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IrOx(OH),-Catalyzed Water Oxidation by Visible Light Irradiation

of Trisbilpyridyl Ruthenium Complex Derivatives

Yong Tae Yoon

Department of Chemistry, The Graduate School,

Pukyong National University

Abstract

The photochemical water oxidation system, which is composed of a
photosensitizer Ru(bpy)s*, an oxidation catalyst IrO, and a sacrificial
electron acceptor, is one of well-studied half-cycle system for visible-light
water splitting. Very stable irO; colloidal ‘solutions were prepared without
any stabilizer or template by simple basic hydrolysis of IrCls®> at three
different temperatures of 60, 90, 200°C. The particle size of prepared IrO;
slightly increased as the synthetic temperature increased from 1.3 to 2.3
nm. The catalytic activities of the prepared IrO, colloidal solutions were

seriously different in the photochemical water oxidation system of

1



Ru(bpy)s?*/Ir02/S;0s% in NaHCO3 buffer. The colloid prepared at 60°C
gave the highest activity among them while the prepared at 200°C gave
the lowest one. More interestingly, the intermediate species Ir(OH)s or
Ir(OH)e*, that was not clearly identified, forming during the hydrolysis of
IrClg” to IrO; gave even much better activity than any other prepared IrO;
in the photochemical water oxidation. The characteristics of IrO,(OH),s
that denote all Ir species isolated from prepared colloidal solutions were
studied by XRD, XPS and thermal analysis. When the iridium hydroxide
prepared at 60°C was used, the turnover number of the photosensitizer for
the oxygen evolution reached 400 at the optimized-concentration of the
buffer and the electron acceptor. The several derivatives of Ru(bpy)s**, of
which the ligands have functional group such as phosphonic acid and
amino group were also tested with the iridium hydroxide in this

photochemical water oxidation system.



T

T

5}

°©

A
H H

Z]
A

27t

3

= o
i’é‘t‘

. Introduction

I

N T o ~ = % M owr oo on mowE i B N
io oy Eo o DT._ o T _;Inwﬂ KR EO Jl ‘i _z_.o L ;i
st 20 e wEY o eow ® T o
:iﬁuﬂdﬂr\_ Mﬂmﬁr_houufdﬂamﬂlmﬂm ATﬂHL.m.L
ﬂ I — =0 N _“ _rO ‘UAl 1 — 1 ~
o @%ﬂuaﬂMe@lo Vauwuﬂﬂor
3 — Mﬂ E . =N © o ) X —_ ;:O
oMo R EW LT G
ol - I VI P S i TN
I R = R SR =
o D LYk hy G ' © ol
BoA T M@a%%zuﬁ B o
Vo B N By 2GS kR
iﬁz% e S 68 8 R o Py
—_ = 0 =) = To —
TITL o 0w RS GO o
o o B LA o s Py O e W
On_ ﬁo ~ ] = ‘Dl 5
= m 0 R g o o
H k™ Koo We LN K p® BT D
0 ar’ i
WAFET Mg AT Sy w g JWE S
PR TR - W A . S N
R O A e L. o' S N
AT G~ S R - VR B G
N < & P e M o
TE L R EoR o R NG oy
0 N ‘_Ll ﬂr g A L.K =y =
T TP e Read w2
a._W Y w 'BO ﬂ]ym M o N o E n oR = ol W - ]
Moo Mo W B W T R — X T
KW w oy wod AT Hye =
o o o) — o= T 00 — o
w N o g i B e N T O o
B W S o woEe X oT B W R T L

H]
=

T -

-

BIR

F71 €

°©

2 g

Ao

oA 4] £

Hl o
=

A9 At 74A1 3

af el

i=]
RN

o

) S

=

_04

=

A1) ol
ol

=
A~

[e)]
o}, webA

wl
=
al

LIRS

A o)
=

2
=
o) 1-
o -



ojm

o

|
—_

ol

ol
K

To-

ol
)

|

ol | ]

S
T

S LIRS R-RE Sy

H] o
==

54

S
) .

