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Abstract

Recently, the manufacture and distribution of adulterated gasoline mixed with pure commercial
gasoline and adulterants has become a global problem. However, there is still a lack of a simple way to
detect it immediately on-the-spot. In this study, we propose highly reflective one-dimensional photonic
crystals (1D PC) as a simple, on-the-spot detection method for adulterated gasoline with the naked-eye.
First, a photo cross-linked polymer—TiO» hybrid material (Ti70) with a high refractive index and P(MA-
co-BPA) with a low refractive index were synthesized and analyzed. After that, they were used to
fabricate a total of 11 layers of highly reflective Ti70/P(MA-co-BPA) 1D PC. The fabricated
Ti70/P(MA-co-BPA) 1D PC exhibited purple in pristine and no color change was observed when
immersed in pure commercial gasoline. On the other hand, when immersed in methanol, xylene, toluene,
and benzene, the colors of Ti70/P(MA-co-BPA) 1D PCs changed rapidly to strong blue, blue, yellow-
green, and orange, respectively. In addition, Ti70/P(MA-co-BPA) 1D PC showed color change within
a short time (~10 s) even in binary or ternary solvent mixtures(gasoline-toluene, gasoline-methanol,
gasoline-toluene-methanol). Moreover, the excellent reusability of Ti70/P(MA-co-BPA) 1D PC was
verified through 10 repetitions of swelling-deswelling tests. Through these results, it was confirmed
that the novel Ti70/P(MA-co-BPA) 1D PC can be successfully applied to the colorimetric on-the-spot

detection of adulterated gasoline.



WUMisT
ULSAN NATIONAL INSTITUTE OF
SCIENCE AND TECHNOLOGY



Contents

Contents Of SCHEME <= n e m e m e iii
COoNLENtS OF FIQUIE == - m e rermr e v
Contents Of TaDle  xnrerermrer e vi
Nomendatures ....................................................................................... vii
L Introductlon .......................................................................................... 1
1.1. Problems and status of adulterated gasoling use ««=-==«==srseremrmmmrmmmimninees 1
1.2. Need for sensor development for detection of adulterated gasoline on-the-spot -------- 3
1.3. 1D PC sensors for detection of adulterated gasoling =«««-«====sereerremrmmmiaminriennnn. 5

1.4. Development of novel polymer—TiO» hybrid material for highly reflective

ID PC SEINSOI *=======ssssssessesssnnasssasssnnssssasassnssssasanssssassssnnsssaassnannnssannnnnnnns 7
15 Motlvatlon ....................................................................................... 7
1I. Experimental ......................................................................................... 9
2‘ 1 . General ........................................................................................... 9
2.2. Synthesis of Materials =« «=xsremremrerremer e 10
2.2.1. Dopamine acrylamide, DA «-reerereermmrmmme 10
2.2.2. Poly(N-isopropyl acrylamide-co-dopamine acrylamide-co-4-benzoylphenyl
acrylate), P(INIPAM-co-DA-co-BPA) «seruerremmmemmnniiinneneee 12
2.2.3. Poly(Methyl acrylate-co-4-benzoylphenyl acrylate), P(MA-co-BPA) ------------- 14
2.3. Preparation of P(NIPAM-co-DA-co-BPA) and TiO; hybrid (TiX) solutions ---------- 16
2.4. Synthesis of Ti70 and P(MA-co-BPA) dry gels =----=srsmremrmrmmmnnineneene 16
2.5. Swelling behavior analysis == «=«xxereermmrmmrmmme 16
2.6. Thin film fabrication - -« =« === s mrrm e 17
2.7. Assembly of the 1D PC SENSOr = -« x=xxermremrmrnen e 17
II1. ReSult and DiSCUSSION === =« nxrssmsrnmn e e 18
3.1. Design concept of synthesized materials -==-==-=-x=srereermmrmmrrmr e 18
3.2. Characterization of refractive index controllable TiX ««-«sxresreemrramirmrianiinniannas 20
3.3. Fabrication of the 1D PC films «««=xesseeremrmmmmmnrn e 24
3.4. Exploring the color change and swelling behavior of Ti70/P(MA-co-BPA) 1D PC -- 28
3.5. Application of Ti70/P(MA-co-BPA) 1D PC ---ueremremmmmrmreiiennneeeee 36



IV ConcluSIOH ........................................................................................

Reference



Contents of scheme

[Scheme 1] (a) Synthesis of copolymer-TiO; hybrid materials (TiX) used as HRIM and (b) P(MA-co-

BPA) used as LRIM



Contents of Figure

[Figure 1] Illustration explaining that the use of adulterated gasoline can cause environmental pollution,
engine failure, and tax evasion

[Figure 2] (a) Images and SEM images of blue morpho butterfly, peacock feathers, chameleon, mine
stone with natural PCs, (b) schematic diagrams of structural cycles in one-dimensional, two-

dimensional and three-dimensional.
[Figure 3] 'TH-NMR (300 MHz) spectrum of DA in DMSO

[Figure 4] *H-NMR (300 MHz) spectrum of P(NIPAM-co-DA-co-BPA) in DMSO

[Figure 5] GPC traces of P(NIPAM-co-DA-co-BPA) in PMMA standard

[Figure 6] *H-NMR (300 MHz) spectrum of P(MA-co-BPA) in CDCls

[Figure 7] GPC traces of P(MA-co-BPA) in PMMA standard

[Figure 8] (a) Thermogravimetric curves of TiX under O, atmosphere and (b) FT-IR of TiX in the 4000-
500 cm™* range

[Figure 9] According to TiX contents (a) refractive index from 300 nm to 800 nm wavelengths and (b)
refractive indices at 633 nm

[Figure 10] Refractive indices according to wavelengths from 300 nm to 800 nm of Ti0, Ti50, Ti70,
P(MA-co-BPA)

[Figure 11] (a) 1D PC film fabrication by spin coating, (b) HRIM and LRIM were periodically cross-
laminated for a total of 11 layers 1D PC film

[Figure 12] (a) Reflectance of Ti0/P(MA-co-BPA), Ti50/P(MA-co-BPA) and Ti70/P(MA-co-BPA) 1D
PC, (b) SEM image of Ti70/P(MA-co-BPA) 1D PC

[Figure 13] GC-FID results of gasoline, methanol, and hydrocarbon standards

[Figure 14] The appearance of a swelled film (a) when a Ti70/P(MA-co-BPA) 1D PC was immersed
in pure commercial gasoline and (b) when it was immersed in adulterated gasoline

[Figure 15] Image of color change with time when Ti70/P(MA-co-BPA) 1D PC was immersed in
gasoline, methanol, xylene, toluene, and benzene

[Figure 16] Changes in reflectance for 2 min of Ti70/P(MA-co-BPA) 1D PC when immersed in (a)
gasoling, (b) methanol, (c) xylene, (g) toluene, (h) benzene and contour plots of (d) commercial gasoline,
(e) methanol, (f) xylene, (i) toluene, (j) benzene, and (k) when immersed in benzene repeatedly 10 times
[Figure 17] (a) P(MA-co-BPA) gel and (b) Ti70 gel swelled when immersed in pure commercial
gasoline, methanol, xylene, toluene, and benzene, and the difference in weight content between dry gel

and the swollen gel was calculated by Equation (3)



[Figure 18] Reflectance and wavelength changes when Ti70/P(MA-co-BPA) 1D PC was immersed for
2 min by volume ratio of (a) 9:1, (b) 8:2, (c) 7:3, (d) 6:4, (e) 5:5, (f) 4:6, (g) 3:7, (h) 2:8, (i) 1:9 of
gasoline : toluene

