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Fig. S1 HPLC traces of (a) RUuMV2(PF¢)¢2H,O, (b) RuMVA4(PFe)0H,O, and (c)
RUuMV6(PFe)14-H,0. The HPLC purification together with the purity confirmation shown in
these figures was performed on a C18 column using a water/acetonitrile mixture as the eluent.
The linear gradient changed from 5 to 95% in the acetonitrile content over 40 min at a flow

rate of 0.1 mL/min.
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Fig. S2 Emission decay profiles of (a) RUMV2(PF)s2H,0 and (b) RUMV6(PF¢);4-H,O in
water under a deaerated condition, at room temperature obtained by the time correlated single
photon counting (TC-SPC) methods. The excitation source was a double-frequency Nd:YAG

laser (532 nm). The emission was monitored at 610 nm.
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Fig. S3 Cyclic voltammograms of (a) RUMV2(PFe)s-2H,0, (b) RuMVA4(PFs)10-H,0, (c)
RuMV6(PFe)14-H,0, and (d) RuMe2(PFe),-H,O (1 mM) in an acetonitrile solution containing

0.1 M TBAP (TBAP = tetra(n-butyl)ammonium perchlorate) at room temperature under Ar

atmosphere. Each voltammogram was recorded at a sweep rate of 50 mVs™.
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Fig. S4 Differential pulse voltammograms of (a) RuMV2(PF¢)¢2H,0, (b)
RUMVA4(PFe)10H20, (c) RuMV6(PFe)14-H2O, and (d) RuMe2(PFs),H,O (1 mM) in an
acetonitrile solution containing 0.1 M TBAP (TBAP = tetra(n-butyl)ammonium perchlorate)
at room temperature under Ar atmosphere. Each voltammogram was recorded using a glassy
carbon disk as the working electrode, at a sweep rate of 50 mVs™, a potential amplitude of 50

mV, and a step height of 4 mV.
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Fig. S5 (a) Nanosecond transient absorption spectrum of RUMV2(PF¢)s-2H,0 in water followed
by excitation using a 532-nm laser source (10 ns after the laser pulse). Transient traces at (b) 415

nm and (c) 610 nm corresponding to the behavior of MV ™ are also shown.
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Fig. S6 (a) Nanosecond transient absorption spectrum of RUMV6(PF¢);4-H,O in water followed
by excitation using a 532-nm laser source (10 ns after the laser pulse). Transient traces at (b) 415

nm and (c) 610 nm corresponding to the behavior of MV"* are also shown.
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Conductivity Measurements

The molar conductivities of aqueous solutions of the RUMVn complexes were measured as a
function of the total complex concentration. Measurements were carried out using a TOA
CM-20S conductometer with a CG-511B type conductivity cell having a cell constant of
0.969 cm™. The cell constant was determined using a standard solution containing 1.0 mM
KCI. The values higher than ca. 5 mS/m were adopted, while those below this threshold were
abandoned. The conductivity data were measured for all the PFs salts of the RUMV2-
RuMV6 complexes, together with the chloride salt of the RuMV4 complex, and are
summarized in Tables S1-S4. To ascertain the validity of our experimental techniques and
also to obtain rough estimates for the molar conductivities of Ru(bpy)s*" and MV*" under the
present experimental conditions, the measurements were also carried out for KCI,
[Ru(bpy);]Cl,:6H,0, and [MV]Cl,-3H,0. The molar conductivity of [Ru(bpy);]Cl, varied in
the range '/>{A([Ru(bpy);]Cly)} = 121~134 Scm’mol™ when the concentration was changed
from 1.0 to 0.25 mM, while that of [MV]Cl, varied in the range '/, {AMVCl,)} = 160~161
Scm’mol™ upon changing the concentration from 1.0 to 0.25 mM. Since the molar
conductivity of a salt is given by the sum of the molar conductivities of the cationic and
anionic species (e.g., A(KCl) = A(K") + A(CI)), the equivalent molar conductivities of
[Ru(bpy);]*” and MV*" are estimated as '/{A(Ru(bpy);’)} = 45~58 Scm’mol’ and
YL {AMV*)} = 85 Sem’mol’, respectively, where the molar conductivity of Cl” was taken
from the literature (A(CI)= 76.4 Sem’mol™)' and was used in these estimations. The former
values for Ru(bpy)s>" are roughly consistent with its literature value /> { A(Ru(bpy);*")} = 36.9
Sem’mol ™ * It is rather important to note here that the value estimated for '/ {A(MV*")} is
quite consistent with the value of '/(,.m) { A(RUMVN(PFg),“™")}, which was estimated as 88
Scm’mol™ in the following simulation studies.