-
&

A9 4% 770 nmE.t}

ki3

°]-&

=
=

photon converter

°o]-&

ol

1t 30%
°] photoconverterg ©]-&

]:]_. 11

Z

4

S

A% Aoy

(o1
=

=
=

AG = +237 kJ/mol

H,O — 1/20, + Hy

(1)

(1.3 eV/E, Amin =1100 nm)

< kst

1A o

o] 28 B ®as

2

5o =

A eF 1304

At

Al7lE Aoz g ek

"
s

el

REIES



Zzol=gHZ S W Ce*, Ru(bpy)s® 2t Fe(bpy)s® ol EAIstAA &
o] AEheS A 5 Atk AL BAYC Bo| S0l 4l
271AE WelsE FA0 Ru(bpy)s® ol Aol RuOZ o3t
& WsWT RuO7H EFAQ Folm Agelr]e A ¥
T (29 FAHE AAEA 71AHA
7b A A& el 28-S ahA] EthE BdS zha ook

4Ce* + H,0 == 4Ce® +4H" + O, AG® =-84 kJ/mol
4Ce** + RuO,2H,0 == 4Ce® + 4H" + RuOyg) AG® =-84 kd/mol (2)

Gratzel?] ¥ o] A. Harrimans2'" RuO, & ¥33 tpgst 34
ALEHES scheme 1< o] &3] E& AslAlz|= ZnzAo 7HSsAE
S AP IO 7 FH = o) A ofy gl RuOETtH o b Ao
2 A4g&dte A etk Tt FEOI=FHS IrO xH07F &
FEle] Iro Rtk o SIF ol o™ IrQyxH,00 tieh AtE T3 F3t
Sz =9 Atz #oste HAYFA g e E
T A& A olgtar Agsta St



H, + 0.50,

H,0 v Metal 4 Ru(bpy)s?

oxide

4 Ru(bpy);2** 4 Ru(bpy);2**

£\

450,% 25,042
Scheme 1.-1rO; catalyzed water oxidation cycle

Harriman®] 213 o]% o] Mallouks2'0 citrateE stabilizer= A}-8-3}¢]
LM77 Fot kA AHE FA S Ir0, SEO|E=E8AS LAl E Y]
Zuj2 AMEda ggel 589 H8ele Agded 1 T

Na,SiFg/NaHCOs;& NS Al 8818 uw] Ha1e] a8 Holil Q)

2334191 Ru(bpy)s® S &5 S Ha (3)9 AAS Ax A
sl ok

2 Ru(bpy)s®* + S20s> — 2Ru(bpy)s® + SO4* + SO4”
2 Ru(bpy)s?* + SO — 2 Ru(bpy)s>* + SO4* (3)

Zuj7} EA8A] &S ¢ persulfateo] &9 Rajet A 7HFA =
e san ke BAEA @eth AW Segk EAR A
\=¥e)
=

SME $3l =2 ARV AFAR o) FetuA AdA= SdH
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H B[7FF A<l persulfatec] &9 3 E SE AFAOR
17 Persulfatec] £¢] Bl7}G Al R HARe] AHATS uho}

Al A EHAQ o FEsAAES A= & A
171% @t} Haras2'® FEsA =89 #4385 T 3ol o
turnover number 300°] ¥+ A= U7]%= 3t} Mallouks < IrOZ
gol= gdS Zujw 3o Ru(bpy)s?’, persulfate ion¥} 7 AHS )
=, Ir0,9] A7 A o A citrateZ stabilizer® AM-&3lo] AL o &
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nm. A9

1. A% L AR

Aglo] AL&3k 52 NANOpure BarnstedAl2] water purification
systema ©o]&3lo]  A3kzle]l 18 MQ9 AL AFE3T KolrCleSt
Ru(bpy);Cl,i= Alfa Aesar2} Sigma Aldrich=5F-FH 43k AS ARE-SiT)
0.1 M HCIE%S E57] 93] Junsei9] 35% HCIS ARg-3ch 2,2-
bipyridine¥} RuCl; hydratet™= Sigma Aldricholl A #ufjst= RS FU3
t}. Ak w9k A AHS Matsuneon Chemistry® H-E], H,0% Junsei, ©}
A EAFS Yayuri Pure Chemicals 2 5-EH T4 3ch A do] AFE3F B A
ofe ML HAAAS AAA FIL FIT AHH IHE AHEFH o
FAHE 5 v7] 5o 715 AASH] f18] 99.999%°] ArrtsE
HHSAIE Fh & Byl