[Figure 19] Reflectance and wavelength changes when Ti70/P(MA-co-BPA) 1D PC was immersed for
1 min 30 s by volume ratio of (a) 9:1, (b) 8:2, (c) 7:3, (d) 6:4, (e) 5:5, (f) 4:6, (g) 3:7, (h) 2:8, (i) 1:9 of
gasoline : methanol

[Figure 20] Reflectance and wavelength changes when Ti70/P(MA-co-BPA) 1D PC was immersed for
2 min by volume ratio of (a) 8:1:1, (b) 6:2:2, (c) 4:3:3 of gasoline : toluene : methanol and (d) images

of distinguishing pure and adulterated gasoline when a crown shape film was put into unknown gasoline



Contents of Table

[Table 1] Comparison of portable devices for on-the-spot detection of adulterated gasoline

[Table 2] Reactant composition of TiX, theoretical amount of hybrid material TiO, composition, and
experimental amount measured by TGA

[Table 3] Refractive indices and thicknesses of HRIM and LRIM, the difference in refractive index
between HRIM and LRIM, reflectance in PSB of Ti0O/P(MA-co-BPA), Ti50/P(MA-co-BPA), and
Ti70/P(MA-co-BPA) 1D PC

[Table 4] Molar volume (Vi), solubility parameters (d;) of P(MA-co-BPA) and solvents, and difference

in solubility parameters between P(MA-co-BPA) and solvents for Hildebrand solubility parameters

Vi



1D PC
PCs
HRIM
LRIM
PSB
TiX
NIPAM
uv
RT
DH
DA
BPAm

P(NIPAM-co-DA-co-BPA)

P(MA-co-BPA)
PDI

DMSO

AIBN

PMMA

std.

o-xylene
m-xylene

P-Xylene

Nomenclatures

one-dimensional photonic crystals
photonic crystals

high refractive index material

low refractive index material
photonic stop band
P(NIPAM-co-DA-co-BPA) and TiO; hybrid
N-isopropylacylamide

ultraviolet

room temperature

dopamine hydrochloride
dopamine acrylamide
4-benzoylphenyl acrylate

poly(N-isopropylacrylamide-co-dopamine acylamide-co-4-

benzoylphenyl acrylate)

poly(methyl acrylate-co-4-benzoylphenyl acrylate)
polydispersity index

dimethyl sulfoxide

azobisisobutyronitrile

poly(methyl methacrylate)

standard

ortho-xylene

metha-xylene

para-xylene

Vil



GT mixture gasoline and toluene mixture
GM mixture gasoline and methanol mixture

GTM mixture gasoline, toluene and methanol mixture



1. Introduction

1.1 Problems and status of adulterated gasoline use

The discovery and use of fossil fuels have revolutionized human civilization. However, oil prices are
on the rise due to the depletion of reserves, competition for energy supremacy between countries, and
war." 2 Gasoline is one of the most widely used fossil fuels for transportation and power generation
worldwide.>* Gasoline price increase can provide motivation for the manufacture and distribution of
adulterated gasoline for illegal crimes. Adulterated gasoline can be made into pseudo-gasoline or
adulterated gasoline by mixing pure commercial gasoline with waste organic solvents to avoid high oil
prices, or by mixing inexpensive organic solvents, which are industrial solvents that are not subject to

fuel tax.

As shown in Figure 1, the use of adulterated gasoline causes the internal combustion engine to
malfunction or shorten its lifespan and increase the emission of harmful gases such as CO and NOx.>°
It can also be used for economic crimes such as evading the national fuel tax and has a serious problem,
so a thorough crackdown is necessary. Economic crimes using adulterated gasoline are crimes that profit
from the mixing of high-tax pure commercial gasoline with low-tax adulterants. The damage caused by
the distribution of adulterated gasoline was estimated at KRW 1.72.7 trillion in 2011 in Korea, over

£500 million annually in the UK, and over 300 billion rupees per year in India.’

Commercial gasoline consists mainly of a mixture of aromatic and aliphatic hydrocarbons consisting
of 4 to 12 carbons (Cs-Ci2), and it has been known that adulterated gasoline is produced by adding
inexpensive organic solvents such as methanol and toluene to pure commercial gasoline.® 7"'° Accurate
analysis is possible if expensive analysis equipment such as gas chromatography (GC) is used to analyze
the illegal composition of adulterated gasoline.!! However, for effective detection on-the-spot, it is

necessary to develop a detection technology that can easily and intuitively determine the authenticity.



Adulterated

! car engine
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tax evasion

Figure 1. [llustration explaining that the use of adulterated gasoline can cause environmental pollution,

engine failure, and tax evasion.



1.2 Need for sensor development for detection of adulterated gasoline on-the-spot

Traditional high-precision methods such as GC, liquid chromatography (HPLC), spectroscopy and
nuclear magnetic resonance (NMR) can be used to detect adulterated gasoline. However, these
methods have the disadvantages of being time-consuming, expensive, and having to secure a place for
storing huge instruments, so they cannot be used for the detection of adulterated gasoline on-the-
spot.% 11-14

As shown in Table 1, portable devices that can detect adulterated gasoline on-the-spot, such as near
infrared light emitting diode based photometer, polydiacetylene based microfiber, organic fluorescent
dyes, bimetallic nanoparticles, all organic one-dimensional photonic crystals (1D PC) sensor, have
continued to be developed.” '>2°

Although a variety of promising sensors for on-the-spot detection of adulterated gasoline have been
reported so far, it is still necessary to develop sensors that are cheaper, simpler, smaller, more reliable,

and capable of detecting various adulterants used on-the-spot.!' 1D PC are one of the promising

candidates that meet this condition.



Table 1. Comparison of portable devices for on-the-spot detection of adulterated gasoline.

Sensor type Mechanisms Features Ref.
Near '1n.fr areq light Detegtmg Highly sensitive (> 3% adulterants) but only detectable when the 6
emitting diode transmittance X s
concentration of one adulterant is higher than the other
based photometer changes
. Optical . . . . .
Polydiacetylene . Sensing various volatile organic compounds (VOCs) in adulterated 7
. absorption .
based microfiber gasoline but poor color contrast (only blue and red)
changes
Organic Fluorescence Fast detection of adulterated gasoline but high cost due to the 16
fluorescent dyes color changes requiring additional instruments
. . Optical T o . .
Bimetallic . Low detection limit (~1%) of adulterants in adulterated gasoline. 7
. absorption . e
nanoparticles Slow response rate (45-60 min) and poor visibility
changes
All organic 1D PC Reflection Fast color changes (< 1 s) but poor reflectance (< 10%) for naked- 18-20
sensor color changes eye detection
POIYmer'TIOZ Reflection Colorimetric sensing of various VOCs with high reflectance (> .
hybrid 1D PC o - This work
sensor color changes 70%), fast color changes (< 5 s), and good reusability




1.3 1D PC sensors for detection of adulterated gasoline

Photonic crystals (PCs) are nanostructures composed of two materials with different refractive indices
and made periodically along one direction.?!?® Figure 2 shows a schematic diagram that can be
structurally divided into PCs that can be seen in nature. As shown in Figure 2a, it can be seen that PCs
have regular nanostructures like blue morpho butterfly wings, peacock feathers, chameleon skin, and

mine stone.