From the mass balance with regard to the RuMVn complex, the total concentration of
the RUMVN(X)n™™" species (m =0, 1, 2, ... , z) is given by equation (S-1),

[Al, = [ Az+] + [ Ax(z-1)+] + [ AX2(Z—2)+] Lo
(S-1)
..... + [AXz-1+] + [AXZ]

where A denotes each RUMVn cation, and [A]; denotes the total concentration of AX,
dissolved in each experiment (abbreviated as C;). By use of the total stability constants (£, /%,
..., ), equation (S-1) can be transformed into the following equation,

C, = [AT](1 + Bix + Bx2 + -+ +Bx%) (S-2)
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where x denotes the concentration of the counter anion, i.e. [X], in solution (X" = PF¢, CI,
etc.). On the other hand, the following equation can also be derived based on the mass balance
with regard to the counter anion involved in the system.

Z[A), = [X] + [AXED"] + 2] AX,ZD7] +

(S-3)
C 4 (ZDIAX ]+ Z[ AX,]
This can be similarly transformed into the following equation.
2C = x + FX[AT] + 2BAT] + 3EECAT] + - -
(S-4)
Cee s (DB AT 4 28X AT
From equations (S-2) and (S-4), the following equation (S-5) is given.
Cy L+ B+ o+ = e+ BXT (5-5)
2C-x P F2LXCHIFH A e+ (D)X + 2

The apparent molar conductivity is given by the following equation,

L () x + A( AZ+)[ Az+] + A Ax(z-1)+)[ AX(Z-1)+] 4+ ..
3 (S-6)
e AAX, AKX, )

A =

where A is the apparent molar conductivity of each salt, A(X") denotes the molar conductivity
of the counter anion (X" = PF¢ or CI), and A(AXy*™") corresponds to that of an AX,*™"
cation(m=20,1,2,...,z1).

For simplicity, we further decided to suppose that all the cationic species involving each
RuMVn cation have the same mobility in aqueous media. Thus, it is supposed that the
following equations are satisfied.
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MA™) =z AAX, D) )
AAXEDY) = (zDAAX,)

AAX, =D = (z2)AAX,. D) - (s-7)

MAX,5"") 2 AAX,T)

By applying (S-7) to (S-6), the apparent molar conductivity can be expressed by the following
equations.

A = % {(ﬂ/(X—) X+ ZA(AXZ_l'f‘)[AZ-O-] + (Z-l)ﬂy(AXZ_l-i_)[AX(Z_I)-’_] I
t

----- + 2U(AX, D[AX,, 2] + AAX,  H[AXz17])}

- % {AX) x+ UAX, ) AT+ (z-D[AXEDT] +
t
+2[AX, 2T+ [AX, )}

= L {AX) x+ UAX,  DAZ](z+ (z-D)fx+ -+ -

Ci
..... +9 ﬂZ-ZXZ-Z + ﬂZ-IXZ-l)}
(S-8)
Furthermore, [A”"] is given by the following equation.
Ci
[A%'] = (5-9)
L+ Bxt x4 et B

By supposing an appropriate set of total stability constants, the concentration of X" (i.e., X) can
be calculated at each total concentration of the RUMVn complex, C,. By use of our original
simulation program developed for this purpose, we could successfully regenerate the observed
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molar conductivity data. In the simulation, we adopted the following scheme to define an

appropriate set of stepwise formation constants (K, K, Ks, ... , K,) for each system.
K K K K K
2 = 3 = 4 = 5 =— e o o e o o — z e a (S_ 1 0)
Ki Ky K3 Ky Kz

This is a reasonable scheme considering the fact that the major contribution to the free energy
change in each step correlates with the coulombic attraction and is therefore considered
proportional to the number of positive charge (z) of the cation which forms an ion pair with X'
The stepwise formation constants together with the total stability constants used to simulate
the observed data are summarized in Table S5.

