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Abstract: In this study, we developed an optical colorimetric sensor based on poly(styrene-co-maleic anhydride)
(PSMAY/ polyethylene imine (PEI) core—shell nanoparticles (PSMA/PEI) for CO, gas detection. When the contents of
MA was 20 wt%, the PSMA had the uniform particle size distribution. Moreover, PSMA/PEI core—shell nanoparticles
were prepared by PEI graft. To compose optical colorimetric sensors for CO, gas detection, PSMA nanoparticles (core
part) were prepared and then impregnated with thymol blue, cresol red, and phenol red, respectively. Furthermore, we
observed the retention of color change at CO, gas sensor. In the presence of CO, gas (0.1%), thymol blue sensors of opti-
cal colorimetric changed in 0.5 min (AE=15536) and 5 min (AE=35645), respectively. The optical CO, gas sensor was
exhibited the largest color change (AE=37859) at relative humidity of 30%. Optical CO, gas sensor of core-shell type
would enable variable application of optical gas sensor system with high sensitivity and visualization.

Keywords: core-shell nanoparticle, CO, sensor, colorimetric sensor, CO,, pH indicator.
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AleF & XHZ. PSMA/PEI Fo]-4S A|%3517] 2l8) styrene
(St, 99%), maleic anhydride(MA), potassium persulfate(KPS),
polyethylene imine(PEI, Mw 25000), D.I waterS A-3}33t}.
Stoll 2&E F 3 A Al (4-tert-butylcatechol) S ammonium
oxide7} AHZ columne FHAIA AABIATE EgE Hojo
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Scheme 1. Schematic illustration of colorimetric CO, gas detector based on PSMA/PEI core-shell nanoparticles impregnated with a pH indicator.

=% HP—D] ﬂ‘* 7 30°C
Jio] ¥ °%w>— ST PSMA
o MASY 518 PER: 13 ople] 48 7)oz Telskl
t}. PER= 129 569702] AR opr= :L—tvr(free amino groups)
< 7=, ©] F 12} ol 23f of¥l |l 33} oS Zhzh
375, 38.1 ¥ 24.1%2] HI&E 7RI Tk ool wl, &
H|Z MAS} PEIZ 1:0.02% F7lsiien, FAdow S5
4 10mLell PEIE 2t Y48t 30% &<t 831217 MA
EH]2 1:0.02 PEI §9& A %319

FHE PEI €9 10mLE PSMA 10 mLell H7lstal 24
AIZF 2t 150 pme2 WHksle] PSMA/PEI 304l 1=9]
A2 Azt ©]%, Fojoll pH indicator:S 3 3817] 9]
gk WPH O 2 dichloro-methane 20 mLeY| thymol blue, cresol
red 2 phenol redS 27} 0.4 g4 8331 T) o|FA #A|lxH
pH indicator 82 PSMA/PEI |- WX=A} 5 mLel| 2}
04 uLE 747} FQhsle] 3417 ek Wik Ea FAAA
CO, 7k AN E Az o] S FANA FFAL
A Azt YA FEet FH, oehe-S o83l 335 4R
2](8000 rpm, 5%)E &3l WI$] pH indicators A A 8ISt
*ﬂ"*ﬂ PAhs AF 28-S o]&3ate] 30°ColA 12417 A%
5 ZAGE S CO, 7HS A E Lot

CO, 7tA X 30o{-& & 24. PSMASH PSMA/
PEI®] ¥k 55 &<lslr] flste] PC-CP/MAS NMR("C-
cross-polarization/magic angle spinning nuclear magnetic
resonance spectroscopy, Bruker, Avance II, 500 MHz)&
25150, AES 83 rotor= 4 mm ZrO, 5 KHz2] spun,
90° pulse, 3.2 us duration, 0.025-20 ms contact time, 600 s
repetition time® 2 AAJSISIT}. FTIR(Fourier transform infrared
spectroscopy, Nicolet 6700y ©]-&-3}>] ATR(attenuated total
reflection)®=2 HS 283} t}. SEM(scanning electron