PCs can be structurally divided into one-dimensional, two-dimensional, and three-dimensional
structures (Figure 2b). Among them, 1D PC have the potential to be applied to various sensor fields

because they are simpler, easier to fabricate, and more responsive to stimuli than others.!'*

1D PC are fabricated in periodic arrangements in the vertical direction of the surface using high
refractive index material (HRIM) and low refractive index material (LRIM) with different refractive
indices. Two materials (HRIM, LRIM) with different refractive indices allow or inhibit the propagation
of incident light depending on the wavelength. Here, the range of forbidden wavelengths is called the
photonic stop band (PSB). The PSB induces strong reflectance in wavelength regions defined as partial
diffraction in 1D PC. Therefore, by periodically stacking colorless materials, a strong color (structural
color) is obtained if the PSB is in the visible region of the spectrum, which can be seen with the naked-
eye. The wavelength and reflectance of PSB peak of 1D PC can be predicted using Bragg’s law
(Equation (1)) and Equation (2), respectively.?*

Amar = 2(nydy + npdp) (1)

1-Y 2 ny N‘lnhz
R=|(—— XlOOO,Y=(—) —_— 2
(F=3) <20 v =) 5 @

nn, Ni = refractive index of material (nn> ny)
ns = refractive index of substrate

dh, di = thickness of material

N = number of periodic

The wavelength of the 1D PC's first maximum reflection (Amsx) can be adjusted by varying the
refractive index (n) and thickness (d) of HRIM and LRIM, respectively (Equation (1)). The reflectance
(R), the intensity of the structural color at the first maximum reflection wavelength, is usefully adjusted

by varying the refractive index difference (4n = nj - n;), the number of periodic stacks (V) (Equation

2)).



(b)

Photonic crystal

Figure 2. (a) Images and SEM images of blue morpho butterfly, peacock feathers, chameleon, mine
stone with natural PCs,” (b) schematic diagrams of structural cycles in one-dimensional, two-

dimensional and three-dimensional.



1.4 Development of novel polymer—TiO; hybrid material for highly reflective 1D PC sensor

The colorimetric 1D PC sensor has a structural color change when stimulation leads to a change in
thickness. Using 1D PC, a cross-linked polymeric layer designed to exhibit swelling behavior by a
specific analyte is applied. When the analyte penetrates into the cross-linked polymeric network, the
thickness of the polymeric layer changes due to the swelling behavior, resulting in color change of the
1D PC sensor. Therefore, by using 1D PC sensor, a specific analyte can be colorimetrically detected

with naked-eye.

Polymer-based 1D PCs have various functional groups, so it can control the responsiveness to external
stimuli.!> 2 However, since polymers have a relatively low refractive index, the 1D PC sensor
composed only of polymers has the disadvantage of showing low reflectance due to 4n. 1D PC sensor
with low reflectance is not easy to observe naked-eye, so 1D PC for use as a colorimetric sensor requires
high reflectance. It can be used for 1D PCs composed of inorganic materials such as TiO» and SiO; for
high reflectance.?'-* Using inorganic materials, it is possible to efficiently fabricate 1D PCs with high

reflectance in a small number of stacks due to a large An.>*

A polymer-inorganic hybrid material that combines the strengths of polymer and inorganic material
has optimal properties for use as HRIM. In the polymer-inorganic hybrid material, the inorganic
component improves the refractive index and the polymer component forms a stable cross-linked
network to improve the stability of 1D PC.* In addition, the compatibility with other materials can be

improved by controlling the hydrophilicity/hydrophobicity of polymer-inorganic hybrid materials.? 3¢

However, although these polymer-inorganic hybrid materials seem desirable for the development of
1D PC, it is not easy to fabricate uniform films due to poor compatibility between the polymeric-
inorganic hybrid materials and other materials.’” Therefore, research on the development of highly
reflective 1D PCs with high durability and reliability using polymer-inorganic hybrid materials is still

in the early stages.

1.5 Motivation

In this study, we attempted to develop a highly reflective 1D PC sensor that can detect colorimetrically
with the naked-eye to distinguish between pure commercial gasoline and adulterated gasoline

containing adulterants such as toluene and methanol.

First, we tried to develop a novel polymer-inorganic hybrid material with a high refractive index to
obtain a large refractive index difference (4n). The polymer-inorganic hybrid material was used as an

HRIM and an acrylate-based LRIM was used to fabricate a 1D PC.



Since acrylate-based polymers exhibit swelling behavior by various organic solvents, the development
of the highly reflective 1D PC sensor that changes color by various organic solvents is expected when

this is applied to a 1D PC sensor.

In addition, the prepared HRIM and LRIM improved durability by including a photo-crosslinking

system, and the 1D PC sensor was expected to indicate excellent reusability.*®

To verify the performance in adulterated gasoline of the 1D PC sensor prepared to meet expectations,
immersion in single solvents (pure commercial gasoline, methanol, xylene, toluene, benzene), binary
mixtures (gasoline/methanol, gasoline/toluene), and ternary mixture (gasoline/toluene/methanol)

explored changes in optical properties, response time, and reusability.



II. Experimental

2.1 General

Borax (sodium tetraborate decahydrate), sodium carbonate (Na>COs), acryloyl chloride, methyl
acrylate (MA), titanium(IV) propoxide were purchased from Sigma-Aldrich (USA). Dopamine
hydrochloride, N-isopropylacrylamide (NIPAM) and azobisisobutyronitrile (AIBN) were purchased
from Tokyo Chemical Industry (Japan). 4-benzoylphenyl acrylate (BPAm) was purchased from RND
Korea Co. (Korea). Pure commercial gasoline was purchased from SK Energy Co. (Korea) and S-Oil
Co. (Korea) and used as received. The compositions of commercial gasoline were measured by Agilent
7890 A Series gas chromatography (GC) equipped with flame ionization detector (FID). GC analysis
was performed using an Agilent HP-5 capillary column (30 m x 0.32 mm) with a film thickness of 0.25
um. The flow rate of FID was fixed at 16.83 mL/min for N> and H» 35 mL/min and air 350 mL/min.
During the GC analysis, the initial temperature of the oven was at 34 °C for 10 min, followed by a
temperature program that ramped up at a rate of 5 °C/min to 230 °C for 5 min. All other chemicals were
used without purification and were purchased from commercial suppliers. A transparent glass substrate
was purchased from NTP Inc. (Korea). Monomer (DA) and copolymers (P(NIPAM-co-DA-co-BPA)),
P(MA-co-BPA)) were synthesized following reported procedure.®*° The film samples were UV
exposed using a Matsushita MS-3501MF belt conveyor UV curing system equipped with a high-
pressure Hg lamp. The UV exposure was 1250 mJ/cm2 for each irradiation cycle. UV has a wavelength
range of 280-400 nm (UV-B and UV-C) and peaks at 365 nm. 'H nuclear magnetic resonance (NMR)
were measured by Bruker Avance 111 300 (300 MHz) spectrometer. The average molecular weight (My,),
polydispersity index (PDI), and number average molecular weight (M,) were measured by gel
permeation chromatography (GPC) using an Agilent Technologies 1260 Infinity series instrument
equipped with two Agilent PLgel 5 um MIXED-D x 7.5 mm columns and a refractive index detector.
GPC was used with dimethylformamide eluent of 0.01M Lithium bromide in poly methyl methacrylate
(PMMA) standard at 40°C and flow rate of 1 mL/min. Thermogravimetric (TG) curves using a TA
Instruments Q500 were measured in an O, atmosphere with a heating rate of 20 °C/min. Differential
scanning calorimetry (DSC) using TA Instruments Q2000 was measured in N, atmosphere at a heating
rate of 20 °C/min. Fourier transform infrared (FTIR) spectra using a Thermo Fisher Scientific Nicolet
6700 spectrometer were performed in attenuated total reflection mode. The thickness and refractive
index of thin films using a Horiba UVISEL LT-FGMS spectroscopic phase modulation ellipsometer
were measured at 75° of incidence angle. The 75° of incidence angle was adapted to maximize the
sensitivity of the sample placed on the Si wafer near the Brewster angle. The reflectance, contour plot,
and reproducibility tests of a 1D PC sensor using an Ocean Optics USB4000-UV-VIS-ES spectrometer
were measured at 0° of incidence angle. The image of gel, color change of 1D PC sensor were obtained

using Apple iPhone 12 Pro and Samsung Galaxy Z Flip 3. The cross-sectional scanning electron