The molar conductivities of PF¢ and CI° (59.2 Scm’mol™ and 76.4 Scmzmol'l,
respectively) were taken from the literatures' and were adopted in all the simulation studies.
The equivalent molar conductivities (Ay/z;, Aois the molar conductivity of each cationic
species and the z; denotes the number of positive charge of the cation) of all the AX,*™"
cations were fixed at A(AX,“™")/(z-m) = 88 Scm’mol”, since this value well reproduced all
the observed data and also found consistent with '/,{AMV*")} = 85 Scm’mol”. The
calculated lines given from these simulation experiments are all given in Fig. 7. The
numerical data obtained in these simulation experiments are all listed in Table S6. By
adopting the stability constants summarized in Table S5, the relative abundances of all the
AXn“™" species in aqueous media can be calculated as shown in Figs. $7-S10. Finally, the
relative abundances of all the chemical species in solution under the reported spectroscopic
and photolysis conditions are given in Tables S7-S10.

The simulation program (including the source codes), developed by using the Delphi 5
package under the Windows platform, is also supplied as supporting information (a single zip
file: conductivity simulation.zip). It can be also downloaded at the author’s website:
http://www.scc.kyushu-u.ac.jp/Sakutai/softwares/softwares.eng.html
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Table S1 The observed molar conductivity of RUMV2(PFe)s2H,0 in water vs. the square
root of the total concentration.

C'"? (mM"?) A (Sem’mol™)
0.02388 543.9
0.01639 566.1
0.01245 633.6
0.01000 687.0

Table S2 The observed molar conductivity of RUMV4(PF¢),0'H,O in water vs. the square
root of the total concentration.

C"* (mM'?) A (Sem’mol™)
0.02236 688.0
0.01583 730.5
0.01217 824.3
0.009950 899.0
0.006964 1052
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Table S3 The observed molar conductivity of RUMV4(Cl), in water vs. the square root of

the total concentration.

Cc'? (mM"? A (Sem’mol™)
0.02276 1004
0.01972 997.4
0.01577 1074
0.01123 1198
0.008683 1283
0.007036 1400

Table S4 The observed molar conductivity of RUMV6(PFs)14-H,O in water vs. the square

root of the total concentration.

Cc'? (mM'"?) A (Sem’mol™)
0.02034 1027
0.01417 1121
0.01093 1244
0.008906 1398
0.006244 1570
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Table S5 The a values for eq. (S-10), the stepwise formation constants, and the total

stability constants used to simulate the conductivity data.

Params Ru MVZ(PF6)62H20 Ru MV4(PF6)10H20 Ru MV6(PF6)14H20 Ru MV4(C1)10

a 0.20 0.50 0.56 0.43

K, 1.0 x 10* 1.5 x 10* 1.5x 10* 6.4 x 10°

(B) (1.0 x 10% (1.5 x 10% (1.5 x 10% (6.4 x 10%)
K, 2000 7500 8400 2752

() (2.000 x 107 (1.125 x 10% (1.26 x 10%) (1.76 x 10%)
Ks 400.0 3750 4704 1183

23) (8.000 x 10%) (4219 x 10" (5.93 x 10'") (2.08 x 10'%)
Ky 80.00 1875 2634 508.8

(B (6.400 x 10') (7.910 x 10 (1.56 x 10") (1.06 x 10")
Ks 16.00 937.5 1475 218.8

(fs) (1.024 x 10") (7.416 x 10" (2.30 x 10'®) (2.32 x 10")
Ke 3.200 468.8 826.1 94.09

(S (3.277 x 10") (3.476 x 10%) (.90 x 10%" (2.18 x 10"7)
K, 234.4 462.6 40.46

(B) (8.147 x 10%) (8.80 x 10%) (8.83 x 10')
Ks 117.2 259.1 17.40

() (9.548 x 10 (2.28 x 10%) (1.54 x 10%)
Ko 58.59 145.1 7.480

(o) (5.594 x 10%) (3.31 x 10**) (1.15 x 10*")
Kio 29.30 81.25 3.217

(Bro) (1.639 x 10%) (2.69 x 10°%) (3.70 x 10*)
K 45.50

(1) (1.22 x 10%)

Ky 25.48

(S (3.12 x 10*)

Kis 14.27

(B3) (4.44 x 10*")

Kis 7.990

(Bis) (3.55 x 10%)
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Table S6 The numerical data obtained by the simulation experiments.

