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Research Title: Determination of the fluorescence quantum yield of Rhodamine 6G with
gold-palladium core-shell nanoparticles

Researchers: Asst.Prof. Pattareeya Damrongsak (Principle investigator)
Dr. Witoon Yindeesuk (Co-investigator)
Physics Department Faculty of Science

King Mongkut’s Institute of Technology Ladkrabang
ABSTRACT

Interactions between metal nanoparticles and- fluorophores have been extensively
studied because they offer the diverse applications for biosensors, cell imaging, and
photovoltaics. It has been reported that when flucrophores are located near the metal
nanoparticles, emission intensity can be enhanced or quenched depending on the distance
between the metal nanoparticles and fluorophores. In this research, we studied how the
absorption and emission behavior of Rhodamine 6G dye in solution form s tailored using
AuPd core-shell nanorods. In addition, the fluorescent guantum yield of Rhodamine6G
solution in the absence and presence of AuPd core-shell nanorods was measured using a
comparative method. The fluorescent quantum  yields were investicated when the
concentrations of Rhodamine6G were varied from 3.53 x 10" t6 1.70x 10° Molar, whilst the
concentrations of AuPd cere-shell nanorods were varied from 7.06 x 10° 40 1.36 x 10" Molar.
Experimental results have been shown that the measured fluorescent quantum yield was
dependent on the proportions between Rhodamine6G and AuPd core-shell nanorods.
Relationship between these fluorescent quantum yields and concentrations of the samples
were also analyzed by the response surface methodology. It was found thét the deviation

between experiment and calculation were less than 2%.

Keywords : fluorescent quantum yield, AuPd core-shell nanorods, response surface methodology.
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2.1 Fluorescence quantum yield

A1 Fluorescence Quantum yield () AornfiuansfauszdnsnimlulanUsesuasngosisairusdiuns
Tuiana dawviiusasdiuvesliinalnseuiluanamesaniireulunulineufignaanau feaunish (1)
[11]

_ photon,,

. =
photon

WIOHANMIAUSATIAIUTEWINIAIDATINISAIENE N UL UUARUADE LA ENATINY BRI INNTATENEIU

wuutandaesnaiwaznuulivanUaasuasnsgunisy (2.2)

k
LN o) (2.2)
¢F kr T km'

Wo  k AdmsINIsMmgnasuiuulanUansuad (radiative rate) uag

k., AednsInIsAenaaIuluUliUanUassias (non-radiative rate)

msinAn Qe ansnsavinlalasvaneds 1w n1sldinalianiawassauny photoacoustic [12] M3
Tiwnaia Thermal lens [13] wazn1slfinaiia Relative [14] Wudu 2 wadausnazidunisiauiunm
wasfivanudegeoniainidafifesmvaaeulfisufiuUSinauasiigngandulagsse si3ai3eniinisia
1A absolute  quantum - yield -@sazdetenfuiedasdlotafiianududeuuarusiudige awnsa
nntauiinauaddudamald dwudsnsanineasifunismer O wazianiidiosnismaaeulag
oI TnATisufuTanunss v Ui O

TuAdeiidenldvaia relative ilosninaiindinsdaedouszuumsialidudeou aunsa
Taarlfusiuduagldinanlunmmaasies udnnstavesisiarerdumsiarnisganduasyiuinuag

q

WgeasawuivasTaniideinsma @ warTaquinIguinTum O lngagsosmuauiteulvlunsield
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A O vesTaniidasnivegauls AeEumii (2.3)

4



dle | Aerniuiildnsnnsivdsuamgosisaaud
A FRAMIRANGTULEN
n AeARYinILAIvesENTaYaNY

fusiivios R BuneferfiLUsvasansaraeanedy

2
o e

Woswnen ¢ asluAfivsventsusgdniamnisiniuasvesdanuarazilaTuiudinanuas

o o = = o , a o = | ) = =
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wANENSiumY Faaguimsnei 2.1

a151971 2.1 Avigealsauimeuiuianvesatsayans Rhodamine 6G Tudvhazanesrneg

o AINana AN/ A SganaL dAdeAinaue 1aNa591984
095 (£0.01) | WeyUBA Ansganaulutig 0.05-0.20 | Markus Grabolle, Monika | [15]

Spieles, Vladimir Lesnyak,
Nikolai Gaponik,
Alexander Eychmu  ller,

and Ute Resch-Genger

/2009
0.94 LaNIUDA Pty 1x10° = 1.5x10° Tu | M. Fischer, J. Georges | [16]
a4 /1996
0.88 LONIUDA g 1x10° Tuans John Olmsted /1979 [17]
0.95 LONUDE adudy 1107 = 1x10% Ta | Xian-Fuzhang , | [18]
ans YakuiZhang ,  LiminLiu
/2014
0.86 WU aududu 1x10° Tuang John Olmsted /1979 [17]
0.93 (x0.005) | wnuea Arnsganduluyae 0.4-0.6 Douglas Magde, Roger | [19]

Wong and Paul G.
Seybold /2002




msedl 2.1 (f0) Amgeaisawudnauiuiaduatatsazany Rhodamine 6G ludvinaganenneg

090 (0.02) |1 Ansganaulutie 0.4-0.6 Douglas Magde, Roger | [19]
Wong and Paul G
Seybold /2002

oe

0.91 (+0.08) 1 Aududy 1x10° Twas Christian Wurth, Martin G. | [12]
Gonzalez, Reinhard
Niessnerb, Ulrich Panne,

Christoph Haisch,

Ute Resch Genger /2012

2.2 nalansisauas

uasiigandulaeluianavesarsdesuasgnldifuund masnulunsnszdudiinasenlueynouves
Tuianaasidesuaddiigneludasedusundnuiigtu wandodidnaseauluaniuzfingnnnduinds
anuzity 019vimsUanudeskagiiuaieud SeansUanddesuasgiituamuianinsodiuunlivans
Ussiavdufuunamdsnuiinszduliianavesaisifeuas JsnsUandaesuasgiiuaimuivoteynia
wieluanalasiivimeuidluifisadesnsiSondn Tnlnglliuaiwus (Photoluminescence) nszuaunsi

ansaasuelilaglduauninuanisedunaany Jablonski fsgun 2.1

-~ ¥
A § Absorption 10 seconds
I BN Vibrasional Relaxation and fnternal Conversion 10 seconids
—— i
Bl Fluorescence 10% seconds
¥ Ly %, 0 Phosphorescence >197% seconds
kel
2 i i
1 4
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Absorption Fluorescence Phosphorescence