9



microscopy (SEM) samples using the FEI Helios NanoLab 450 focused ion beam (FIB)/SEM dual beam
instrument improved the conductivity of the samples prior to fabrication. During sample preparation,
the samples were coated with Pt and vitreous C by sputtering to reduce potential damage to these
samples due to the ion beam. The SEM instrument of the FEI Helios NanoLab 450 dual beam system

measured cross-sectional SEM images of the samples.

2.2 Synthesis of materials
2.2.1 Dopamine acrylamide, DA

The whole process was done in the absence of UV light. DA was synthesized according to a previously
reported procedure.*! Borax (40.2 g, 105.40 mmol), sodium carbonate (16.8 g), deionized water (1500
mL) were added into a 3-neck round-bottom flask. This solution was degassed in a sonicator bath for
60 min under 100 mbar vacuum. Dopamine hydrochloride (10 g, 52.73 mmol) was added into the
degassed solution under nitrogen atmosphere and the resulting solution was stirred for 2h at RT. The
prepared solution was cool to 3 °C, then, acyloyl chloride (12.9 mL, 158.20 mmol) was slowly added
dropwise into the resulting solution. Thereafter, another sodium carbonate (16.8 g) was added into
reaction solution to maintain the pH 9 and stirring for 16h at RT. The solution was acidified to pH 2
with 6N HCI solution and stirred for 60 min. The residue was dissolved in ethyl acetate and washed
twice with 0.1N HCI solution and brine and drying with MgSQOa. The solvent was removed by a vacuum
evaporator at 40 °C and purified by silica gel column chromatography with methanol : dichloromethane

=1:9 (v/v) mixture as an eluent. Finally, DA was obtained as a white powder (7.44 g, yield : 55%).

"H NMR (300 MHz, DMSO, & (ppm)) : 8.78 (s, O-H, 1H), 8.68 (s, O-H, 1H), 8.17-8.13 (t, J = 6Hz,
C=0-NH, 1H), 6.65-6.62 (d, /=9Hz, aromatic, 1H), 6.59-6.58 (d, /= 3Hz, aromatic, 1H), 6.46-6.42 (dd,
J = 9Hz, aromatic, 1H), 6.25-6.16 (dd, J = 18Hz, -C=C-H, 1H), 6.10-6.03 (dd, J = 18Hz, (trans)H>-
C=CH-C=0, 1H), 5.59-5.55 (dd, J = 10.5Hz, (cis)H»-C=CH-C=0, 1H), 3.30-3.23 (t,J=7.5Hz, NH-C-
H>, 2H), 2.58-2.55 (t, J = 7.5Hz, NH-CH,-C-H>, 2H).

10
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2.2.2 Poly(N-isopropyl acrylamide-co-dopamine acrylamide-co-4-benzoylphenyl acrylate),
P(NIPAM-co-DA-co-BPA)

The whole process was done in the absence of UV light. P(NIPAM-co-DA-co-BPA) was synthesized
according to a previously reported procedure.*? In the schlenk flask equipped with a magnetic bar, N-
isopropyl acrylamide (NIPAM) (4.9145 g, 43.43 mmol), DA (1 g, 4.83 mmol), 4-benzoylphenyl acrylate
(BPAm) (0.6087 g, 2.41 mmol), azobisisobutyronitrile (AIBN) (0.0832 g, 0.51 mmol) were dissolved
in 66 mL of methanol. The flask was followed by nitrogen bubbling for 10 min. Then, the reaction
solution was placed in an oil bath, and stirred under nitrogen atmosphere for 18h at 70 °C. The reaction
was quenched by removing the flask from the oil bath and exposing it to air. The solution poured into
ethyl ether to precipitate the reaction solution, and the precipitated copolymers were collected by
filtration under reduced pressure. The obtained copolymers were dried in a vacuum oven for 24 h at RT.

Finally, P(NIPAM-co-DA-co-BPA) was obtained as a white solid (5.3 g, yield : 81%).

"HNMR (300 MHz, DMSO, & (ppm)) : 8.81-8.66 (m, O-H, 2H), 7.69-7.21 (m, -N-H-CH(CH3)(CHs),
-N-H-CH;-CH;-CsH3(OH),, -Cs-H4-C(=0)-Cs-Hs, 11H), 6.61-6.40 (m, -Cs-H3(OH)2, 3H), 3.84 (s, -NH-
C-H(CH3)(CH3), 1H). The ratio of P(INIPAM-co-DA-co-BPA) was estimated as 84.2 : 11.5 : 4.3 by 'H
NMR. M, = 66,100 g/mol, PDI (polydispersity) : 2.1 was given by GPC (PMMA std.).
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2.2.3 Poly(Methyl acrylate-co-4-benzoylphenyl acrylate), P(MA-co-BPA)

The whole process was done in the absence of UV light. In the schlenk flask equipped with a magnetic
bar, methyl acrylate (MA) (10 g, 116.16 mmol), 4-benzoylphenyl acrylate (BPAm) (0.2930 g, 1.17
mmol), azobisisobutyronitrile (AIBN) (0.01926 g, 0.12 mmol) were dissolved in 41 mL of
dimethylformamide. The flask was followed by nitrogen bubbling for 10 min. Then, the reaction
solution was placed in an oil bath, and stirred under nitrogen atmosphere for 18h at 70 °C. The reaction
was quenched by removing the flask from the oil bath and exposing it to air. The solution poured into
ethanol to precipitate the reaction solution and dried. Then, secondary precipitation was performed in
hexane, and the precipitated copolymers were collected by filtration under reduced pressure. The
obtained copolymers were dried in a vacuum oven for 24h at RT. Finally, P(MA-co-BPA) was obtained

as a white solid (7.4 g, yield : 72%).

"H NMR spectrum (300 MHz, CDCls, 8 (ppm)) : 7.87-7.47 (m, 9H, O-CsHs-(C=0)-CsHs), 3.66 (s, br,
25H, (C=0)-0O-CHs). The ratio of P(MA-co-BPA) was estimated as 99 : 1 by '"H NMR. M, = 66,100
g/mol, PDI : 2.1 was given by GPC (PMMA std.).
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2.3 Preparation of P(NIPAM-co-DA-co-BPA) and TiO; hybrid (TiX) solutions

The whole process was done in the absence of UV light. The TiX solution was synthesized according
to a previously reported procedure.**® To illustrate the general synthesis process, the synthesis of
copolymer-TiO, hybridized Ti70 (70; TiO» weight content relative to copolymer) was used as an
example. The TiO; solution and the copolymer solution should be prepared separately for hybridization.
The TiO; solution was stirred in 6 mL of propanol with 1.661 g of titanium(IV) propoxide in a vial with
a magnetic bar at RT. The copolymer solution was stirred with 2 g of P(NIPAM-co-DA-co-BPA) in 10
mL of propanol at RT. The copolymer solution was slowly added dropwise to the TiO, solution. Then,
20 pL of 1 M HCI solution was added to 2 mL of propanol to dilute, put into a vial containing TiO» and
a copolymer, and stirred at RT for 30 minutes. Finally, a red transparent liquid, copolymer- TiO» hybrid

Ti170 was obtained.