Phosphonic acid-derivatized ruthenium « complex=-> Pennsylvania
State University 2] Prof. Mallouk2] 2slale A gAdst & wkolx] AL

g8k
2,110, ZEo|= goho] #3

2.1. IrO4(OH), FZo]= &9

0.1 M KOH& 9 1 mL2} deionized water 8 mLE 20 mL ®}o| g4
g eutel 34 Y=tk 10 mM KalrClg 2<% 1 mLE FH]® &0
23] Woljrmalwa] wHk & v/ E 931 60°C sand bathol| A A<

=
Ak gole] Ale Qe wakAoly FAow wiHA 2 Wt whga



22.Ir0; F20l=

2 (L op
_OL
£
ofo
1%
Lo
©
T
AN
)
O o0
AN
)
i
oo
pu
_OL
k]

o
>

A 2A17F Eob HES A AT 7R AS JhEkA| = ek

23 2ol FHow R Ak =Y

X-ray Diffraction Pattern(XRD), X-ray Photoelectron-Scopy(XPS) L
dEAs fle FH Frol= A2 AAe ThstelpH 271 H
AT Fdol A As=dd H dalFgE Tl Ade e st
31 deionized water® 33], olxEo 7 23] A7 2 AANEYES Ha 7
FooleAel IES SRith 7 FRELLAA dA 2n Az
sto] ¥4 \QPsigom, AR ) B 7t AR o) R Aol G A3

=

5}
3. Ruthenium Complex-+5% 4] ¢} gHA]

3. 1. Synthesis of Substituted 2,2’ bipyridine Ligand

3. 1. 1. 2,2-bipyridyl N,N"-dioxide(bpy-O.)'®



e O

2, 2"-bipyridine(5.020 g, 3.202 X 102 mol), X EAH37.5 mL)Z} 30 %

H,02(6.6 mL, 6.428 X 102 mol)2 &3 ¥ 80°CollA] 347t ¢t o
T} 3417 3 30 % H,0, 3.96 mLE F712 Y¥al 33417 ¢ HP—O—/\]?L]

HEgo]l 2y S8 F2oz WAL oES ¥ol A4
AAIG, et aks $3 A3l e ofdEoR 32k A2
715l AxAAY. Axd B2 2 =AR = Hola
ol obHES WOl AdAstetar ot § opAlESR vA] Al
Aol axH JFeFdA aF Sk A

Yield : 4.889 g of fine white needle(2.598 X 102 mol, 80.4%)
'H NMR(3(ppm), D2O) :
7.6872 ~ 7.7119(4,5H), 7.7659 ~ 7.8081(3H), 8.4015 ~ 8.4180(6H)

IR(KBr) : 1256 cm™"(N-O)

3.1.2. 4,4;-dinitro-2,2-bypyridyl-N, N*-dioxide '

fO O\ fO D\‘
\ / N\ / momso, . \ / \_>
N NO,

vl3}h

RIS

o u& .ﬂ

sk,

Bpy-02(4.0 g, 2.126 X 102 mol)ES X3} 34l 20 mLol| 91 ¥ Ao

2 WA 7)o A A4 9.6 mL(2.126 X 102 mol)E ©] gt} 100 °Col

wHHStE A refluxstal 7AIZE 5 el 48 mLE FUFR WAl

3A

A
]



Y WESAIZITH Hhgo] B BAS Ao w JYristal A5 9ol
F& 5 Hde] A7IES 7ot 79t # £ Na,COs *E3tg o=
AAES F3HA)71 F deionized water= 3 A 7316}—’ diethyl ether®
AA ettt Alzo] gy JFEA 31F Fok XAt NMRE
A7 okte] EvEo] ARAN v F4HE 29 F NMRESIE
I sk =T AR

Yield : 2.1189 of yellow powder (7.62 mmol, 35.8%)

'H NMR(3(ppm), DMSO) :
8.3640~8.3950(5H), 8.5897 and 8.6079(6H), 8.6914 and 8.6999(3H)
IR(KBr) : 1290 cm™(N-0), 1256 cm(N-0), 1344 and 1520 cm™(NOy)

Caution. ‘?}%/\]71}01 2417+ 971 AY 100°CE sl 259
A wkgo] HaE g Hkgo] t XaEo] 4,4°,6-nitro-2,2'-bipyridine©]
A(E/\gg 2= T4_20