:’ﬁJﬁ 2.1 UNUAITWLAAITZAUNSINU Jablonski [20]
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waziflavarinulutianamididnasounsouazannduganiusiy  lagnsannduganiusiueie
NTEUIUNNTARTEAUNEIUY ey luudraiunsonuald 2 dnwnizda NSEUIUNISARSEAUNSIULUY

lailUauaIaEN15ans L AUNAINURUUIUA LS

(1) nszurUNsanTEaundsuLUUlivanUasslnmnou

- nsanTeRundRIuNsAuvediana (Vibrational relaxation: VR)

2 P s

LﬁaSLé‘ﬂmawaﬂmaqamiLa\‘iL.Laalﬁ%’uwé’wuﬁL§ﬂﬁ'ﬁauwﬁu"l,ﬂgjamuzwé’munww;u Feslszeiv
WEIUNTFUMANEAN 19U INURUATN Jablonski SERUNS 1L ST aziiseRundsunsdy 3 sziu
WHudu mts‘u'mms‘f‘jﬁﬂ?ﬁuftu‘lmaqaﬁaﬂiugﬂwamaﬁaxma SLﬁﬂmauﬁu%Lﬁﬂmﬁaijﬁa
wf‘mﬂuaaﬂm’[,ugﬂmmmm%auﬁLﬁﬂﬁ]'mﬂwsﬁuiuﬂw'i‘auﬁuﬁaﬁﬂaxawﬁmﬂﬁﬁqﬁﬂaamEsﬁwa”qmu
qaﬁu

- mswdasdunelu (Internal conversion: 10)
nszurunsharldiinnismendrnuidmIondiuaussueanuTuaasiinansdeun gy

9 i s

ssrdluanavhiladlnanafidsuuasfidmdsnuiiaougnsyduinstiliinninudedivissedu
WasugauviuiL 1w midwundeeuluaniue St luanus S2

- NMTANTEAUNSIUINLENIUY (Intersystem crossing: ISC)
nszvumsEidunszaunsiiidnasouvestuanaluanugnseduinnnsiUasuuUasfianianismgu
FenrsidiEnaseuAsuiianenmuldfreiessfundiaunsiuresaniusifsauarsedudy
wisunsauresanturamluanuznIzRuasail (seiundanusiniy) viemsusudduainaniuy

g
@ [ [ o '

Wweniflsgdundanunmsdusiaaludanusaniluanuznszquiniiszdunaanumsiuunn

(2) nszUIUNITaRTERUNSINULULYanYdes L nDY

- Wgoaisawus (Fluorescence)
nsUanddesuamigealsawudiinainnisiidnaseufiegluaniunseduiioganiuzifvainnisan
sedundanuludsanugiiy sﬁamiaﬂizﬁuwé’amulﬂﬁaamuzﬁuﬁamﬁmm'imawé’wluaanm“lugﬂ
maaLLmLLaxL?EJﬂﬂizmumamawé’mummﬁdwﬂqaaﬁamﬁ

- Weaneslsalyus (Phosphorescence)



mamendsnulunssuiunisiazunnaeainnisaendsnusuurgeesagudiideninuameanes

]
= 1

warusidunisansydundinueesdidnaseuiiegluaniugnszduiloganiuzauiinnisansediy

Y

WAt ulUSEnuE iy

2.3 Usaingmsaliwasinananauainslauuud

Usngmsalwefianataseuslouuud (surface plasmon resonance, SPR) l48nsfsmauany
wuuesUTETRlARIINNsduTesdiAnneudasilanvasnsdunioumdesiu Wusingnnsal
fintuuinsesiaeveseuniaululangfiuasladidnydn 1y sevhamesdmdeduainimuie
ansazans Tnefivuin venAdunazaunivesanasuwaansulslauusve Sansanasduagiu

A U Ussanvesiaatasanwwinasseu ) ianty

2.4 Plasmon resonance energy transfer

ASEUIUNNST Plasmon  resonance energy transfer -(PRET) wisenaiendauuuiinaln Metal
enhance fluorescence - (MEF)  ifinainmsfinguueddianaseuvasaunialavediiansaumels
aullindeniiiSnaseunesianFesasioseiusuluddigniu  uauidodidnnsouansedu
wasuawn  ssUaauseendunilusUresuamgenisaioun  dwalivTinnuamgosisalruiuss
Twanasiruduity naln MEF Swannsafiudasifelusrunisuasudesuatosiaavigeaisa

s Vilianusaiiussansameesnisesiniawaznisunianwgesisaudduldnuludiuseg

Plasmon Resonance
Energy Transfer

Efa!m‘;\ S _. : =]
\\_ = Albume

gﬂﬁ 2.2 nalnn1sinnsguaums Plasmonic resonance energy transfer [21]
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2.5 Fluorescence resonance energy transfer

Fluorescence resonance energy transfer (FRET) ﬁana‘tam'5:1"1smaﬂwé’muixwiwﬂmaqawm;ﬂﬁ

v
o e s ]

(donor) uaslianavesysu (acceptor) IilasgRutundinuuaysvegvinsevinluanasglusseen

Winngal nakndanunsonanalaanunin Jablonski

Abﬁﬁ?&f{m Coupled Transitions

(Excitation)
[ omgerne 3

Donor
?Emfgsc;ence
Emission

Reﬁs@mm&
erg)
’franggr
]
Non-Radiative
Donor
Energy Transfer
-

Acceptor
Sensitized
Emission

Non-Radiative

Acceptor g T

Excitation 0 1A

> - S s iae Acceptor
Vibrational Donor Excited
Relaxation Excited State  State

RRA Transitions Transitions

JUN 2.3 LHLMNLERSSERUNGINUBSUIENBRAYTINgn1sal FRET [22]

mnguandivindieluanafivimiiibu donor gandunasasyilibiaanseuinnsdiessiuanty
s0 szt S1 uarvnisiluanandudanusiulaeiiluanafiviiniinfify acceptor agluszeyd
wanganesinisdreloundaanuain donor 1USs acceptor dealidiannsouiiaglusedudu S0 e
acceptor fnuseiuludsseduduigeliu uasUanudasndanusaninlugUvesuamigoatsawus dalu
nsdlveansdneloundsnuainlinanavasddeuiiviniinfiiu donor lugteyniauilulaneiivimihi

