, and PMMA, respectively. (b) Corresponding

PCA plots.

Fourier Transform infrared (FT-IR) spectra were measured

using a Nicolet 4700 FT-IR spectrometer (Thermo Fisher
Scientific Inc.) at a resolution of 2.0 cm™" and in the range from
4000 to S00 cm™'. The sample powder was homogeneously
mixed with KBr, and then the mixture was pressed to form a KBr
disk for the transmission measurements.
Thermogravimetric-differential thermal analysis (TG-DTA)

sequently, the PCA plots for these polymers exhibit some

overlaps among each sample, meaning that the samples are not
well-discriminated. Although using 12 features extracted from
the three polymers simultaneously provides better discrim-
ination, the plots are still broadly scattered as shown in Figure

S4.

Importantly, unlike the three polymers, C18-STNPs also

curves were recorded on an SITEXSTAR 6000 TG/DTA6300 at
a heating rate of 10 °C/min under air flow. @-Alumina powder
was used as a reference material to obtain DTA curves.

Optical microscope images were taken using an Eclipse Ni
(Nikon Instruments Inc.).

show distinct responses to a series of alkanes consisting of C6 to
C12 as well as a well-separated PCA plot, as shown in Figure
4a,b. Although the concentration of these alkanes is different
each other because their amount in the carrier gas depends on
their vapor pressure, we can still confirm that C18-STNPs are
able to differentiate the seven alkanes regardless of the effect of
concentration. According to a previous report, features extracted
from a decay curve are not significantly affected by
concentration.”® Thus, we also perform PCA only based on
each decay curve and extract the change in their slope over time
(see Figure SS for details). The PCA plot is shown in Figure 4c.
The data points for each alkane are still group-wise in spite of the
smaller number of features used for the analysis, whereas the
polymers show apparent overlap. Considering the fact that each
fuel oil mainly contains hydrocarbons with different carbon
numbers, the robust property to derive any information that
relates to the difference between structurally similar molecules
should be a major reason why the fuel oils are successfully
discriminated only by C18-STNPs. This result is similar to that
observed in chromatography measurements using a column
modified with a nonpolar phase such as methyl polysiloxane.*>

One of the most important aspects is the viscoelastic behavior
of the C18-STNPs coating. Different from the three polymers,
C18-STNPs give symmetric responses in their injection and
purging of the analytes except in the first cycle, as shown in
Figures 3 and 4. According to the viscoelastic model proposed
previously,”" a typical nanomechanical sensor coated with a
viscoelastic material exhibits symmetric sensing responses for
gas injection and carrier gas purge. This behavior reflects two
different processes: diffusion of sample gas and stress relaxation.
Thus, the symmetric responses indicate that C18-MSS follows
the viscoelastic model. In contrast, the response shapes of the

B RESULTS AND DISCUSSION

When the fuel oils including regular gasoline, premium gasoline,
kerosene, and diesel are measured with the C18-STNPs-coated
MSS (denoted as C18-MSS), all the responses show very
different shapes and output intensity as summarized in Figure
3a. As expected, the four fuel oils are discriminated by PCA as
shown in Figure 3b because the four features used here are
defined to correlate with the profile of the responses. These
results mean that the single sensor channel sufficiently works to
discriminate odors that originate from samples even with very
similar chemical properties. We find that regular gasoline
containing 10% of kerosene gives a response that is not same as
that of either gasoline or kerosene. Thus, the corresponding
points in the PCA plot are also distinct. They locate between
those of pure regular and pure kerosene but are rather close to
regular, most probably reflecting the ratio of the mixture.
Estimation of the ratio of regular and kerosene could be possible
because predicting the concentration of each component in a
water—methanol—ethanol ternary mixture is possible by means
of machine learning.38 In contrast, three polymers including
PVP, PAA, and PMMA, which are frequently coated on various
sensor arrays, " result in much smaller responses with similar
shapes for all samples. Note that the remarkably large first curve
is due to a temporary mixing of the analyte molecules with
preadsorbed water molecules in the receptor layer and their
desorption induced by the introduction of analytes. Con-
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polymers are completely asymmetric; they rise fast and decay
much slowly. This asymmetry indicates that the responses of the
polymer-coated MSS include irregular processes that the
viscoelastic model does not consider. For example, the polymers
initially swell by adsorbing analytes, replacing preadsorbed water
molecules, and then get soft or even almost dissolved because of
the diffusion-induced filling of the analytes in their matrix.
Taking into account that the matrix consisting of the polymers
has more accessible sites than that consisting of C18-STNPs as
the interior of the nanoparticles is not accessible, it takes a much
longer time or more cycles to reach a steady state. The transient
responses of the polymers would reflect such characteristics.
Compared to organic polymers, inorganic-oxide-based materials
such as C18-STNPs are chemically and physically more stable.
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In addition to their chemical affinity to hydrocarbons discussed
already, the chemical/physical robustness of C18-STNPs is also
an important feature for the clear discrimination.