3.1.3. 4, 4-diamino-2, 2-bipyridine(dabp)®

o Q

kN
e
: 0% PA/C
\\ / N.H EOH

NO,

4,4-dinitro 2,2"-bypyridyl  N,N-dioxide(1.942 g, 6.98 X 10 mol)¥} 10%
Pd/C(1.77 @) olet2o] =2 = Artf7]dl A refluxstt}t. Hydrazine
monohydrate(5.4 mL, 6.98 X 102 mol)ZS X33 o &2 30 mLE 3|3t
of A wWojrmg]a 16417 F<t refluxdttl. WHgo] b AL A

11



Bl A wl= oA¥sial FH|E AL oEE = AFH3ETE Rotary

evaporatorf“— o] &&l &S A AT A7 =g HAHAE
3Tl shEet WA A 7t

%t deionized water= A% 3lal 40 °Ce] H-FLEAM F & A

NEd=3
Yield : 0.893¢g of white powder ( 4.8 mmol, 68.7%)

'H NMR(3(ppm), DMSO) :

6.0479(7H(on amine)), 6.4308 ~ 6.4505(5H), 7.5224 and 7.5276(3H),
8.0131 and 8.0268(6H)
IR(KBr) : 1290 cm™'(N-0O), 1256 cm™'(N-O), 1344 and 1520 cm™(NO,)

3. 2. Ruthenium Complex-+ =] 2] 3HA]

3. 2. 1. Ru(dabp)sCla(Ru-N1)*’

Dabp(0.400 g, 2.149 mmol)¥} RuCl; hydrate(0.1486 g, 0.716 mmol)<-
ethylene glycol 20 mLol| <1t} 210°C, Arth 7| 3ol A 2 5ot refluxdt
. Whgo] Sy AR o2 W7y 3 obAliE 5 mL, diethyl ether 20 mL <]
H& =2 233 &r]E 0|83 ethylene glycons F=3c}. Ethylene
glycol ether’goll EujE i -AAEL etherol] =] ¢7] wjio] A|A
s A o] S FES|(103] o)) ®iE - BwlE AlAS
diethyl etherg 2ol AHdES AAAZG. g & F7]FAA A
ZA) 7)Ao gh&o] =<l 3 diethyl etherS 2ol A4 A 3}3kc).
srolat B Al H RS AR AT B B Fet HEA

~|

rO*'

A 7

r}
o,

N

Yield : 0.8931 g¢] %241 514.80 X 10°° mol, 68.7 %)

12



3. 2. 2. Ru(bpy).(dabp)Cla(Ru-N2)

3.2.2.1. Ru(bpy)2Cl,?
RuCls hydrate(0.290 g, 1.399 mmol), 2,2’-bipyridine(0.4365 g , 2.795
mmol)¢}  LiCl(0.356 g, 8.4 mmol)= DMF 10 mLel| =<1t} 165°C Ar U]
710l A 8AIZE &<t reflixgtth. Whgo] EuH Ao ® Wzt & opAlE

S 9o &F Fob dF e wasit, 7gelely & TLCE FAUS
ul A% Ru(bpy)sCloll ©g &Fo] veobd =S = =9 +
ThA] o] it o] HhEol Al d3dteE A EQ! Ru(bpy)Ll =9l =
A eko 5

B2 7 B 4 AAL TICE Fal F 2ol ¥l
A

Yield : 0.1299 g°] B-z}4) F(0.278 mmol, 20%)

3.2.2.2. Ru(bpy)z(dabp)Cl,

0.0622 g9 Ru(bpy)Clbet 00261 g2  4,4-diamono-2,2-
bipyridine(dabp) = DMF 5 mLel] 9|3l Art”|slel 4 16A17F &<t
refluxdtt}. ¥k-8-o] v & A2 0 2 WZE 1 rotary evaporatorS ©]-&
gl &viE AAZT. A% B 9o 5 $F 5T w8 WA B
#git), opMES H AdES IRAIZ| L AEA G 2 A F AF
QENA EF e AxAZIG

Yield : 0.084 g¢] #-2 #'2(0.125 mmol, 93.98%)
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< 4H, 5H 0o o

4 N

2,2"-bipyridine-N, N'-dioxide

. 6H &3H

solvent(D:0)

H
]

Fig. 2. '"H NMR Spectrum of 2,2-bipyridine-N,N-dioxide

transmittance (%)

h I
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40

30+

20

10 1256 cm™(NO) =~

T T T T T T T T T T T T T T
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Fig. 3. IR Spectrum of 2,2’-bipyridine-N, N-dioxide
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3H,_ -5H 0 0
'6H =N N—

O.N NO,

s 4,4'-dinitro-2,2'-bipyridine
-N,N’-dioxide

impurities 1 solvent(DMSOQ)

Fig. 4. '"H NMR Spectrum of 4,4’-dinitro-2,2’-bipyridine-N, N-dioxide

120+
100
80

60 -

transmittance (%)

40 1 p,
1 1520 cm”(NO,) .