< 1 14 & =l 2 =1
\Ju acceptor avdwaliuamigeaisawuiveduanaddouiliana

nmsiinfunieanasvasrndulangoaisarudaunsoaiunalalagfiansannisiudeuudase

mauRudanLazA1Y e IeNIve Al
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nseiil 1 ApnaudiuBaduazd@invesianugoelsnes

msfsanAmeufuBanuasdiinvesiagngeelsvedlaeiil aunsafiansanlaannaunisi

(2.4) wag (2.5) muaau

f=——————
F+& Lk

do & AermeuduBaduasianvigeslsuiesiaesiily
i ADBRIINTITIABILUUYanUass LY
Koy AednsnsTiniuuulivanuaasuas
Kq ADPRIINELAA quenching
t,  ATNTInvesTanWgeRlIes

nsilif 2 AAdeuflBanuastn@invesianrgesliveivigniindeumeiaglansuilu

U %
[

dietagvigeslsvesgnuindoumeaunimnlulussesiivangay sgdwaliaingeaisalruinloudy

= €

ganuazteTinvesianWaealsvosiiuisuudasiussaunisn (2.6) uag (2.7)

o TS -
7~ SA A T,
! (2.7

irs
TPl gk & o,

dle ¢,  FermeusuBasuesTagvigeslswesilegnuindausnetanuilulany
tn,  AevnTinvesianvigeslswedillegnuindeunisiaquilulave

T,  Aesasimssisvediuvlanldesuaiiiiuduannisiianrigeslswesgnuindou

Mg ianlany
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S|
B
T ke 1 &
Sa

~ . _

JUN 2.4 wnunw Jablonski WugunazuuvUsrendnsillaanagauindausitaunilane (23]

2.6 N152NLUUN1SNAARY (Design of Experiment: DOE)

A1spaNLUUNINAGes fin Asanfiunismeassegraduszuvsasinisaiuau diagusrasdiiie

3

farsaridmuwdsduwniideudnliuTunssnmunis fnsnasenineiu wasdanuduiusiunadnsla

=

MendRnEunsrUIunsudsd i dynatavield niseenkuunimaaes (DOE) LUWASAS

o/

#iuszavsnwlunisfinwinansgnuanrategadsidimansaugiureswusnavanssiitanaula §

=]

sxdrwannatkazaldiielunismaaesld Tudegtuilusunsudnseguiigniaundudiiedelunis

U L]
L

PONLUUNSYAADY 11U Minitab, Design Expert Hudu lusunsumaiiaiunsaadnauuunisvnaes
AAILANANITNAADY kazas1anI v amuduRusvasiLUsnaulafiatieliaignanisiasgvikg lae
M5EBNWUUNISNAaBdlAalUskNSIALUSENB UMY

1. Reulimimaasiwuunneg Adelunsaiaganeass

'
=l

2. msasaazdaiiunmeastutdalulfivdainiinuagduuunisneessuasivuadeya
dulu
3. nsuansmawaziiuAatafldiiediglumsuusnanisvaaes

4. nsdnauedeyalusUnuuraan it BuUINaN1TNAGEN

N13RNKUUNIIMAaRfiAnUTsanSHa dnaseslzaasimudunsulagyinauidnlatym fvua

4

TnquszasAlitaay ennadndveenszuiums (y) tvualads (0 Mhagdnnuduiusivaadng

(y) vnsifiudeyalagiBnsfivwingan vinsiinseiteyauazasunanisnaasy ndudwndeyad
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InluuiusiamiaiwesvainssuiuniwazvnasafiudeyadnasaiieBudunanaudiluldonuis

TRBLERINSEUIUNNS ARILN LA

(?m?&&s?ﬁw-?&)

soteiinouniti 0 "

?z‘ ﬁ?zz, ?&

ot AR TR

UM 2.5 nssurunIBRNkuUNTIMIAGed [24]
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UNN 3
Asatiun15IY

8/

Weniluunilazadureiiuaiesflouasfagiinerdasiuemddy  swfenssuiunislunisieiay

ansavanevNasadenivayniaululane NSEUILNMSNAFAUAIUNATUYILAYRIANTAZANELAENS

ARTEIAgeBL AT uAAIaUANE R Toedliflamutaeendu 4 Wdovanaail

3.1. inFesilauassyuunsiailineatasiveise

3.1.1 indesaUnlasimes (UVAVis spectrometer) fildlusiuidufeinsas Avantes avaspec-EDU
3.1.2 inspsiiiinuasisan (3u MEGALIGHT 100 91nUS8M SCHOTT Nippon) iwasunalugnu
ANNEIAAY 400 = 900 wluiums

3.1.3 laleaduas lunsiaudmgosisawuinianivesmveass §iseidenldlalonaua
viladdegs (vunm 1 3a60) Smndunasgeanogiinanueninay 524 wilumng Wasdided) Wensedu
Sanfw3ouainansdon R6G

3.1.4 WNEUSUIUEAAIIM IVINIUEARIIALSTIeNTaraefifeanIsNacae Y

3.1.5 ipsaviamdvininualasvasaisasans (Atago)

3.2 Jaanldluauiy
3.2.1 @15.3994ad

- v v oo aw A & - ! a o e 4 o =
ans3osuadilfunldlunuidedenlvansBeadlunguuesansdunid (Oreanic dyes) 1o

Ve

signuaeduseansamlunsduamigeaisaeudngs dideladawisuansazargainattes

Y

uas 2 i 16un @15 Rhodamine 6G (Rh6G) Lazans Rhodamine B (RhB) Fuillassadnedaguil 3.1

o

Tumamneavigesisaguimeududas gideasldans RhB Wumsdndafieduinmevigesisaisud

mBUFLEanueia1s Rh6G laemalla Relative
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)
gﬂﬁ 3.1 1A598579999815 (n) Rhodamine 6G way (¥) Rhodamine B [25-26]

