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Abstract: Deprotonation of the photovoltaic dye sensitizeis-(H,-dcbpypRuX; (LoRuXz) (X= —CN-,

—NCS"; Ho-dcbpy= L = 2,2-bipyridine-4,4-dicarboxylic acid) can be achieved in dimethylformamide by
reductive electrolysis at platinum electrodes at’@) which allows the thermodynamic and spectral changes
associated with deprotonation to be established. The overall reaction that occurs when a poter2i@l\of

vs Fc/Fc (Fc = ferrocene) is applied to a platinum electrode can be summarizechatcigypRu(NCS) +

xe~ — [(Ha—x2-dcbpy’2-),Ru(NCS)]*~ + */,H,, wherex is always slightly less than 4. Thus, under certain
experimental conditions, [(H-dcbpysRuX;]2~ is believed to be the major product formed by bulk electrolysis,
where H-dcbpy is the singly deprotonated,kticbpy ligand. The hydrogen gas formed in this electrochemically
induced deprotonation can be generated heterogeneously at the electrode surface or via homogeneous redox
reactions between ligand-reduced forms @RUX, and protons or water. Short time domains, reduced
temperatures, and glassy carbon electrodes lead to detection of transiently stable ligand-reduced fgrms of L
RuX,. The reversible half-wave potentials for the ligand-based reduction of electrochemically generated
deprotonated tRuX; are 0.65 V more negative than their protonated counterparts. In contrast, deprotonation
leads to the metal-based oxidation process being shifted by only about 0.3 V. Interestingly, protonated and
deprotonated forms ofRuX; do not coexist in a facile acitbase equilibrium state on the voltammetric time

scale. Data obtained from electrogenerated deprotonated forms of the sensitizers are compared to those found
for “salts” used in photovoltaic cells which are prepared by reaction8ulX, with tetrabutylammonium
hydroxide. Molecular orbital calculations were employed to provide theoretical insights into the effect of
deprotonation on reversible potentials and electronic spectra, and results are in good agreement with
experimentally obtained data. Electronic spectra, measured in situ during the course of reduction in a
spectroelectrochemical cell, reveal that all bands shift to higher energies and that the absorbance decreases as
deprotonation occurs. Implications of the importance of the findings related to reduction potentials and electronic
spectra to the operation of photovoltaic cells that utilize deprotonated forms of sensitizers are considered.

1. Introduction occur in the visible part of the electronic spectrum have been

The electron-transfer and photochemical properties of ruthe- widespread.

nium polypyridyl compounds used as sensitizers in photovoltaic Substitution of the bipyridine ligands in t_he Apbsition .W'th

cells have been studied extensively for many years. For example,car_boxylate groups enables these substltgted rgthemum poly-
voltammetric techniques have been used to determine reversibleoyr'fOlyl compoutndsr t; béeg?ltt_?_ﬁhEd tob.El?emlt:fotrrl]dult;t?]r'[
potentiald associated with oxidation or reductfof of this class surtaces via ester linkages. € compination of the tight

of compound, and spectroscopic stufliéshat are related to absorptive properties of the chemically attached ruthenium

the strong metal-to-ligand charge-transfer (MLCT) bands that sensitizer and the charge separation properties of the semicon-
ductor electrode enable photoelectrochemical cells to be
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Scheme 1. Simplified Diagram Showing the Transitions pounds used are available in the Supporting Information. The complexes
That Occur in a Photoelectrochemical Solar €ell L.RuX, have a cis configuration, as determined by NMR experiments.
For convenience, the cis notation will be omitted in the remainder of
the paper. All potentials are quoted versus the potential of tHéFEC