Zan, 4447 A)55, 20209

microscope, JEOL JSM-6700)S ©]-8-3lo] F¢E ezt
REIZAE BE3P| ]3H PEE EA =g AT
glojulel] Hojredd & A2ox 1047 FF Axg AIEE
AL8-3FS T} TEM(transmlssmn electron microscope, JEM-
F200)yS ol-&ste] thedzte] ol 725 AsIqTt. A
= B2 FYE copper gridll PSMA/PEI 23] #-4kH
S 120 Hojmd & 1247 A AxEk] AR
I3k EDS(energy dlsperswe spectrometer)= A 2 A4S
F-25lo] PSMA/PEI Foj-de] 94 By w2 AZa9).

Yixgate] A Bx: B8 $]35)] Zeta-sizer(Zetasizer
nano ZS90)Z 73192, MA o] mE Alg= DU
waterol] 2F 1 wi%=Z 3]A]sto] #4319

CO, 71& Sk, st W AjZiof| [WE 2 W} 24,
CO, 7122 5=0] e ) WSHE #3317 98] Scheme 2
o} 7o] 7k wEAAE AFIAUTE 7k =& gAY 7k

FTEHYOZE= CO, 71, A
o] &3 F 732 10000 scem(standard cubic centimeter
per minute)’FA] MFC(multi flow controller)& Z&3I3tt. &
FU9 FHERAR FEE XSl XA o AW S8
F9IT}. CO, 7ke) 9 27190 8 23] Aal i

o
Az A 715, 587 A& 7158

AXE ol g3, 712 A3} AZ"E e ol A9 &
TAZE FAok. T3 270 (HP Scanjet Pro 3500)00 2Js A4

s} Jo] ThseAl EE-ES T AlFsiianh AlE
= pH indicator’} BA]¥ PSMA/PEI ¢JAFe] #-4kel-8- oz}
A] (advantec, 6x6 cm, pore 1 um, 57 220 um, ®185 mm)l|
A7l & AxsIGTh o]& AHAE 9] 7 =E2AA
of A=&Fsal CO, 718 ZER FYste] A wisks w3t
SHATH AEe] Y= 4L s¥le] e A4S 9
o2 YERRSITE ol thFel Fx(0.1, 0.5, 1, 5, 10, 15,
25, 35, 50, 65, 80 ¥ 100%)9} F%=(10, 20, 30, 40, 50, 60,
70, 80 2 90%) 2 AIZH30%, 1,2, 3,4,5,6,7,8, 9% 10
LREE =FA7]3L, o]of mE A WSS euclidean distance
(AE=(ARAHAG+ABY)'?) 3ko2 Yeh i)



PSMA/PEI =] =29} pH IndicatorE 283+ CO, 7| -A8is} 7

]

(a)
CO; gas

A

P

MFC
—
MFC

I meter
N, gas @
(wet) Flow
= meter

Initial color sensor
(CO, sensor) XX ]

Reaction color sensor
(CO, sensor)

vent

667

Scheme 2. Schematic illustration of the color change analysis tool for CO, gas detection. (a) The flow rate of the source was continuously
adjusted to control the CO, gas concentration in the gas flowing into the chamber (up to 10000 sccm); (b) The bottom of the chamber was

transparent so that color changes could be observed using a scanner.
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Table 1. Composition of PS and PSMA/PEI Core-Shell

Nanoparticle
Core part (g) Shell part (g)

Sample

St MA PEI

PS 10 0 0

PSMA-1 9.50 0.50 0.25
PSMA-2 9.00 1.00 0.50
PSMA-3 8.50 1.50 0.75
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Figure 1. Particle size distribution of PSMA. (a-d) SEM images of PSMA nanoparticles prepared with different MA ratios; (e) particle size

dependence on MA ratio in PSMA nanoparticles.
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Figure 2. Morphologies of PSMA and PSMA/PEI cores-hell
nanoparticle. (a, b) SEM images of PSMA nanoparticles and
PSMA/PEI core—shell nanoparticles; (c, d) TEM image of PSMA
nanoparticles and PSMA/PEI core—shell nanoparticles; (e, f) EDS
mapping of the carbon and nitrogen contents in the shells of PSMA/
PEI core—shell nanoparticles.
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Figure 3. Colorimetric responses ((a) ARGB values; (b) difference map) of phenol red, cresol red, and thymol blue sensors prepared with

various CO, gas ratios (0.1-100) on exposure to 5 min.