AN9197 3.1 anUANUEIUVDIAIII OIS Rh6G Uag RhB

AMANURA Rh6G RhB
gasmanil CogH3:N,05CL CpsH3 CIN,O;
waluana (nfu/lua) 479.02 479.02

A1 d)f 0.95 0.66
Aennsganduuas (luwms) | 527 539
Ainn1siaue (unluuns) 552 571

3.2.2 syn1AuIluvasARiaunaiel (a1n1a AuPd)

Turuddeilfinwiantfueteunia AuPd  Afigunsawuuuis Uihalaneildnuaza dgunsedegudn

3.2 flaudAaguanisng

audf

UIRELEUAUINANN x AN

25 nm x 75 nm

\uRuAuEnans 25 nm
YUINDUNA 75 nm
ALY 1 g/mL at 25 °C

ninuialiiana

196.97 ¢/mol
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5UTl 3.2 Tnssadnaves AuPd wuuuvis [27]

3.3 ssuuin

3.3.1 52UUdnauURN1 IANAULEIVRIENTAT AL EISITO SUES

myinrinisgandutesaisazats endusrunindidmsSeudaununimgudl 3.3 Fwasminunaariude
wasvianuagnasihvaelowithuasnnnsenuivansflegtiasanTar a188198 wazderu

sanuniganglouinhuasdndunianieusefuipiasanlasiines  wasidinsasaiunlasiiines

ONIATIBVAINITRALAIWIELUSUNTL Avasoft 7.4 Tagaunis

A= ——log(%) (3.1)

wa | ADAUINLAINILBDENUIINETHIDE AL

I AoAuItNLAIIHI L NUIANENTE19DY

l Ttmgstsn lamp

Computer Spectrometer Sample holder

= W
JUN 3.3 sruudanisgnauuas



hilnveauanan nszsosindmanszh
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3.3.2 ssuudnauUfnisiaiuaagoalsaioun

lumsieainafunsivdaamgoaisawuiiideladaseuumsiadeguil 34 Tundasldundariiila

s =

wasnvasaueadmludinszduianifaanisveasulaedninsliuasmnnsenulufianisiegu - 90

8

asmfvangloumiuasivimifinsaiasasiedenissuniureiainsequ

Computer Spectrometer

5UR 3.4 szuuiamsilasaaigeaisaisus

3.4 Mswssuiagiazn1Tinal @ vasasazate
Maveanil 1 Myindl O Tevarsavaty Rh6G
Taguszasd 1. iiennassnad: vesansazans RheG taeldans RhB Wuansazanesnads

2. ievaaauisnamiel §; uesasazarelaswaila Relative
IDNIVAADY
1. wSsua1savats RhB Adanududu 5x107 M fu Rhé6G Aieududusnagfmnsd 3.2
lagldlemusaldudiitazane

2. thansaganefiwsedlude 1 unfaaunasunsgandulazanaiunsiuauas

3. A §

1ARK2R
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AN 3.2 A1AULILTUTE9E15aYans RheG

A29819 Rh6G (M)

1 3.00x10"

4.00x10 "

500%10 "

6.00x10 "

8.00x10."

9.00%10"

2
3
a
7
5 7.00x10
6
7
8

10.00x10"

mMsneaesi 2 msdnwaUnaiunsganduLazmsiUALEeEnTaYaNY Rh6G TiNaufy AuPd
faqUszasd  IilefnuinaYaInIsiinans AuPd dearinasunisgandutarmsiewuaes
#1588a18 RheG
/MImaaed
1. wissumsarats Rh6G Kauiy AuPd Trflenuididunesansinauiuguandumnsi i
33 '

2. ihansevaneiiwRealuie 1 iinanasunmsganauiasanaiunisidaias

A19197 3.3 NsiRTENasavany Rh6G nauiveunia AuPd

g USRT | AEudy | USuimsees | anudiude | dnsndiu | dnsidiu
azang | 989 AuPd | U89 AuPd Rh6G P04 Rh6G | YTums | Anatutu
fods (mU) (M) (ml) (uM) Viwra* Vanss | Cawpa’ Crisa
a7 A 0.5 0.1206 0.5 2.0 1:1 60:1
@15 B 0.25 0.0516 0.75 3.6 I:8 14 :1
d13 C 125 0.0241 0.875 4.6 1:7 5:d
d@15 D 0.0625 0.0117 0.9375 5.29 1515 2:1
a7 E 0.03125 0.00574 0.96875 5.63 1:31 1:1

MsNAaasi 3 nseenuuunisnaasslagldlusinsy Design Expert 9.0.3
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1. Weafnwidn1siiniseaniuunisnaasd (DOE) unldluenuide lneedelusunsy
Design Expert 9.0.3

2. AN ®ILALILASIEVNANLENNUSYRIANUII LT ULaYENSazane Rh6G way

AuPd TinauAuTiilsad O 183 Rh6G

1. wlsuansazans Rh6G waudu AuPd Trflanuiduduyasasinauiuadnandlunnsiai

3.4

Fegnesnwuuruluskna Desin Expert 9.0.3

2. thmsararefimienlude 1 nledunniumsganiuuazaiunaiunisiuaaas

3. Amsgaien §

A19197 3.4 ANUYNTNYEENTAZaNY Rh6G uazeynA AuPd

L ARIdUTY (M)
#19R8814
Rh6G AuPd

| 353% 10" 7.17 x 10°
2 550 x 10" 2,60 10"
3 5.50 x10° 117 % 10"
4 1.03% 107 7.06x 10°
5 1.03 x 10° 717 x10°
6 1.03x10° 7.17 x10°
7 1.03 x10° 717 % 10°
8 1.03% 10° 717 x10°
9 1.03x 10° 717 x 10°
10 1.03x 10° 136 x 10
1 1.50 x 10° 260 x 10°
12 150 x 10° 1.17x 10"
13 170 x 10° 717x10°
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unv 4