RUMV2(PF)s2H,0  RUMVA(PFy),0H,O  RUMV6(PF),4H,0 RUMVA4(Cl),,
C1/2 A C1/2 A Cl/2 A Cl/2 A
(mM"?) (Sem’mol’)  (mM'"?) (Sem’mol”)  (mM'"?)  (Sem’mol™)  (mM"?) (Sem’mol™)
0.002130 848.6 0.001995 1390 0.001815 1959 0.002031 1599
0.003012 824.1 0.002821 1325  0.002567 1875  0.002872 1564
0.003689 804.7 0.003456 1274  0.003144 1809  0.003517 1533
0.004260 788.9 0.003990 1232  0.003630 1755  0.004061 1505
0.004763 7754 0.004461 1197  0.004058 1710  0.004541 1481
0.005218 763.7 0.004887 1168  0.004446 1672  0.004974 1458
0.005636 753.4 0.005278 1142  0.004802 1640  0.005373 1439
0.006025 7442 0.005643 1119  0.005133 1611  0.005743 1420
0.006390 7359 0.005985 1099  0.005445 1586  0.006092 1404
0.006736 728.3 0.006309 1081 0.005739 1563 0.006421 1388
0.007065 721.4 0.006617 1064 0.006019 1543 0.006735 1374
0.007379 715.0 0.006911 1049 0.006287 1524 0.007034 1361
0.007680 709.0 0.007193 1035 0.006544 1506 0.007322 1349
0.007970 703.4 0.007465 1023 0.006791 1490 0.007598 1337
0.008250 698.2 0.007727 1011 0.007029 1476 0.007865 1326
0.008520 693.3 0.007980  999.3 0.007260 1462 0.008122 1316
0.008783 688.7 0.008226  988.8 0.007483 1449 0.008372 1306
0.009037 684.3 0.008464 978.8 0.007700 1436 0.008615 1297
(Contd.)
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Table S6 (Contd.)

0.009285

0.009526

0.009761

0.009991

0.01022

0.01044

0.01065

0.01086

0.01107

0.01127

0.01147

0.01167

0.01186

0.01205

0.01224

0.01242

0.01260

0.01278

0.01296

0.01313

0.01330

0.01347

680.1

676.2

672.4

668.8

665.3

662.0

658.8

655.7

652.8

649.9

647.2

644.5

641.9

639.4

637.0

634.7

632.4

630.2

628.0

625.9

623.9

621.9

0.008696

0.008922

0.009142

0.009358

0.009568

0.009774

0.009975

0.01017

0.01037

0.01056

0.01074

0.01093

0.01111

0.01129

0.01146

0.01163

0.01180

0.01197

0.01214

0.01230

0.01246

0.01262

969.5

960.6

952.1

944.1

936.4

929.1

922.1

915.3

908.8

902.6

896.6

890.8

885.2

879.7

874.5

869.4

864.5

859.7

855.0

850.5

846.1

841.2

0.007911

0.008117

0.008317

0.008513

0.008704

0.008891

0.009075

0.009254

0.009431

0.009604

0.009774

0.009941

0.01011

0.01027

0.01043

0.01058

0.01074

0.01089

0.01104

0.01119

0.01133

0.01148

1425

1414

1403

1393

1384

1375

1366

1357

1349

1342

1334

1327

1320

1313

1307

1300

1294

1288

1282

1277

1271

1266

0.008851

0.009081

0.009305

0.009524

0.009739

0.009948

0.01015

0.01035

0.01055

0.01075

0.01094

0.01112

0.01131

0.01149

0.01167

0.01184

0.01201

0.01218

0.01235

0.01252

0.01268

0.01284

1288
1280
1272
1265
1257
1250
1244
1237
1231
1225
1219
1214
1208
1203
1198
1193
1188
1183
1179
1174
1170
1166

(Contd.)
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Table S6 (Contd.)