COOH couple, obtained from the oxidation of ferrocene (Fc) under the same
7 experimental conditions (method, solvent, electrolyte, and temperature)
> HOOC._~ \Nl @ COOH as those used in the relevant experiment. In-house-constructed platinum
N - ‘N\l Ny and glassy carbon macro- and microdisk electrodes of stated diameter
b X/RU\"g were used in all voltammetric experiments, while bulk electrolysis
° $'s s Xk was carried out at a platinum gauze or cylindrical single-piece glassy
|E8 X=NCS" coor carbon working electrode. HPLC grade dimethylformamide (DMF),
sictrote souton [ 55 CN” with less than 0.005% water content, was used as the solvent. The
aS is the sensitizer (structure, see right), R is the electrolyte electrolyte used for voltammetric experiments was tetrabutylam-
(commonly F/157), andEq is the open circuit potential. monium hexafluorophosphate (BUPF). The MOPAC-97 software

package (Fujitsu Ltd., Tokyo, Japan) was used for molecular orbital
than 10%. The most common sensitizer used in photovoltaic calculations. All calculations employed the semiempirical MNDO-PM3
systems of this kind isis-(Ho-dcbpy»Ru(NCS), which for Hamiltonian.
convenience will also be written asRu(NCS) (H2-dcbpy = 2.2. Synthesis of Tetrabutylammonium “Salts”. Tetrabutylam-
L = 2,2-bipyridine-4,4-dicarboxylic acid). This sensitizer ~monium "salts” of the sensitizefs'® used for reference against
provides excellent absorption in the visible spectrum, a high deprotonated solutions prepared by electrochemical reduction of
electron injection rate, high turnover rates, and high stability in L2RuX. were synthesized via two different routédn the first, solid
photoelectrochemical cellé:16The basic transitions that occur ~ Precipitated after acidification of aqueous #iOH) solutions of
in such a solar cell are summarized in Scheme 1 L,RuX,. The “salts” formed via this procedure were separated from

| hemical di fthe th d icallv i the solution by centrifugation and then freeze-dried. This method
Electrochemical studies of the thermodynamically important produced salts of composition [gHy-dcbpy’2),RUX,](BuaN)y, where

[L2RU(NCS)] o oxidation process (see Scheme 1) have been g gg < x < 1.85 & was determined by NMR spectroscopy). A second
reported*!’for the case in which the bipyridine ligand is in itS  synthetic approach was utilized to prepare salts with 2. In this
protonated form. However, the carboxylic acid groups of the method, solid LRuX, was directly mixed with the required amount of
dcbpy ligand, in addition to facilitating attachment to electrodes, aqueous ByN(OH) solution and then freeze-dried under high vacuum
also enable the JRuX; sensitizers to participate in acithase to remove excess water.,RuX, itself contains 24 waters of
reactions, which could significantly alter the electronic properties crystallization}* and hence some water was always present in the parent
of the dcbpy ligand. Thus, while deprotonated forms of the compound as well as in the deprotonated salts.

sensitizer have been reportétb provide improved performance

in photoelectrochemical cells by increasing the open circuit 3. Results and Discussion

potential by 56-100 mV}8 surprisingly few studi¢d have

specifically addressed the effect of deprotonation on the 3.1. Electrochemical Reduction of LRU(NCS). (a) Vol-

thermodynamic or spectral properties of the sensitizer. tammetry in DMF: The Initial Two One-Electron Reduction
In this study we have explored the use of electrochemical Processes.To establish a reference point against which to
reduction of the fully protonatedis-L,RuX, (X = NCS~, CN") measure changes induced by deprotonation, detailed knowledge

complexes in dimethylformamide (and generation of hydrogen ©f the voltammetric behavior of JRU(NCS) is required. The
gas) as a means of systematically achieving deprotonation offeduction of [Ru(bpyj** (bpy = 2,2-bipyridine) and related

the photovoltaic sensitizer. Spectroscopic (UV/vis) and volta- compounds usually occurs via an extensive series of reversible
mmetric studies on the reduction and oxidation of the electro- one-electron ligand-based charge-transfer procés8eBor
chemically generated deprotonated species enable insights texample, the ester analogleof Lo,RU(NCS}) exhibits two