2.4 Synthesis of Ti70 and P(MA-co-BPA) dry gels

The whole process was done in the absence of UV light. For Ti70 gel, 3.3 wt% of Ti70 solution was
poured into a PTFE dish and the dish was exposed to UV irradiation for 30 min. Then, the Ti70 gel
obtained from the PTFE dish was dried in an oven at 80 °C for 24 h. For P(MA-co-BPA) gel, 10 wt%
of P(MA-co-BPA) was dissolved in toluene solution, placed in a transparent vial, sealed, and UV-
irradiated for 1 h. After that, the vial was removed to obtain a P(MA-co-BPA) gel. Before use for
swelling behavior analysis, the prepared dry gels were immersed in tetrahydrofuran or toluene several

times to remove unreacted starting materials.

2.5 Swelling behavior analysis

Ti70 and P(MA-co-BPA) dry gels were separately immersed in pure commercial gasoline, methanol,
xylene, toluene and benzene at RT. Remove the swollen gel from the solvent, remove the solvent on the

surface, and weigh it. The swelling rate was calculated by the Equation (3).Y

Wswollen - Wd

Wdry

Swelling ratio (%) = ™ % 100 3)

Wswoltlen = Weight of the swollen gel.

Wary = weight of the dry gel.
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2.6 Thin film fabrication

Si wafers were cleaned using standard Radio Corporation of America cleaning methods.*® The Ti70
thin film was prepared by spin-coating 50 pL of a Ti70 solution on a Si wafer at 6000 rpm for 30 s. The
P(MA-co-BPA) thin film was prepared by spin-coating a solution of 3.0 wt% of P(MA-co-BPA) in
toluene with 50ul on a Si wafer at 4000 rpm for 30 s. The P(MA-co-BPA) thin film with a thickness of

80-84 nm was obtained.

2.7 Assembly of the 1D PC sensor

A transparent polyethylene terephthalate (PET) film with a thickness of 80 pm was attached on glass
with a thickness of 1.1 mm. After that, a dark polyvinyl chloride (PVC) film (transmission in the visible
wavelength range: 5%) with a thickness of 35 um was attached on top to make a basic film used for the
sensor. On the base film, 100 pL of Ti70 solution was spin-coated at 6000 rpm for 30 s. After exposing
the film to UV irradiation (1250 mJ/cm?) at a rate of 2.0 M/min, dried it in an oven at 50 °C for 10 min.
After that, cooled at room temperature for 10 min and spin-coated 100 uL of a solution of 3 wt% P(MA-
co-BPA) in toluene as the next layer at 4000 rpm for 30 seconds. Repeated this process to fabricate 11
layers Ti70/P(MA-co-BPA) 1D PC. The glass with a thickness of 1.1 mm was used to protect the 1D

PC sensor during spin-coating and was removed after all processes were completed.
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II1. Result and discussion

3.1 Design concept of synthesized materials

A high refractive index polymer and a low refractive index polymer were synthesized for use in the
fabrication of 1D PC sensors. Scheme 1 represents the synthesis process of prepared materials.

P(NIPAM-co-DA-co-BPA) and P(MA-co-BPA) were synthesized using free radical polymerization.

Scheme 1a shows a synthesis process TiX (X=0, 10, 30, 50, 70, 100; weight content of TiO, compared
to copolymer), HRIM prepared by hybridization of TiO, and P(NIPAM-co-DA-co-BPA). TiX were
obtained by hybridizing the catechol group of DA contained in the P(NIPAM-co-DA-co-BPA) structure
with TiO,. Also, in the hydrophilic environment due to the presence of NIPAM, P(NIPAM-co-DA-co-
BPA) could exhibit excellent stability and hydrophilicity during hybridization with TiO,.*->° The neat
P(NIPAM-co-DA-co-BPA) that did not contain TiO; was indicated as Ti0.

Scheme 1b is the synthesis of P(MA-co-BPA) based on methyl acrylate used as LRIM. Acrylate
polymers exhibit high swelling property in various organic solvents except hydrocarbon, which are the
main component of gasoline, so they are expected to be able to detect adulterants contained in
adulterated gasoline by applying them to 1D PC.%!:32 BPA, commonly contained in P(NIPAM-co-DA-
co-BPA) and P(MA-co-BPA), were used in 1D PC fabrication as photo cross-linking unit to form cross-

linked networks of film.

1D PCs with BPA prevented decomposition or dissolution upon repeated exposure to solvents.*®
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3.2 Characterization of refractive index controllable TiX

The synthesis of TiX was confirmed by thermogravimetric analysis (TGA), Fourier-transform
infrared spectra (FT-IR), and spectroscopic ellipsometry. Figure 8 shows the results of
thermogravimetric curves and Fourier-transform infraded spectra of TiX. TGA was performed at a
heating rate of 20 °C/min up to 800 °C in oxygen atmosphere. As shown in Figure 8a, Ti0 was
completely decomposed by heat around 650 °C, indicating that the remaining weight percent was 0. On
the other hand, the remaining weight percent of Til00 was observed even after 650 °C. These results
indicated that TiO; remained intact even after 650 °C. Therefore, it was confirmed from the TGA result
that the remaining weight observed after 650 °C was the weight content ratio of TiO, contained in TiX.*
Table 2 summarized the theoretical values and TGA results of the weight content ratio of TiO; in TiX
formed compared to the injected copolymer and Ti(OPr)s. After 650 °C, the residual weights of Ti0,
Ti10, Ti30, Ti50, Ti70 and Ti100 were 0%, 10.4%, 31.2%, 46.6%, 66.7% and 100%, respectively. These
results were confirmed that the remaining weight of TiO, included in TiX almost identical to the
theoretically calculated result (Table 2). Figure 8b shows the FT-IR spectra of TiX. Ti0 exhibited O—H
stretching and N-H stretching of DA at 3000-3500 ¢m™, C=0 stretching and N-H bending at 1650-
1530 cm!. In addition, strong signals of Ti—O-Ti, Ti-O—C bonding peaks exhibited broad in the range
of 500-800 cm!, and their signal strength increased with increasing content of TiO,.%% > The refractive
indices of a TiX thin film on a silicon wafer were investigated using a spectroscopic ellipsometer in the
range of 300-800 nm (Figure 9). As shown in Figure 9a, it was observed that the refractive indices of
TiX increased with increasing TiO» contents. In particular, the refractive indices of TiX at 633 nm
wavelength were analyzed as 1.49 (Ti0), 1.56 (Til0), 1.62 (Ti30), 1.66 (Ti50), 1.71 (Ti70) and 1.78
(Ti100), respectively (Figure 9b).