Wan1sIdBLaznIsafUIeNa

4.1 wan1smAMgaaLsHITudAlauANBanYaa15aza18 Rhodamine 6G

yinmsthansindenluiadedt 3.4 nisveaesdl 1 uninAmgesisawusirsudiubaddeimaie
Relative lngldansazany Rhodamine B #iflmauidudu 5 x 107 M 1Huaséneds Felunimaaesey
msianasumagandulasiasanasunaauasd 3 asa ietmaniinssimnargestsa

wuAmauALanlanasnail

g
=
i)
=
5
Wavelength (nm)
2 1
ASNAaBIATI 1 (N) Rh6G
.05 s NEE T
0.0 7N\
/
0030 £ %
é’ 5025 7 ?‘g
g i \
2 oo 7 {
g ;Ff E}%
nois £ %
2 v
0010 - f,r"" 3\
0.005 --&ﬁxf@%ﬁw WM‘“‘{I \W
250 250 500 3350 500

Wavelength (nm)

m‘:maa&ﬂ%ﬁ' 1 (v) RhB
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smemmene 1 3F -7 14
e OF -7 14
s BE -7 14
o T =T 1
s GE T 4
r—-1
r——

e BE 7 I

Wavelength (nm)
A1SNAABIASIA 2 (1) Rh6G

500

s BE 7 W

Wavelength (nm)

NMINAaBIASIR 2 (1) RhB



Absorbance

Absorbance

wmeene. 10E -7 1

0.08

e FE -7 [y
GO8
R T
007
s TE =T T

.06

s SE =7 A

o
o
L

s SE -7 14

]
€
g

wwmn ZE =T 1

— TS

£
[n]
LA

©
=
1

€
&
it

I
o
Loms ]

I
[vel
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I
LY
[

508 558 600

Wavelength (nm)

mwmamﬂ%ﬁ 3 (1) Rhé6G

s SE —F 1A

0.0s

a00 650 550 559 $00

Wavelength (rnm)

NSvAaBdAsaRt 3 (1) RhB

UM 4.1 alnasunsganiiuuevesmsasany Rh6G uay RhB
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o ) - e o -1 = -7
PNNAMTINAUNASTUNIIAANGURAIYBENTaEA1Y Rh6G MIHlANANULTNTY 3x10° M s 10x10° M
WUNTAINIAANGULAITEIENT Rh6G Tuea3 0.02 - 0.09 uazganauuaegluynaueaiu 450 -
600 wiluuns IfinveIMIgAnauLaIggainLeIAauUsEIa 528 Wiluiuns uasiliopnududu

vasEnsterasrnsganauuasiiaziasasmedadulunungueudes-uaudsn (Beer-Lambert law)

Y o ' e L = = -7
NANITINAUNATUNTIIUAILEIYDIETEE A Rh6G NUAIAIULINTY 3x10° M 09 10x10 M
uaRasagU 4.2 INNANITVARRINUIIANTaYaE Rh6G nnsivdaseglugieninugnindu 500 - 700
wluuns lnedifinvesmsidawasgegawiiu 557 unlumns kasdisihafinnsidauasves

asazay Rh6G ldsunsmamuduiusiuanuiduduazuansiguin 4.3
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UM 4.2 adnpauntsiuaueauasansazane RhéG waz RhB
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AMNNIIMANNFITUSTE I AN LT sansfuRANSIUaawes Rh6G aswiudnuulliunis
o=lI 2/ = 173 Eil’ [ v 1 2 'n 2/ ot s L= 2 2/
wWasuwasdeyadunuuidadu Fdunaliana R Ppszrlaannsvanuduiusianglng 1

114 3 N15NAADY

dinhnanmsinainasunsgandunauazaiunaiunisidauas udiasizimiuilinimeeinis
WawawazAnsganauuas ethufwinmamgesisaudneufuBadvasaisazane Rh6G 1o

ANRIRNNSN 4.1 - 4.3

M19199 4.1 Avigesisauialauflganvasamsayaly RheG INNITNABDIATIN 1

ALY Integrated Q
(M) L Flucrescence

10x 107 3.09 139,804.52 0.93
9x 107 2.74 125,610.45 0.94
8 x 107 2.43 112,510.76 0.94
7 x 107 2.08 101,997.42 1.00
6% 107 2.12 88,058.59 0.85
5x 10 1.60 74,846.79 0.96
4 x 107 1.36 60,548.29 0.91
3x 107 0.98 46,650.59 0.97

e 0.94

s8R ODr ANANT Integrated n1sgan@ulugag 510-552 nm Wiy 1.22

uae Integrated fluorescence @391MBUNITU 39,137.99



2
s

A5199 4.2 ﬂ'ﬂwQaaL‘iaLsﬁuﬁmauﬁuﬁaé‘ummsazmﬂ Rh6G 31NNNSNAaa9ATIN 2

ALY oD Integrated 0
(M) Fluorescence

10 x 107 2.63 114,547 56 0.90
9x 107 2.35 103,809.22 0.92
8x 107 2.11 90,910.64 0.89
7 % 307 1.83 80,534.26 0.91
6 x 107 1.56 70,633.51 0.93
5% 107 127 59,886.38 0.97
4x 107 1.01 48,709.98 1.00
3x 107 0.76 37,380.20 1.02

@i 0.94

a8 ODr AAT Integrated msganaulugae 510-552 nm iy 1.14

WaY Integrated fluorescence a@nsansdawiniy 36,410.96

M15199 4.3 Angoalsarwudiateudibadvesansazaly Rh6G 91nN1sYsaadnsed 3

AN Integrated Q
(M) £ Flucrescence

10x 107 2.60 114,982.33 10,96
9 x 107 2.34 104,412.52 0.97
8 x 107 2.16 03,853,149 0.94
7x 107 1.86 84,008.513 0.98
6x 107 153 72,099.026 1.01
5x 107 1.30 61,500.724 1.03
4% 107 1.03 49,490.607 1.04
3x 107 0.91 39,062.799 0.93

dy 0.98

aBLMR ODr ANANT Integrated n1sgandulutag 510-552 nm wirfu 1.37

uag Integrated fluorescence @15919891¥NAU 41,599.78
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nnMeaesiakarAwIMmAgesisaNinlauiLEadveaTazany Rh6G Mewmaila Relative

flAmueraaraswIInge]] e 0.95) Usvuna 0.59 % wan1siasigyivinligidesensulumaiail

LLaxLﬁafﬁ%‘m3ﬁ’£umimﬁthaaLsaLsauﬁmau&fuﬂaﬁ‘ummimaﬂumsmaaqﬁmlﬂ
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a59f 4.4 wansiasziavigesisaluimeuiuladvasaisazans