0.01364

0.01381

0.01397

0.01413

0.01429

0.01445

0.01460

0.01476

0.01491

0.01506

0.01521

0.01536

0.01551

0.01565

0.01580

0.01594

0.01608

0.01622

0.01636

0.01650

0.01664

0.01677

619.9

618.0

616.2

614.4

612.6

610.9

609.2

607.5

605.9

604.3

602.7

601.2

599.7

598.2

596.8

5954

594.0

592.6

591.3

589.9

588.6

587.4

0.01277

0.01293

0.01308

0.01323

0.01338

0.01353

0.01368

0.01382

0.01397

0.01411

0.01425

0.01439

0.01452

0.01466

0.01480

0.01493

0.01506

0.01519

0.01532

0.01545

0.01558

0.01571

837.6

833.5

829.6

825.7

821.9

818.2

814.6

811.0

807.6

804.2

800.8

797.6

794.4

791.3

788.2

785.2

782.2

779.3

776.5

773.7

770.9

768.2

0.01162

0.01176

0.01190

0.01204

0.01218

0.01231

0.01244

0.01257

0.01270

0.01283

0.01296

0.01309

0.01321

0.01334

0.01346

0.01358

0.01370

0.01382

0.01394

0.01406

0.01418

0.01429

1261

1256

1251

1246

1241

1236

1232

1228

1223

1219

1215

1211

1207

1203

1199

1195

1192

1188

1184

1181

1177

1174

0.01300

0.01316

0.01332

0.01347

0.01362

0.01377

0.01392

0.01407

0.01421

0.01436

0.01450

0.01464

0.01478

0.01492

0.01506

0.01520

0.01533

0.01547

0.01560

0.01573

0.01586

0.01599

1162
1158
1154
1150
1147
1143
1139
1136
1132
1129
1126
1123
1119
1116
1113
1110
1107
1105
1102
1099
1096

1094
(Contd.)
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Table S6 (Contd.)

0.01691

0.01704

0.01717

0.01731

0.01744

0.01757

0.01769

0.01782

0.01795

0.01807

0.01820

0.01832

0.01845

0.01857

0.01869

0.01881

0.01893

0.01905

0.01917

0.01929

0.01941

0.01952

586.1

584.9

583.6

5824

581.3

580.1

578.9

577.8

576.7

575.6

574.5

573.4

572.4

571.4

570.3

569.3

568.3

567.3

566.4

565.4

564.4

563.5

0.01584

0.01596

0.01608

0.01621

0.01633

0.01645

0.01657

0.01669
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Fig. S7 The relative abundances of all the AX,*™" species as a function of the total complex
concentration (C;) for RUMV2(PF¢)s2H,0 in aqueous media. The relative abundances under
the conditions adopted in the spectroscopic and photolysis studies are listed in Table S7.
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Fig. S8 The relative abundances of all the AX,“™" species as a function of the total complex
concentration (C;) for RUMV4(PF),0-H,O in aqueous media. The relative abundances under
the conditions adopted in the spectroscopic and photolysis studies are listed in Table S8.
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Fig. S9 The relative abundances of all the AX,,“™" species as a function of the total complex
concentration (C;) for RUMV4(Cl),o in aqueous media. The relative abundances under the
conditions adopted in the spectroscopic and photolysis studies are listed in Table S9, even
though this compound was not employed in both studies.
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Fig. S10 The relative abundances of all the AX,*™" species as a function of the total
complex concentration (C;) for RUMVG6(PFe¢)14HO in aqueous media. The relative
abundances under the conditions adopted in the spectroscopic and photolysis studies are listed
in Table S10.
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Table S7 The relative abundances of the chemical species for RUMV2(PF¢)s2H,0 in
aqueous media under the conditions adopted in the spectroscopic and photolysis studies.

Chenical species  SPOIRpSsudes (0 Pl i 00

A% 17.7 25.3

AX* 50.3 51.8

AX, 28.6 21.2

AX5 3.26 1.73

AXS 7.42 x 107 2.83x 107
AXs" 337x10* 9.26 x 10°

AXg 3.07 x 107 6.06 x 10
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Table S8 The relative abundances of the chemical species for RUMV4(PF¢);9-H,O in
aqueous media under the conditions adopted in the spectroscopic and photolysis studies.