As a result, it was confirmed that TiX was successfully synthesized as expected through the above
analysis results. In addition, the refractive index of the TiX thin film can be easily controlled by

adjusting the TiO content in TiX.*
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Table 2. Reactant composition of TiX, theoretical amount of hybrid material TiO» composition, and

experimental amount measured by TGA.

cva Reactant composition/wt% Hybrid material TiO, composition/wt%
e Copolymer® Ti(OPr)4 Theoretical Experimental®
Ti0 100.0 0.0 0.0 0.0
Til0 71.7 28.3 10.0 10.4
Ti30 39.6 60.4 30.0 31.2
Ti50 21.9 78.1 50.0 46.6
Ti70 10.7 89.3 70.0 66.7
Ti100 0.0 100.0 100.0 100.0

“In TiX, X is the weight content of TiO, compared to copolymer.
b P(NIPAM-co-DA-co-BPA) with a molar ratio of 9:1:0.02.
¢ Experimental TiO, composition was analyzed from the thermogravimetric analysis.
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3.3. Fabrication of the 1D PC films

Before fabricating the 1D PC, the refractive indices of the synthesized materials were measured using
a spectroscopic ellipsometer. The refractive indices of Ti0, Ti50, Ti70, and P(MA-co-BPA) from 300
nm to 800 nm wavelengths are shown in Figure 10. At the wavelength of 633 nm, the refractive indices
of Ti0, Ti50, Ti70, and P(MA-co-BPA) were analyzed to be 1.48, 1.66, 1.71 and 1.51, respectively.
Three types of 1D PCs (Ti0/P(MA-co-BPA), Ti50/P(MA-co-BPA) and Ti70/P(MA-co-BPA)) with
different 4n were fabricated by alternately stacking LRIM and HRIM in one direction through spin-
coating (Figure 11a). As shown in Figure 11b, when three types of 1D PCs were fabricated, HRIM
was coated on the substrate first, and LRIM and HRIM were stacked on a total of 11 layers. The three
types of 1D PCs adjusted the thickness of HRIM and LRIM as shown in Table 3 based on Bragg's Law
(Equation (1)), and the three types of 1D PCs produced the same reflection color in the pristine. The
PSB peaks were made similar by setting the thickness of P(MA-co-BPA) commonly used in 1D PC to
be the same and adjusting the thickness of Ti0, Ti50, and Ti70. The wavelengths of the three 1D PC
PSB peaks fabricated require a minimum of 11 layers of stacking to produce reliable high reflectance
visible to the naked-eye. However, the total number of stacks larger than 11 layers was not considered

as it can increase the reflectance of 1D PCs but lower reproducibility.

In addition, when TiX with a high TiO, content was applied as HRIM, the difference in refractive
index with LRIM increased, so that the reflectance of 1D PC can be increased. However, if the TiO,
contents of TiX exceeded 70 wt%, it was precipitated during the fabricating of 1D PC and cannot be
used. Ti0/P(MA-co-BPA) 1D PC had 8% reflectance at 402 nm, Ti50/P(MA-co-BPA) 1D PC had 40%
reflectance at 394 nm, Ti70/P(MA-co-BPA) 1D PC had 74% reflectance at 393 nm (Figure 12a). The
refractive index difference (4n) of the HRIM and LRIM used in 1D PC increased from 0.03 to 0.2,
increasing the reflectance from 8% to 74% at the PSB peak wavelength. The result can be explained by

the increase in reflectance as 4n increases, as shown in Equation (2).

Among the fabricated 1D PCs, Ti70/P(MA-co-BPA) 1D PC had the highest reflectance, making it
suitable for use as an optical sensor for naked-eye detection. Therefore, additional detailed optical
analysis was performed using a Ti70/P(MA-co-BPA) 1D PC. In addition, as a result of analyzing the
cross-section of Ti70/P(MA-co-BPA) 1D PC through cross-sectional SEM image, it was confirmed that
the Ti70 layer and the P(MA-co-BPA) layer were stacked evenly and periodically (Figure 12b). The
thicknesses of Ti70 and P(MA-co-BPA) layers were analyzed to be 37.5+0.7 nm and 80.5+5.7 nm,

respectively.
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Table 3. Refractive indices and thicknesses of HRIM and LRIM, the difference in refractive index
between HRIM and LRIM, reflectance in PSB of Ti0/P(MA-co-BPA), Ti50/P(MA-co-BPA), and
Ti70/P(MA-co-BPA) 1D PC.

Reflectance at

HRIM (2, dY) LRIM (n?, d¥) An
PSB peak
Ti0/P(MA-co- P(MA-co-BPA)
Ti0(1.49,42.3+0.4nm) 0.02 8% at 402 nm
BPA) 1D PC (1.51, 80.7+1.4 nm)
Ti50/P(MA-co- P(MA-co-BPA)
Ti50(1.66, 40.2+1.3 nm) 0.15  40% at 394 nm
BPA) 1D PC (1.51, 79.2+7.3 nm)
Ti70/P(MA-co- P(MA-co-BPA)
Ti70(1.71, 37.5+0.7 nm) 0.20  74% at 393 nm
BPA) 1D PC (1.51, 80.5+5.7 nm)

2 Refractive indices of layers analyzed using spectroscopic ellipsometer.
® Thickness of each layer in Ti0/P(MA-co-BPA) and Ti50/P(MA-co-BPA) 1D PCs investigated using

spectroscopic ellipsometer, and thickness of each layer in Ti70/P(MA-co-BPA) 1D PC analyzed using cross-
sectional scanning electron microscopy images.
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3.4. Exploring the color change and swelling behavior of Ti70/P(MA-co-BPA) 1D PC

To analyze changes in optical properties, Ti70/P(MA-co-BPA) 1D PC was immersed in pure
commercial gasoline, methanol, xylene, toluene, and benzene, respectively. Methanol, xylene, toluene,
and benzene were selected as model adulterants that are widely used in the production of adulterated

gasoline.”

GC results for pure commercial gasoline, hydrocarbon (n-hexane, n-heptane, n-octane, n-nonane, n-
decane), methanol, benzene, toluene, and xylenes (o-xylene. m-xylene, p-xylene) standards are shown
in Figure 13. As shown in Figure 13, it was confirmed that pure commercial gasoline to be used
contains almost no adulterants such as methanol, benzene, toluene and xylenes. Acrylate polymers are
known to exhibit swelling behavior by various organic solvents except for aliphatic hydrocarbons.’! On

the other hand, pure commercial gasoline is usually known to consist of aliphatic hydrocarbons.

Therefore, as depicted in Figure 14, we expected that Ti70/P(MA-co-BPA) 1D PC fabricated would
exhibit color change differences between pure commercial gasoline and adulterated gasoline. Based on
Equation (2), Ti70/P(MA-co-BPA) 1D PC containing a P(MA-co-BPA) layers have no significant color
changes when immersed in pure commercial gasoline (Figure 14a), but in adulterated gasoline
containing adulterants such as methanol, xylene, toluene and benzene, it was expected that the color
change would be large because the P(MA-co-BPA) layer thickness increases due to swelling (Figure
14b). Therefore, it was expected that adulterated gasoline can be detected with the naked-eye using the
fabricated Ti70/P(MA-co-BPA) 1D PC.