Concentration in Molar Absorbance (4) mEEgrLEd Refractive Index (n) d),

No. Fluorescence (1)
Rh6G Au-Pd NRs  Rh6G Mix Rh6G Mix Rh6G Mix Rh6G  Mix
1 353x 107 7.17x10° 0022 0119 50302005  228739.129 1.3312 13319 078 067
2 550x 107 260x10° 0032 0071 82603744  224184.172 13322 13316 090 110
3 550x107  1.17x10° 0032 0166 83819022 223775028 1.3319 13321 090 047
4 103x10°  706x10° 0058 0075 159959.841 241897851 1.3324 13322 097 112
5 1.03x10°  7.7x10° 0058 0155 158155123  275404.855 1.3319 13318 095 062
6 1.03x10°  717x10° 0059~ 0.158 161241487  278442.149 1.3316 1.3319 095 061
7 103x10°  717x10° " 0057 0.157 158536007 281573074 1.3319 13317 097 063
8 103x10°  747x10° 0058 Q157 . 161413.131 279859644 13322 1.3324 097 063
9 103x10° © 7A7x10° 0067 0159 | 180939.336 | 1279066.648 13326 13316 094 061
10 103x10° © 136x10° - 0058 0216 - 156218158 215292.498 13315 13318 094 035
11 150x 10°  260x10° 0082 0.116 | 224084.840 3130361022 13335 1.3326 096 095
12 150x10°  117x10° © 0081 0225 = 221412541 255871570 13323 1.3339 096  0.40
13 170x 10° _7.17x 107 0096 0194 & 260328150, 320301.143 13317 13321 095 058

wunBwg Afian1sganaukasuesansansdadifiiiu 0055 uagBuiiinsnawnaindgeatsauRilAviniy
149435.761
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as =

diothAmgessawuimausuBasfilininnisvmeasd (Actual) fudfirannnsalld (Predict)
NNMFIATIEIAHLUIUTIU (ANOVA) inaennsinaadiiusiinadeguin 4.12 uazaunsiiuans

Anduiusvasrvigeaisauicmaufudaniunulniuresatsazaiy Rh6G  (fuds A) uas

auMA AuPd (FuUs B) Wanseieil

O = 1.48345 - (2.93520X10°XA) - (1194931203 XB) + (9.20837XAXB) +
(6.64820X 10 "XA’) + (3.34804X 10’ XB) (@.1)
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AN 4.5 N1TIATITIANLLUTUSIU (ANOVA) s uLuUdnaes

Source Sum of squares df Mean square F-value p-value

Model 0.69 5 0.14 129.45 < 0.0001
A = RhéG 0.015 i 0.015 1405  0.0072
B = Au-Pd 0.64 1 0.64 599.73 < 0.0001

AB 1.600E-003 1 1.600E-003 149 02616
Al 1.565E-003 1 1.565E-003 146 0.2664
B’ 0.034 1 0.034 3177 0.0008
Residual 7.511E-003 7 1.073£-003
Lack of Fit 7.111E-003 3 2370E003w. 2370  0.0052
Pure Error 4.000E-004 4 1.000E-004
Cor Total 0.70 12

WianTRaauALU e favesauni1sh (4.1) sﬁ%’aiﬁwwaaqm‘%auaﬁﬁaasjmﬁuLam%‘ﬂ?ﬁmu
3 fhege lneilaianududuresaisuanaitiuanFeulenuanduansied 4.4 wagvinnsvaasaiie

wAmgealsalrudnsuiBanlnenan TATIERLARIAInIT1I9 4.6

M1 4.6 AgeRlsdluRmenitiaduetdIsazal Rh6G Hasauna AuPd ildainnisvaass

FUNTSANUR A IBENNS

Sample Concentration in Molar  FQY of (Rh6G +Au-Pd)
Error (%)

number Rh6G Au-Pd Model Measured
14 60%10°  30x10° 1,00 1.02 1,98
15 9.0x10 . 160% 107~ 0.71 0.70 1.89
16 1.2x 10°% [ 8.0%/10% 0.55 0.56 -0.16

NamiﬁﬂmLLam’lﬁLﬁui'\ﬁnwgaanaLfauﬁmauﬁuﬁaﬁ‘ﬁlﬁmmmimaaqLLasmﬂaumiﬁﬁn
WesiWudmuianaiatesnia 2% dadudeaunsaauldiiaunisidnaeslaiaudnsetonas
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Abstract. We have applied a response surface approach to study the fluorescence
quantum yield (FQY) of rhodamine 6G (Rh6G) mixed with Au-Pd core—shell
nanorods (Au-Pd NRs). The FQYs have been measured for the Rho6G
concentrations varying from 3.53x107 to 1.70x1 0™° mol/L and the concentrations of
Au-Pd NRs from 7.06x107% to 1.36x10* mol/L. Our experimental results testify
that the FQY depends notably on the proportions of Rh6G and Au-Pd NRs. A
specific relationship between the FQY and the concentrations has also been
confirmed by a response surface plot. It is found that the discrepancy between the
experiment and the calculations is less than 2%.

Keywords: fluorescence, response surface methodology, nanorods
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1. Introduction

Interactions between metal nanoparticles and fluorophores have been extensively studied because
they offer diverse applications in the fields of biosensors [1]. cell imaging [2] and photovoltaics
[3]. It has been reported that the emission intensity of fluorophores can be either enhanced or
quenched when they are located near metal nanoparticles. This depends on the distance between
the metal nanoparticles and the particles of fluorophores. Enhancement of fluorescent signals due
to the presence of metal nanoparticles, which is referred to as a metal-enhanced fluorescence, is
commonly attributed to excitation of surface plasmons on the metal surfaces [4]. Then the nano-
particles act as fluorescence amplifiers. On the other hand, another phenomenon known as a
fluorescence resonance energy transfer can become dominant, whenever the fluorophores are in a
close (less than 10 nm) proximity to the metal nanoparticles [5]. This effect leads to reduction, or
even quenching, of the fluorescent signal.