be gained into changes of molecular orbital energy levels that chemically and electrochemically reversible reduction processes
occur with different levels of protonation. The new experimental in DMF with half-wave potentialsg;,,) of —1.48 and—1.70
results, combined with theoretical data provided by molecular V vs Fc/Fc at room temperature at glassy carbon and platinum
orbital calculations, enhance the detailed understanding of theelectrodes, which may be extended to four reversible processes
role of the protonation state in the performance of sensitizers gt T = —58 °C (E{, = —1.49,—1.67,—2.16, and—2.43 V).
used in photoelectrochemical cells. Since the electronic effect on the pyridine ring arising from
esterfication is expected to be negligible, it would be expected
that fully protonated bRu(NCS) should show analogous
2.1. Instrumentation, Methods, Reagents, and Compounds.  voltammetric reduction behavior.

Details concerning the instrumentation, methods, reagents, and com- The cyclic voltammetric response observed at a glassy
(12) Grazel, M. Chem. Ing. Technoll995 67, 1300-1305. carbon electrode (Figure 1a) in DMF over the potential range
(13) O'Regan, B.; Gitzel, M. Nature (London)1991 353 737-740. from —0.5 to —1.9 V vs Fc/F¢ consists of two well-defined
(14) (2) Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.;  processes, the first being chemically reversible, as expected

Muller, E.; Liska, P.; Vlachopoulos, N.; Gzel, M. J. Am. Chem. Soc. ; ; f f ;
1993 115 6382-6390. (b) Kohle, O.- Ruile, S.. Gtzal, M. Inorg. Chem. (Figure 1b), and the second, while only partially reversible in

2. Experimental Section

1996 35, 4779-4787. the chemical sense, still occurs in the expected potential
(15) Hagfeldt, A.; Didriksson, B.; Palmgqvist, T.; Lindstrom, H.; Soder-  region. If these initial two reduction processes arededbpy
grlerkgsl._;‘%%nsmo, H.; Lindquist, S. Eol. Energy Mater. Sol. Cells994 ligand based, as is known to be the case with the ester analogue,
(16) Kohle, O.; Gitel, M.; Meyer, A. F.: Meyer, T. BAdv. Mater. the initial charge-transfer processes may be formulated as in
1997, 9, 904.
(17) Bond, A. M.; Deacon, G. B.; Howitt, J.; MacFarlane, D. R.; Spiccia, (19) Elliott, C. M.; Hershenhart, E. J. Am. Chem. Sod982 104
L.; Wolfbauer, G.J. Electrochem. Sod.999 146, 648-656. 7519-7526.

(18) Solaronix Inc., Aubonne, Switzerland, 18 Sept 1999 (http:// (20) Wolfbauer, G.; Bond, A. M.; MacFarlane, D. B. Chem. Soc.,
www.solaronix.ch/products/ruthenium535tba.html Dalton Trans.1999 in press.
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a) reversible process. The measured valu&€pf = —1525+ 3
mV is similar toE{,, = —1480 mV found for the ethyl ester

11 WA - derivative?® A plot of i,°¢ versusv'? from cyclic voltammo-
grams { = scan rate) is linear over the scan rate range from
10 to 5000 mV s?, confirming that the process is diffusion
controlled. Mass transport control (diffusion and convection)
also was demonstrated via the linear dependende af /2

b) (w = 2nf = angular velocity) in rotating disk electrode
experiments.
— A voltammogram for the initial process obtained under near-
steady-state conditions at a glassy carbon microdisk electrode
(Figure 1c) was well defined, and the calculatgfj, value
coincided with that obtained from cyclic and rotated electrode

1A

el

techniques (see Table 1). The essentially ideal reversible one-
C) electron process observed at a glassy carbon microdisk electrode,
compared to minor deviations encountered in other techniques

under some conditions (cyclic voltammetry at high scan rates
and rotating disk electrode at high rotation rates), suggests that
a small amount of uncompensated resistance is present when
techniques based on the use of macrodisk electrodes are used.
Confirmation of an initial one-electron charge-transfer process

d) was obtained by noting that plots & versus log(( — i)/i)