Figure 15 exhibits the color change of Ti70/P(MA-co-BPA) 1D PC when immersed in pure
commercial gasoline, methanol, xylene, toluene and benzene for 2 min. As shown in Figure 15,
Ti70/P(MA-co-BPA) 1D PC presents little change in reflection color when immersed in pure
commercial gasoline, but strong blue reflection color when immersed in methanol. And when
Ti70/P(MA-co-BPA) 1D PC was immersed in xylene, toluene and benzene, it changed to blue, yellow-
green, and orange within 0.5 s, respectively. The reflectance change of Ti70/P(MA-co-BPA) 1D PC
immersed in pure commercial gasoline, methanol, xylene, toluene and benzene is shown in Figure 16.
The reflectance spectra of Ti70/P(MA-co-BPA) 1D PC presented no significant change when immersed
in pure commercial gasoline (Figure 16a). On the other hand, when Ti70/P(MA-co-BPA) 1D PC was
immersed in methanol, its PSB peak wavelength shifted from 392 nm to 447 nm, and its reflectance
slightly rose from the initial value (Figure 16b), and when immersed in xylene (Figure 16c), toluene
(Figure 16g) and benzene (Figure 16h), its PSB peak wavelength shifted from 392 nm to 485 nm, 571
nm, and 660 nm, respectively, and the reflectance changed from the initial value of 74% to 56% (xylene),
49% (toluene), and 41% (benzene). The reflectance of Ti70/P(MA-co-BPA) 1D PC tends to decrease

as the PSB shift due to swelling increases. The trends are presumably because the swelling breaks the
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structural periodicity of Ti70/P(MA-co-BPA) 1D PC or causes defects. Therefore, the reflectance of
Ti70/P(MA-co-BPA) 1D PC decreased significantly with increasing expansion of each layer. Also,
when immersed in gasoline (Figure 16d), methanol (Figure 16e), xylene (Figure 16f), toluene (Figure
16i), and benzene (Figure 16j) of Ti70/P(MA-co-BPA) 1D PC, it can be observed through the contour
plot that the reaction time all reach the saturated swelling wavelength within 10 s. The reflectance and
wavelength of Ti70/P(MA-co-BPA) 1D PC were almost the same as the initial values even after
repeated swelling 10 times, confirming excellent reusability (Figure 16k). When Ti70/P(MA-co-BPA)
1D PC swelled in benzene, the wavelength shifted a lot and the color change was clear and quick to
respond, so it was selected for the reusability test. However, Ti70/P(MA-co-BPA) 1D PC demonstrated

the same good reusability in gasoline, methanol, xylene and toluene.

5, = (W)% 4)

AH, = heat of vaporization
R = ideal gas constant
T = temperature (K)

Vm = molar volume

The color change of Ti70/P(MA-co-BPA) 1D PC can be interpreted using Equation (4).>* The total
solubility parameter (Hildebrand solubility parameter; J,) shown in Equation (4) is defined as the
square root of the binding energy density, which is equal to the heat of vaporization of the compound
divided by its molar volume (V). The heat of vaporization is proportional because of intermolecular
interactions such as van der Waals forces. The solubility of a polymer depends on the difference between
the 0 value of the polymer and the ¢ value of the solvent. The smaller the difference, the more soluble
the polymer is in the solvent, and the larger the difference, the less soluble the polymer is in the solvent.
Although P(MA-co-BPA) used in this study contained a small amount of BPA (1.3 mol%), it was
assumed that the ¢ value of P(MA-co-BPA) was the same as the methyl acrylate polymer, ignoring the
influence of BPA.>?> As shown in Table 4, the J differences (45,.;) between P(MA-co-BPA) and pure
commercial gasoline, methanol, xylene, toluene, and benzene were 3.1, 10.5, 1.1, 0.9, and 0.7,
respectively. In addition, the molar volumes (V) of methanol, xylene, toluene and benzene were 40.5,
122.9, 106.9, and 89.4 cm3/mol, respectively.” >® In Figure 17, P(MA-co-BPA) and Ti70 were made
into gels and immersed in pure commercial gasoline, methanol, xylene, toluene, and benzene,
respectively, to obtain a swelling ratio (Equation (3)) through weights when sufficiently swollen and

dried. In the order of xylene, toluene and benzene, the swelling ratios of P(MA-co-BPA) gel were
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1377%, 1881% and 2492%, respectively, with a tendency according to 4J,.,, and in pure commercial
gasoline, the swelling ratio of P(MA-co-BPA) gel was 22% (Figure 17a).>* %" However, in methanol,
the swelling ratio of P(MA-co-BPA) gel demonstrated a relatively large swelling ratio (327%) despite
the relatively large 4, compared to other solvents. As shown in Figure 17a, it was observed that
P(MA-co-BPA) turned white when immersed in methanol, indicating that methanol was a non-solvent
for P(MA-co-BPA). This abnormal swelling behavior seems to be due to the concentration-dependent
diffusion of methanol into the cross-linked network of P(MA-co-BPA).%% % As shown in Figure 17b,
when Ti70 gel was immersed in pure commercial gasoline, methanol, xylene, toluene and benzene, the
swelling ratios of Ti70 gel were 8%, 10%, 40%, 40%, and 41%, respectively, and it was confirmed that
there are no difference in swelling ratio between dry gel and P(MA-co-BPA) gel.

As a result, when Ti70/P(MA-co-BPA) 1D PC was immersed in pure commercial gasoline, the
thickness of the P(MA-co-BPA) layer hardly changed, but adulterants such as methanol, xylene, toluene
and benzene added in adulterated gasoline, the thickness of the P(MA-co-BPA) layer increased
significantly due to swelling, so this can be detected through the color change of 1D PC.
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Figure 15. Image of color change with time when Ti70/P(MA-co-BPA) 1D PC was immersed in

gasoline, methanol, xylene, toluene, and benzene.
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Figure 16. Changes in reflectance for 2 min of Ti70/P(MA-co-BPA) 1D PC when immersed in (a)
gasoline, (b) methanol, (¢c) xylene, (g) toluene, (h) benzene and contour plots of (d) commercial gasoline,

(e) methanol, (f) xylene, (i) toluene, (j) benzene, and (k) when immersed in benzene repeatedly 10 times.
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Table 4. Molar volume (V,,), solubility parameters (J;) of P(MA-co-BPA) and solvents, and difference

in solubility parameters between P(MA-co-BPA) and solvents for Hildebrand solubility parameters.

Hildeband Solubility parameter

Vin 8/ (Mpa'?) A9y
(cm?/mol) (between P(MA-co-BPA) and solvent)
P(MA-co-BPA) - 19.1° -

Gasoline - 16.0° 3.1
Methanol? 40.5 29.6 10.5
Xylene® 122.9 18.0 1.1
Toluene® 106.9 18.2 0.9
Benzene! 89.4 18.4 0.7

2 A6,-s was difference in solubility parameter of P(MA-co-BPA) and solvent.
b8, of P(MA-co-BPA) was obtained from literature.

¢ §, of gasoline was obtained from literature.*

4Data of methanol were obtained from literature.>* ¢!

¢ Data of xylene was a mean value of three isomers (ortho-, metha-, and para-isomer) obtained from

literature.>* >

fData of toluene and benzene were obtained from literature.3% 62 63

‘ |
(a) i 1 = L]
AT N v-ii—j;—
AN S 4 \ . 1
R 8 G B
e el \b. 4 . =,
E e | [ vt
P(MA-co-BPA) in Gasoline in Methanol in Xylene in Toluene in Benzene
Dry gel 22% 327% 1377% 1881% 2492%
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Ti70 in Gasoline in Methanol in Xylene in Toluene in Benzene
Dry gel 8% 10% 40% 40% 41%

Figure 17. (a) P(MA-co-BPA) gel and (b) Ti70 gel swelled when immersed in pure commercial gasoline,
methanol, xylene, toluene, and benzene, and the difference in weight content between dry gel and the

swollen gel was calculated by Equation (3).
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3.5. Application of Ti70/P(MA-co-BPA) 1D PC

Using these properties, Ti70/P(MA-co-BPA) 1D PC was also tested on adulterated gasoline. The

solvents commonly used as adulterants in adulterated gasoline are toluene and methanol.” % 1

First, changes in reflectance and wavelength were observed when gasoline and toluene were mixed in
different volume ratios (v:v) and immersed in Ti70/P(MA-co-BPA) 1D PC for 2 min (Figure 18). When
a Ti70/P(MA-co-BPA) 1D PC was immersed in a gasoline and toluene mixture (GT mixture), the
change in PSB peak wave length at 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 (v:v) shifted to 7 nm, 9
nm, 19 nm, 43 nm, 63 nm, 98 nm, 107 nm, 129 nm, and 151 nm, respectively (Figure 18a-i). All PSB
spectral shifts were saturated within 2 min. In Ti70/P(MA-co-BPA) 1D PC, as the volume ratio of
toluene in the GT mixture increased, the expansion of the P(MA-co-BPA) layer increased and red
shifted, and the reflectance was almost the same regardless of the volume ratio (57-61%). Therefore,
this result confirmed that the toluene contained in the GT mixture can be sensitively detected with the
naked-eye due to the swelling of Ti70/P(MA-co-BPA) 1D PC. Next, changes in reflectance and
wavelength were observed when gasoline and methanol were mixed in different volume ratios (v:v) and

immersed in Ti70/P(MA-co-BPA) 1D PC for 2 min (Figure 19).