For the quantitative discussion on the interaction between the
coatings and analytes, we focus on two specific time constants
for diffusion and relaxation, 7, and 7,, respectively.”” These
constants are estimated by fitting the fourth decay curve of each
response in Figure 4 (except C12 because of its insufficient
measurement time for reasonable fitting) with an equation given

by:
V(t) — VO + Ale—(t_tn)/'% + Aze_(t_fo)/‘fv

where V(t) is the output voltage, t is the time, V; is the offset
value, and ¢, is the time at which the purging starts, respectively.
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A, and A, are the fitting parameters that correspond to the
amplitude of the sensing signal. Since only irregular responses
are available for PVP and PAA, we apply the fitting to C18-
STNPs and PMMA and obtain 7, and 7, as shown in Figure 5.
Interestingly, in the case of C18-STNPs, 7, shows higher values
than 7, from C6 to C8 and then steeply decreases to have lower
values than 7, from C9 to C11. 7, gradually increases up to C9
and then shows a steep rise until C11. It is reported that an
overshoot/downshoot appears in its response curve when 7, is
higher than 7,°” which is seen in the responses for C6 to C8. As
7, and 7, reflect the interaction between C18-STNPs and the
alkanes, the obtained trend suggests the presence of a threshold
where the interaction between them nonlinearly changes after
C8. In contrast, 7, and 7, for PMMA are rather monotonic; 7, is
always higher than 7,, and they both increase gradually as the
number of carbons increases. Such a monotonic variation of 7,
and 7, as well as higher 7, values is consistent with that reported
in the literature for some polymers including PMMA.>* These
totally different behaviors of interacting with a series of alkanes
are the dominant factor in the significant difference in the
discrimination ability of each vapor. The complicated nonlinear
variation of the time constants observed in C18-STNPs allows
for the present discrimination even with a single material.
Then, we estimate how much concentration of each alkane
can be measured by C18-STNPs. To investigate this point, the
alkanes are exposed to a constant flow of nitrogen at 20 to 100
mL/min for 300 s, and the exact amount of the alkanes
evaporated under the conditions is determined (see Figure S6
for details). Output voltages measured at corresponding
conditions are shown in Figure S7. Taking account of the
signal-to-noise ratio of MSS with the typical noise level of about
1 uV,* C18-STNPs could still get some signal for all the alkanes
at a single ppm or sub-ppm concentration, especially single ppb
for undecane and dodecane. One of the reasons for such high
sensitivity could be due to the high stiffness of C18-STNPs. As
nanomechanical sensors tend to show a higher maximum

response when a stiffer material is coated on their surface,” it is

reasonable that C18-STNPs composed of inorganic constituents
whose Young’s modulus are typically tens of GPa or higher result
in such a high sensitivity, at least compared to any organic
polymers whose Young’s moduli are typically a few GPa or less.
It should be also noted that, for gas/solid equilibrium-based
chemical sensors including MSS, the sensitivity depends not on
the absolute concentration but on the partial vapor pressure.**>*
This behavior is confirmed in Figure S7; the signal intensities of
the MSS depend not on the concentration of each vapor that
spans from about 19,500 ppm (saturated vapor of hexane at 25
°C) to 196 ppm (saturated vapor of dodecane at 25 °C) but on
the flow rate that corresponds to the partial pressure. We also
confirm that there is a linearity between the output voltage and
concentration of the alkanes except for C6 as shown in Figure
S7b. This linearity seems to hold at least up to tens of ppm range
as shown in Figure S8. Considering all the results discussed here,
C18-MSS is highly sensitive to alkanes and has very wide
measuring range that could be from ppb range to single % range.