_ _ Spectroscopic studies (%) Photolysis studies (%)
Chemical species
Ct=0.057 mM Ct=0.040 mM
A" 1.35 3.01
AX? 7.87 13.2
AX 22.9 29.0
AX5 33.2 31.8
AX,S 24.2 17.5
AXs" 8.78 4.79
AXH 1.60 0.657
AX 0.145 0.451
AXg 6.58 x 107 1.54 x 107
AXy" 1.49 x 10™ 2.65 %107
AXio 1.70 x 107 227 x 107
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Table S9 The relative abundances of the chemical species for RUMV4(Cl);, in aqueous
media under the conditions adopted in the spectroscopic and photolysis studies.

. . Spectroscopic studies (%) Photolysis studies (%)
Chemical species
Ct=0.057 mM Ct = 0.040 mM
Al 9.38 15.5
AX? 28.3 34.7
AXY 36.6 33.3
AX5 20.4 13.8
AX,S 4.88 2.45
AXs" 0.503 0.187
AX 223 x 1072 6.14 x 10>
AXS" 424 x 10™ 8.66 x 10
AXg™ 3.47 x 10 526 x 107
AXo" 122 x10° 137 x10°
-11 -12
AXj 1.85% 10 1.54 % 10
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Table S10 The relative abundances of the chemical species for RUMV6(PFs)14-H,O in
aqueous media under the conditions adopted in the spectroscopic and photolysis studies.

Spectroscopic studies (%) Photolysis studies (%)

Chemical species

Ct=0.063 mM Ct =0.040 mM
A 0.140 0.664
AX 1.27 4.08
AX,' 6.48 14.0
AXGT 18.5 27.1
AX4' 29.6 29.2
AXs" 26.4 17.7
AXe 13.3 5.98
AX," 3.72 1.13
AX® 0.584 0.120
AXo™" 5.14 x 107 7.15 % 107
AXjo" 2.53 x 107 238 x 10
AX>* 6.99 x 10 4.44 %107
AX)™" 1.05 x 107 4.63 %10
AXi5" 9.35x 107 271 x 1071°
AXiq 453 x 10" 8.86 x 107"
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Fig. S11 Photochemical H, production from an aqueous acetate buffer solution (0.03 M
CH3;COOH and 0.07 M CH3COONa; pH 5.0, 10 mL) containing 30 mM EDTA and 0.1 mM
Cis-Pt(NH;),Cly, under Ar atmosphere at 20 °C in the presence of additional components: (a)

0.04 mM
Ru MV4(PF6)10'H20; (C) 0.04 mM Ru MEZ(PFé)zHQO and 0.16 mM [MV](NOg)z

(c)

| (©

Irradiation time (h)

[Ru(bpy);](NO;3)-3H,0

2
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.
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Fig. S12 Deconvolution studies on the differential pulse voltammograms of (a)
Ru MVZ(PFé)@ZHQO, (b) Ru MV4(PF6)10'H20, and (C) RUMVG(PF6)14H20 Experimental
data are taken from those given in Fig. S4. For each case, deconvoluiton was carried out for

the potential range where the successive one-electron reductions of viologen appear (-0.5 ~ -
1.5 V vs. Fc/FcH).
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Fig. S13 Cyclic voltammograms of (a) MV2(PF¢)s2H,0, (b) MV4(PFe)s:3H,0, and (c)
MV6(PF¢)1,-4H,0 (1 mM) in an acetonitrile solution containing 0.1 M TBAP (TBAP =
tetra(n-butyl)ammonium perchlorate) at room temperature under Ar atmosphere. Each
voltammogram was recorded at a sweep rate of 50 mVs .
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Fig. S14 Differential pulse voltammograms of (a) MV2(PFe)4-2H,0, (b) MV4(PF¢)s-3H,0,
and (c) MV6(PF¢)2-4H,0 (1 mM) in an acetonitrile solution containing 0.1 M TBAP (TBAP
= tetra(n-butyl)Jammonium perchlorate) at room temperature under Ar atmosphere. Each
voltammogram was recorded using a glassy carbon disk as the working electrode, at a sweep
rate of 50 mVs™, a potential amplitude of 50 mV, and a step height of 4 mV.
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