When Ti70/P(MA-co-BPA) 1D PC was immersed in gasoline and methanol mixture (GM mixture),
the changes in PSB peak wave lengths at 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 (v:v) shifted to 59
nm, 60 nm, 61 nm, 64 nm, 69 nm, 69 nm, 69 nm, 67 nm, and 65 nm, respectively (Figure 19a-i). The
reflectance of Ti70/P(MA-co-BPA) 1D PC increased from 62% to 76% when immersed in the GM
mixture. All PSB spectral shifts were saturated within 1 min 30 s, and the PSB peak exhibited the same
for Ti70/P(MA-co-BPA) 1D PC regardless of the volume ratio of methanol in the GM mixture. In
addition, it was observed that the reflectance of Ti70/P(MA-co-BPA) 1D PC hardly decreased when
immersed in GM mixture. This result is presumably because the abnormal non-solvent swelling of the
P(MA-co-BPA) layers by methanol has little effect on the structural periodicity or defect generation of
Ti70/P(MA-co-BPA) 1D PC. As a result, it was confirmed that methanol contained in the GM mixture
can also be sensitively detected with the naked eye due to the non-solvent swelling of Ti70/P(MA-co-

BPA) 1D PC.

On the other hand, more than one adulterant can be used for the actually used adulterated gasoline.”*:
10 Therefore, the field usability of adulterated gasoline was explored by immersing Ti70/P(MA-co-BPA)
1D PC in gasoline, toluene, and methanol mixture (GTM mixture) (Figure 20). When gasoline, toluene,
and methanol were mixed in different volume ratios (v:v:v) and Ti70/P(MA-co-BPA) 1D PC was
immersed for 2 min, changes in reflectance and wavelength were observed (Figure 20a-c). When
Ti70/P(MA-co-BPA) 1D PC was immersed in GTM mixture, the changes in PSB peak wave length at
8:1:1, 6:2:2, and 4:3:3 (v:v:v) shifted to 77 nm, 116 nm, and 160 nm, respectively. The spectral changes
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in the GTM mixture of Ti70/P(MA-co-BPA) 1D PC can be interpreted by comparing the results of the
GT mixture and the GM mixture. In GTM mix, methanol appeared to have a greater effect on the
reflective color change of Ti70/P(MA-co-BPA) 1D PC at 8:1:1 (v:v:v). In the GTM mixture, methanol
seemed to have a greater effect on the specular color change of Ti70/P(MA-co-BPA) 1D PC at 8:1:1
(v:v:v). This is because, as observed in the GM mixture, methanol induces about 65 nm red shifts in
Ti70/P(MA-co-BPA) 1D PC regardless of the volume ratio. On the other hand, in the GTM mixture of
6:2:2, 4:3:3 (viv:v) with an increased volume ratio of toluene, swelling by toluene induced additional
spectral red shifts. In addition, as the volume ratio of toluene in the GTM mixture increased, a decrease
in the reflectance of Ti70/P(MA-co-BPA) 1D PC was observed. It is previously confirmed that methanol
does not break the periodicity of Ti70/P(MA-co-BPA) 1D PC. Therefore, this result can be interpreted
as the swelling of the P(MA-co-BPA) layers, which increased as the volume ratio of toluene to the GTM
mixture, broke the structural periodicity of Ti70/P(MA-co-BPA) 1D PC or created a defect. As a result,
it was confirmed that adulterated gasoline containing toluene and methanol can be visually detected

colorimetrically using Ti70/P(MA-co-BPA) 1D PC.

In addition, the shape of Ti70/P(MA-co-BPA) 1D PC can be easily modified by various shaping
methods such as physical cutting and UV etching using a photo mask. As a simple example, a crown-
shaped mask was attached to a Ti70/P(MA-co-BPA) 1D PC and used for visual detection of adulterated
gasoline. As shown in Figure 20d, when a crown-shaped Ti70/P(MA-co-BPA) 1D PC was immersed
in GTM mixtures of 8:1:1, 6:2:2, and 4:3:3 (v:v:v), it was observed that the reflection color changed to
strong blue, blue, and yellow-green, respectively. As a result, it was confirmed that although
Ti70/P(MA-co-BPA) 1D PC cannot selectively detect only certain substances among adulterants in

adulterated gasoline, it can detect all adulterants sensitively.
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Figure 18. Reflectance and wavelength changes when Ti70/P(MA-co-BPA) 1D PC was immersed for
2 min by volume ratio of (a) 9:1, (b) 8:2, (¢) 7:3, (d) 6:4, (e) 5:5, (f) 4:6, (g) 3:7, (h) 2:8, (i) 1:9 of
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Figure 19. Reflectance and wavelength changes when Ti70/P(MA-co-BPA) 1D PC was immersed for
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IV. Conclusion

Through this study, a highly reflective 1D PC sensor (Ti70/P(MA-co-BPA) 1D PC) was fabricated that
can colorimetrically detect pure commercial gasoline and adulterated gasoline mixed with adulterants
such as toluene and methanol. To this end, new polymeric-inorganic hybrids (Ti70) and P(MA-co-BPA)
were synthesized, characterized, and used as HRIM and LRIM in the fabrication of a total of 11 layers
of Ti70/P(MA-co-BPA) 1D PC, respectively. Ti70/P(MA-co-BPA) 1D PC exhibited a purple reflective
color in pristine and no color change was observed when immersed in pure commercial gasoline.
However, the Ti70/P(MA-co-BPA) 1D PC color changed rapidly to strong blue, blue, yellow-green, and
orange within 10 s when it was immersed in methanol, xylene, toluene, and benzene, respectively, and
also turned blue and yellow-green when it was immersed in adulterated gasoline mixed with toluene
and methanol. This result was confirmed because the P(MA-co-BPA) layers exhibited changes in
swelling behavior in various solvents. In addition, Ti70/P(MA-co-BPA) 1D PC showed excellent
recyclability in repeated swelling/deswelling. Based on these results, it was confirmed that the
developed Ti70/P(MA-co-BPA) 1D PC can successfully detect adulterated gasoline on-the-spot.
Although the visual detection characteristics of the adulterated gasoline of Ti70/P(MA-co-BPA) 1D PC
were evaluated using only certain model solvents, it is assumed that it can be sufficiently applied to the
detection of a wider variety of adulterants considering the excellent solvent swelling characteristics of
the P(MA-co-BPA) layer. In conclusion, the results of this study are expected to be the basis for the

development of a simple and reliable 1D PC sensor that can detect various analytes.
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