Zan, 4447 A)55, 20209



PSMA/PEI -4 W=k} pH IndicatorsS:

Table 2. Colorimetric Response (AE) of the CO, Sensor to
Time (CO, 100%, humidity 30%)

Time pH indicator (AE)
(min) Thymol blue Cresol red Phenol red
0.5 4858 2646 3697
1 7218 7055 6210
2 20535 13546 15748
3 28635 18317 25880
4 34527 23783 30638
5 35645 25883 34805
6 36639 26983 35813
7 37512 27586 36851
8 37556 28183 36906
9 37635 28294 37001
10 37638 28302 37859

o A ks f=2 4 3ln. o]l met 2] pH indicator
2 Alzd Aol tisir CO, 7129 skt A7kl weE A
W3S Figure 3(a)2} 2ol YERNSATH

Thymol blue= pH 9.6(basic form)ollA] & wpekals 1}
ER ™, pH 2.8~8.0(neutral form) 2 pH 1.2(acidic form)ol]
Al 24zt kAl gl w7kl s peRA T B2 cresol red 2k
phenol red= 22} pH 8.8(basic form) 2 pH 8.2(basic form)
ol i wepa Bl vk "elS yER, pH 7.2(acidic form)
2 pH 6.8(acidic form)olA ztzb =28 Wt} 7zt pH
indicator’} &2E AAME CO, 7} F% 0.1%5E 100%7}F
A 30% =23+ A3 phenol red®} cresol red®] HEpo]
A oS FF F AATE A HskE =29 At v
W3Fe] AEE= 4858(thymol blue), 2646(cresol red) = 3697
(phenol red)®] euclidean distanceE 7} Th(Figure 3). Table
204 = mpef Zro] o]f oM & 2 AH3FE Kol
™ 2E-FE= thymol blue, cresol red ¥ phenol red =5 7}
AAR]D A WstE B S 4 T 39 ALEEe
CO, 7F=FHE =3 Alde] Moz WHAgs o + U
o, 5EFEE Ao Hsrt 4] 55 & T AT o]
23 Al WistE A7k AESHS] AAIE =2]5}ste] Figure
3(b)ell YFERAATE.

CO, 7t& sk, MEE H =& AlZHol [ME 2 Hst
4. Al CO, 7k AME BiFE 30%04 108 &<
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7V&FE AEC] #ho] Al FTREE & ¢ Atk 2y A
S sl mE AES] Tt #hel Zol7t U= olf= pH
indicator®] pH 1] Z}o| wiitolt}. Ut 7oA 37F
A] pH indicator7} %)%l PSMA/PEI ]2 CO, k=& Al

&85 Co, 2R st A& 669

10eman exposUre
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Figure 4. Colorimetric response (AE) of the CO, gas sensor to CO,
gas concentration changes (0.1-100%).
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oM =gkalo 2 M3, cresol red 2 phenol red= 2} pH
72 2 pH 6.8914 =@M o2 =12 o7 HAET 3714
9] pH indicator® AFE-3F CO, 71 AA 2% CO, 71 &
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Figure 5. Colorimetric response (AE) of the CO, gas sensor to
humidity changes (10-90%).

C0, 100% gxposure

Humidity 30° = . 40000

-

2
o

"' =
5,

o

Figure 6. Colorimetric response (AE) of the CO, gas sensor to time
changes (1-10 min).
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