20 #1290 cm”(NO)

1344 cm™(NO,)

0 —
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wavenumber (cm™)

Fig. 5. IR Spectrum of 4,4’-dinitro-2,2’-bipyridine-N, N-dioxide
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(Millions)

1

1000 1100

..BH

=3H

S7H

=5H

Oy

7
4,4'-diamino-2,2-bipydirine
(DABP)

solvent(DMSO)

Fig. 6. '"H NMR Spectrum of 4,4’-diamino-2,2"-bipyridine

transmittance (%)
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100 +
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1
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4000
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Fig. 7. IR Spectrum of 4,4’-diamino-2,2’-bipyridine
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4. Analytical Instruments

%=+ VarianAle] Cary 1CE ©]-83}o 20094 800 nmAtole]

o} TEMo| "] A= JEOLAFS] JEM-2010% ©]-83}e] 200 kV

zHg) o1 PhilipsAte] X'Pert-MPDR S o] &3] XA 3

. (CuKa, A = 1.543A, scan rate = 2 °/min, 1] :5-80 °) Ir
dolw ] 98] THERMO VG SCIENIFICA}HS]

MultiLab2000S- o] &3] XPSZAIE LI (4H 2.0X10° torro] 3},

source 7}&z#<%t : 15.0 kV, currentent : 16.2 mA, Concentric

el
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tlo &
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oz
fuj

Hemispherical AnalyzerE ©]-&3l Constant Analyzer EnergyX Zof A
survey:= 0.5eVHZ o2 C, O, Ir2 0.05eVitA oz SAH3t}) 974
S 98] PERKIN ELMERA}2] Pris 1(DSC)¥} TGA 7(TGA)S o] &3]t}
Ruthenium ZH& F=A| ol A4 Hgoll M= 2 AT A7 AdHo=
AP AE=A dolr 7] 9le) JEOLAFS] JNM ECP-400S ©|&3 proton
NMRS 5433 PERKIN ELMERA}S] spectrum 2000< ©]&3f FT-IR
A ERS AU A=Y FFe A8 218 99.999% 9 ArtAE
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[II. Results and Discussion
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2 syntﬁ'e{'l's_jzed at 90°C for 24 hours (bar scale = 20 nm)
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Fig. 9-1. TEM images of synthesized IrO,
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(d) 1 mM IrO, synthesized at 60°C for 25 min (bar scale = 20 nm)

=

(f) 5 mM IrO; synthesized at 60°C for 24 hour (bar scale = 20 nm)
Fig. 9-2. TEM images of synthesized IrO,
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Tab. 1. Oxidation state of Ir synthesized at each different condition

Ir(0) Ir(+3) Ir(+4) Ir(+5)

60°C, 25 min 0.2091 0.4401 0.2466 0.1040
60°C, 24 hours 0.4268 0.2691 0.2255 0.0786
90°C, 24 hours 0.4190 0.2728 0.2083 0.0999
200°C, 2 hours 0.4370 0.2784 0.1733 0.1113
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Fig. 20. Emission spectrum of complexes
Tab. 2.CV and spectral properties of complexes
EOI R 2+/3+ E0| R 2+*/3+
e Nem | €V (Re” )
V vs SCE V vs SCE
Ru(bpy)s** | = 453 1.046 616 /2.014 -0.968
Ru-N1 496 0.209 714/ 1.738 -1.529
Ru-N2 467 0.713 664 /-1.869 -1.156
Ru-P4 457 1.061 622/ 1.995 -0.934
Ru-P5 455 1.012 618 /2.008 -0.996
Ru-P6 463 1.029 622/ 1.995 -0.966
Ru-P7 465 0.999 626/ 1.982 -0.983
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S20% 5 =(M) | Oz(umol) ) -

8203 ; Ru(bpy)3

0.01 39.26 39.26 157.04
0.02 80.06 40.03 320.24
0.03 101.07 33.69 404.28
0.04 95.08 23.77 380.28
0.05 15.77 3.16 63.24
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