A number of studies have been reported on the fluorescence enhancement and quenching
caused by different metal nanoparticles. Suslov et al. [6] have shown that the fluorescence of rho-
damine B is enhanced by monodispersed silver nanoparticles. Chen et al. [7] have found that silver
nanoparticles can either enhance or quench the fluorescence of organic LEDs. Finally, Boonpi-
phobanun et al. [8] have presented some results concerned with enhancement and quenching that
occurs in the emission spectra of Au—Pd core—shell nanorods (Au-Pd NRs). Nevertheless, there
are only few studies on the effect of metal nanoparticles upon one of the main fluorescence
parameters, a fluorescent quantum yield (FQY). This parameter, which is given by the ratio of
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number of the emitted photons to that of the absorbed photons, is very important for determining
the efficiency of fluorophores. In particular, the influence of different concentrations of the metal
nanoparticles on the FQY remains unknown. We intend to fill this gap in the present work. We are
going to focus on the Au-Pd NRs mentioned above and rhodamine 6G (Rh6G) clusters in liquid
solution, instead of solid matrices. We have restricted our analysis to Rh6G dye, since it offers a
high FQY.

The FQY is usually derived using a relative method [9, 10]. The latter relies on measuring the
signals obtained from an unknown sample and a reference sample, of which FQY is known under
the same conditions. By comparing the fluorescence intensities detected from the sample with that
from the reference, one can determine the FQY of the sample under test as

2

FOY = FOY, iﬁ[iJ , (1)
Ip A\ ng

where / is the integrated fluorescence intensity, 4 the absorbance, n the refractive index of a

solvent, and the subscript R refers to the reference fluorophore in all cases.

To examine possible relationships between the FQY and the proportions of Au-Pd NRs and
Rh6G, a response surface methodology with a central composite design has been employed. The
response surface methodology is a combination of statistical and mathematical techniques for im-
proving and optimizing different processes [11]. The method has attracted a lot of attention beca-
use it is capable of determining both the individual and interactive effects of many factors of inte-
rest. Moreover, it requires a smaller number of experiments, if compared to conventional methods.
For example, the response surface methodology has been used to study the effect of temperature
on the thermoelectric properties [12] and to optimize production of biodiesel from the waste
cooking oil [13]. In our study, we use the response surface methodology to create analytical model
for the dependences of FQY on the Rh6G and Au—Pd NR concentrations. Then the accuracy of the
model can easily be validated with the experimental data. Besides, such a model would be very
useful when determining proper concentrations of mixture-sample solutions that enhance the FQY.

2. Experimental

An Rh6G dye powder was purchased from Sigma Aldrich, USA. No further purification was
performed. An Rh6G stock solution (6107 mol/I.) was prepared by dissolving a desired quantity
of the dye in deionised water. Au—Pd NRs were purchased from NonoSeedz Limited, Hong Kong.
They had the diameters 40+3 nm and the lengths 9646 nm.

As already mentioned, the influence of the concentration of Au-Pd NRs on the FQY of Rh6G
was investigated using the response surface methodology based on the central composite design. A
Design Expert Software 9.0.3 was employed for this aim. Since there were two input factors,
Rh6G and Au—Pd NR concentrations (k = 2), the total number of samples needed for our experi-
ments was equal to 2¥+ 2k + n =13, with n being the number of replicated runs (n =5) [14].
The dye stock solutions were prepared to obtain the test solutions with the concentrations ranging
from 3.53%x107 to 1.70x10° mol/L (see Table 1). To minimize the interactions between the mo-
lecules, these concentrations were chosen so as to produce the absorbance less than 0.1 at the
excitation wavelength. The concentrations of Au-Pd NRs varied between 7.06x10™° and
1.36x10~ mol/L. As seen from Table 1, we prepared thirteen different solution samples in total.

The optical absorbance and the fluorescence of our solutions were measured, using optical
apparatus shown respectively in Fig. 1 and Fig. 2. A tungsten lamp ‘Mega Light100" and a high-
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power LED (the wavelength 525 nm and the optical power 1.4 mW) were used as excitation
sources for the absorbance and fluorescence measurements, respectively. The spectra were
recorded with an optical spectrometer ‘Avantes’. The Rh6G solution with the concentration
1.0x107° mol/L was taken as a reference. Its absorbance was equal to 0.055, the integrated relative
fluorescence intensity was 1.49x10° and the FQY amounted to 0.95 [15]. Finally, the refractive
index of the reference measured with a refractometer ‘ATAGA’ was equal to 1.3320.

{ Tungsten iamﬁ) _

Computer Spectrometer Sample holder

Fig. 1. Block diagram of our absorption measurement system.

Sample holder

e

Compuier Spectrometer
Fig. 2. Block diagram of our fluorescence measurement system.

Once the optical experiments were completed, we performed the ANOVA variance analysis
to produce a prediction model. ANOVA was conducted to find out whether the model obtained
from the response surface methodology was significantly reliable, or not. The modified model
for estimating the response surface methodology was a quadratic polynomial given by the relation
[16, 17]

k k k
2
FQY=ﬂ0+Zﬁz‘Xi+2ﬁiiXi +Zﬁszin : 2
i=1 i=1 i=1
Here FQY is the predicted FQY, X; and X; denote the independent variables, and f are
constants. Namely, S, stands for the intercept, j; the linear coefficient, B the quadratic coefficient,

and f; the interaction coefficient.

3. Results and discussion

As an example, Fig. 3a and Fig. 3b show respectively the absorption and fluorescence spectra
obtained for the sample #4, both with the pure Rh6G and the Rh6G and Au-Pd NR mixture. Note
that the absorption reveals a peak at about 526 nm, which is typical for all of our samples. The
fluorescence peak observed at about 556 nm (see Fig. 3b) also refers to all of the samples. These
peaks are therefore used to calculate the FQY according to Eq. (1).