The high sensitivity of C18-STNPs and its response trend
discussed earlier are useful to discriminate the fuel oils. Previous
studies report that a major difference in the composition of
gasoline, kerosene, and diesel stems from the presence and
distribution of hydrocarbons whose number of carbons is
different each other: CS to C15 for gasoline, C8 to C16 for
kerosene, and C15 to CS0 for diesel.”” With respect to the
difference between regular and premium, there are a few critical

. 16,55 .
points to be focused on: the presence/relative amount of
2,2,4-,2,3,4-, and 2,3,3-trimethylpentane (C8H18); the relative
amount of 2- and 3-methylhexane (C7H16); and the total
amount of aromatic hydrocarbons. Regular gasoline contains
more amount of methylhexanes than premium but contains less
or almost no trimethylpentanes. Also, regular gasoline contains
less amount of aromatic hydrocarbons than premium, indicating
higher volatility in the end. These facts are consistent with the
results shown in Figures 3 and 4. Specifically, hydrocarbons with
shorter alkyl chains show a sharper initial rise followed by a
steeper decay, whereas those with longer alkyl chains result in
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Figure 8. Response trend of C18-STNPs, PVP, PAA, and PMMA to the 23 vapors. The output value for each vapor is extracted from the fourth
injection—purging cycle of a corresponding response shown in Figures S9—S12 and then is divided by that for water to normalize.

the opposite trend. Premium gasoline is basically similar to
regular gasoline in terms of its rough composition, especially
paraffinic hydrocarbons, compared to kerosene or diesel but
contains more amount of aromatic hydrocarbons than regular,
leading to less entire volatility. Thus, the response for premium
shows the initial sharp rise but a smaller response height—
parameter 4—than that of regular. Kerosene displays a steeper
decay than diesel owing to its components with smaller carbon
numbers that should desorb much quicker.

To elucidate the reason for the present clear discrimination
from the viewpoint of material, we describe details about C18-
STNPs. An SEM observation reveals that the size of C18-STNPs
is several tens of nm as seen in Figure 6a. No significant
discrepancy is recognized between the SEM-based size and the
average size measured by DLS in Figure 6b. In addition, the DLS
measurement shows that C18-STNPs have a narrow particle size
distribution. Then, we perform an elemental analysis and
confirm that C18-STNPs are composed of silicon, titanium, and
oxygen. These elements are distributed homogeneously without
aggregation, as shown in Figure 6¢. The elemental mapping also
allows us to estimate the molar Si/Ti ratio to be 2.33, which is
almost consistent with that calculated based on the amount of
ODTES and TTIP used for the synthesis—2.67. These results
indicate that the hydrolysis and co-condensation reaction of
ODTES and TTIP proceed quantitatively to form C18-STNPs.

The presence of octadecyl groups is directly confirmed by the
measurement of an FT-IR spectrum that is shown in Figure 7a.
Two intense absorption bands are seen at around 2916 and
2848 cm™". They are ascribed to C—H stretching vibrations of
the octadecyl groups. Other bands at around 1400, 1100, and
700 cm ™! are all characteristic of octadecyl modified silica.*® The
actual amount of the octadecyl groups on the surface of C18-
STNPs is determined by TG-DTA that is presented in Figure 7b.
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The change of the weight as a function of the temperature gives
the information. Specifically, the change starting from 150 to
600 °C accompanying exothermic reactions is attributed to the
decomposition of organic species—octadecyl groups, in other
words. The weight loss is approximately 70 wt %. It suggests that
the yield of C18-STNPs amounts to 97.5%, meaning that the
reaction for the synthesis is almost completed. Considering all
the characterization results, there are no products that are solely
formed from either ODTES or TTIP, and every single particle is
composed of titania and silica modified with octadecyl groups
whose amount is consistent with that of ODTES used for the
synthesis.