The FQY values calculated for all of our samples are summarized in Table 1. One can see
that adding of Au-Pd NRs affects efficiently both the absorbance and the fluorescence. Eventually,
the first fact is evident since any scattering particles increase the light path through a cuvette,
resulting in a relevant FQY change.
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Fig. 3. Absorption spectra (a) obtained for the reference, the pure Rh6G and the mixed solution of Rh6G with
Au-Pd NRs, and fluorescence spectra (b) obtained for the reference, the pure Rh6G and the same mixed
solution. All of the spectra correspond to sample #4.

Now we apply the response surface approach to fit the concentration dependence. Fig. 4a

shows the relationship between the empirical FQY and the FQY value predicted by the analysis of
variance. The FQY dependence on the concentrations of Rh6G and Au—Pd NRs can be written as

FOY =1.48345—(2.93524x10° x A)—(11949.31203 x B) +(9.20837x10% x Ax B)

)
+(6.64820x10'% x 42) +(3.34804x 107 x B?)

where 4 and B represent the concentrations of Rh6G and Au-Pd NRs in mol/L, respectively. The
analysis of this model has given the R* parameters and the p-values (see Ref. [16]), which are
displayed in Table 2. When compared with the experimental data, the mathematical model given
by Eq.(3) should be deemed acceptable. Indeed, the R® parameter is equal to 0.9923, thus
confirming that the model is statistically reliable.

Table 2. ANOVA variance analysis for our quadratic response surface model: df denotes the
number of degrees of freedom, F-value is the random variable from the F-distribution, and p-value

the probability.
Source Sum of squares  df ~ Meansquare  F-value  p-value
Model 0.690 5 0.140 129.45 <0.0001
A =Rh6G 0.015 1 0.015 14.05 0.0072
B = Au-Pd NRs 0.640 1 0.640 599.73 < 0.0001
AB 1.60x10°7 1 1.60x10°° 1.49 0.2616
A 1.56x107 1 1.56x107 1.46 0.2664
B’ 0.034 1 0.034 31.77 0.0008
"Residual sum of squares 7.51x107 7 1.07x107 - ==
Lack of fit sum ol <10 3 2.37%107 23.70 0.0052
Pure error sum 4.00x107" 4 1.00x107* —~ -
Corrected total 0.700 12 - - -

"Residual sum of squares is a combination of pure error sum of squares and lack of fit sum of squares

The ANOVA yields in a response surface plot shown in Fig. 4b. The FQY decreases with
increasing concentration of Au-Pd NRs. In other words, addition of Au-Pd NRs into Rh6G results
in reduced FQY, as compared with the pure Rh6G for which we have a typical value of 0.95 [15].
This is understood as a result of nonradiative encrgy transfer between the Rh6G dye and the Au—
Pd NRs. In simple terms, the Au-Pd NRs act as a fluorescence quencher. One can notice the FQY
values larger than unity for the samples #2 and #4. In fact, these data points remain within the
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limits of experimental errors, which are typically equal to 10%. The two following factors
contribute mainly to the FQY uncertainty. The first of them is fluctuations of spectral radiance of
exciting light and changes in ambient temperature. The second is Rayleigh scattering at our metal
nanoparticles, of which sizes are smaller than the light wavelength. The incoming light is therefore
elastically scattered by the Au-Pd NRs, and the scattered light does not easily reach a
photodetector. Hence, the light scattering at relatively short wavelengths can result in the
absorbance tails.

As evidenced by the ANOVA (see Table 2), our model appears to be reliable for expressing
the relationship between the FQY and the proportions of Rh6G and Au-Pd NRs. In particular, the
p-value is less than 0.0001 and the F-value amounts to 129.45 [18].
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Fig. 4 (a) Correlation of actual and predicted FQY values, and (b) response surface plot obtained for the
dependence of FQY on the Rh6G (A) and Au—-Pd NR (B) concentrations.

To check reliability of Eq. (3), we have additionally studied the FQY from different samples
that deviate from the conditions provided by the model in Table 1. The information on these
samples is gathered in Table 3. We find that the discrepancies of the predicted and measured FQY's
are less than 2%. This implies that the equation derived from this model is accurate and reliable
enough to predict the relationship between the FQY and the concentrations of Rh6G and Au-Pd
NRs in the solution.

Table 3. Comparison of empirical and theoretical FQY values obtained for our Rh6G and Au-Pd
NR solutions.

Molar concentration, FQY for the system of Rh6G and

Sample # mol/L Au—Pd NRs Error, %
Rh6G Au-Pd Model Measured
14 6.00x107  3.00x107 1.00 1.02 2.0
15 9.00x107  6.00x107 0.71 0.70 1.41
16 1.20x10°  8.00x107° 0.55 0.56 ~1.82

4. Conclusion

In this work we report the studies of the influence of Rh6G and Au—Pd NR concentrations on the
FQY, which are performed using the response surface methodology. Our experiments have
demonstrated that the FQY is sensitive to the concentrations of Rh6G and Au-Pd NRs. The
dependence of FQY on the Rh6G and Au—Pd NR concentrations is derived using a general
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quadratic-polynomial model. A comparison of the empirical and theoretical FQY's testifies that the
errors of the model are less than 2%.
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Anomayin. V yili npaui 3acmocogano nidxio noeepxui Gi0zyky 00 BUEHEHHA KEANMOE020 6UX00Y
nyopecyenyii (KBJI) podaminy 6G (P6G), smiwanozo 3 wanonanuuxamu Au—Pd muny
cepyesuna-obonouxa (Au—Pd HII). KBJI Gyno eumipano 0na Konyenmpayiii P6G y dianasoni 6id
3,53x107 oo 1,70x10°momw/n i wonyenmpayii = Au—Pd  HII 8id 7, 06x107° oo
1,36 <107 monw/n. Excnepumenmansni pesyromamu 3acgiouuny, wo KBJT icmomuo sanesicums gio
nponopyii P6G i Au—Pd HII. Konkpemuuil e3aemoss’asox mioe KBJI i Konyenmpayianu markoic
nidmeeponceno pahiroM nosepxmi GI02yKy. Buseneno, wo po30idcHICmG MIdC eKCHEPUMEHTNOM
ma po3paxyHkom ckaaoae menue 2%.
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