In addition to the seven alkanes, we also examine the
responses of C18-STNPs to a variety of vapors (raw data are
available in Figure S9), as summarized in Figure 8. Obviously,
C18-STNPs have a higher affinity for alkanes and aromatic
compounds, especially alkanes, than for others. This trend is
expected from the structure of C18-STNPs whose entire surface
is covered with octadecyl groups. In contrast, PVP-, PAA-, and
PMMA-coated MSS show a relatively hydrophilic nature that is
indicated by their superior responses to water and other species
with a small number of carbons (raw data are available in Figures
S10—S12). These response trends of each material are also the
major reason why the fuel oils are clearly discriminated only by
C18-STNPs.

Although we discriminate the fuel oils sufficiently using a
single sensor properly functionalized for the purpose, a higher
sensitivity and/or resolution might be required to discriminate
samples whose compositions are more slightly different. Toward
such a challenge, dodecyl functionalized silica—titania nano-
particles (C12-STNPs) are also synthesized. They respond to
the 23 vapors similarly with C18-STNPs as shown in Figure S13.
The response trend normalized by water is found to be different;
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the response to alkanes is almost half of C18-STNPs, while the
response to aromatics is superior to C18-STNPs (see Figure S14
for details). Judging by these results, functionalization with an
alkyl chain longer than C18 might lead to a more distinct
discrimination than that shown in Figure 3b because kerosene
and diesel contain more hydrocarbons with a longer alkyl chain
than regular and premium.”’ Taking advantage of the co-
immobilization of multiple functional groups on a single
material,”*”” further fine-tuning could be possible for a better
discrimination. By contrast, although the polymers used in this
work do not discriminate the fuel oils well, careful selection of
other polymers whose chemical structure is relevant to that of
some characteristic molecules included in the fuel oils would
bring different results. For example, the combination of
hydrophobic nanoparticles and polymers has been reported to
work effectively for quantifying the alcohol content of various
liquors based on their odors using machine learning.” We note
that there is an interesting example of how to diversify the
performance of a single material in a different way. Specifically, a
QCM-D-based approach has been rt_zgorted to utilize a single
material as multiple sensing channels.”” What is demonstrated is
that the change in the harmonic number in the channel leads to
the modulation of the penetration depth of the shear waves,
allowing one to get a specific pattern for a number of analytes at
each harmonic number. Such a technique would help derive
additional potential of a material. If a form factor of a sensing
system allows, the implementation of multiple channels
designed for responding differently to the target analytes could
certainly enhance the discrimination capability. In addition,
advanced approaches in data analysis could realize a more
precise and insightful discrimination.

B CONCLUSIONS

We demonstrate that fuel oils including regular gasoline,
premium gasoline, kerosene, diesel, and 10% kerosene dissolved
in regular are clearly discriminated using a nanomechanical
sensor coated with a single nanomaterial—octadecyl function-
alized silica—titania nanoparticles (C18-STNPs). The reason for
such a clear discrimination is due to their chemical/physical
properties where a series of alkanes are discriminated with high
sensitivity potentially in sub-ppm level as well as their distinct,
reproducible, and viscoelastic response to each alkane. As C18-
STNPs demonstrate here, a precisely functionalized material on
the basis of its chemical/physical properties and the interacting
behavior with target analytes is expected to work sufficiently
even with a single channel. It should be noted here that the
presented sensor has already achieved the practical discrim-
ination performance (discriminating at least the 10% kerosene in
regular) as well as the practical specifications (small sensor size
(<0.1 mm?), room temperature operation (working at a much
lower temperature than the ignition temperatures (approx-
imately 200 °C) of fuel oils), low power consumption (<1 mW),
mechanical/electrical stability, and quick response (<1 min))
that are required for detecting the serious problem, fuel
adulteration, in the real-world condition.

As demonstrated in this study, it should be important to
carefully design each receptor material with a specific purpose
from the beginning to develop an effective sensor array, although
chemical sensor arrays are usually first built with a set of
materials having general chemical/physical divergence. This
kind of approach will become more and more critical to
discriminate challenging samples such as vapors of various
biological fluids, body odors, and breath, in which extremely fine

tunings are required to differentiate each sample and those from
interfering gases.
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