1nA
(“log-plot”, with E = potential andi = current) were linear

2pA and had values close to 2RTF (59 mV at 25°C) at rotating
macrodisk and microdisk glassy carbon electrodes (see Table
1). Data obtained from rotated disk electrode measurements and
use of the Levich equatioH,

T .
2.0

, i, =0.620FAD o v ¢, 3

T I
-1.5 -1.0 -0.5 , . .
. + whereF is Faraday’s constanty is the bulk concentration;
potential [V] vs. Fc/Fc is the kinematic viscosity of the solvent, aBds the diffusion
Figure 1. Voltammograms for the first and second(ttbpy)Ru- coefficient, enabled a value 8= (2.8+ 0.2) x 10 °cn?s

(NCS), reduction process & = 25 °C in DMF (0.2M BuNPFy). (a to be cal_culated for the protonated form of theRU(NCS)
and b) Cyclic voltammetryy(= 100 mV s at a glassy carbon disk ~ complex in DMF.

electrode d = 1 mm). (c) Steady-state response< 20 mV s1) at a The observation of chemical reversibility of the second
glassy carbon microdisk electrode £ 11.2um). (d) Cyclic voltam- reduction process (eq 2) at a glassy carbon electrode requires
metry (0 = 100 mV s™) at a platinum disk electrodel = 1 mm). the use of cyclic voltammetric scan rates greater than 5000 mV
s~1 where thei,"®9i* ratio for this process approached unity
egs 1 and 2 below: (see Table 1). Under near steady-state conditions with glassy
carbon microdisk and rotating disk electrodes (rotation rates
(Hy-dcbpy),RuNCS), + e = [(Hy-dcbpy )(Ha-debpy)Ru(NCS)]™ (1) >1000 rpm), the second process showed reversible behavior.
[(Ha-debpy )(Ha-debpy)RUNCS)s]” + & = [(Ha-debpy )RuNCS).> (2) E,,, values obtained from the latter two techniques coincided

with (E;>* + Eg®9/2 values obtained from cyclic voltammo-
grams at scan ratas > 1500 mV s, “Log-plot” analysis of

the second process gave slopes close to the theoretical value
gxpected for a reversible one-electron process-58 °C and

where B-dcbpy~ stands for the singly reduced, fully protonated
H.-dcbpy ligand. Further complex reduction processes at more

negative potentials are present at glassy carbon electrodes (se e -
later). Evidence indicating that the first process (eq 1) is &t 9lassy carbon electrodes, the initial twgRL(NCS) reduction

reversible in both the chemical and electrochemical senses inProcesses are both chemically and electrochemically reversible

DMF (0.2 M BuNPF) at a glassy carbon electrode is the fact V&N under '°”9ef _time scale gonditions (Fi_gures 2a and b).
that the peak-to-peak separatiaki) for the reduction £y Thus, under conditions of cyclic voltammetriged for both

and oxidation E,%) peak potentials was 65 mV overpthe processes scaled linearly witf'2 andi i, values are close
scan rate range of 26600 mV s’ (concentratiorto = 1.1 mM, to unity over the entire scan rate range (20 to 5000 mY.s
temperatureT = 25 °C), which is close to the theoretically Furthermore, “log-plots _from rotated disk electrode voltam-
predicted value of 57 mV for a reversible one-electron process. Mograms recorded at this temperature gave slopes &t 48
Values of AE, as a function of scan rate are contained in MV for both processes, which are close to the theoretically
Table 1. At the glassy carbon electrode, the peakrent ratio, ~ €XPected value of 43 mV at this temperature. The Levich plot
i %% (i, = oxidation peak curreni,®d = reduction peak (rotated disk electrode) was linear and passed through the origin
current), also was close to the theoretically expected value of for both processes;;, values and other data obtained from
1.0 over the scan rate range of-28000 mV st (see Table 1).  glassy carbon electrode voltammograms-&8 °C are reported

Furthermore, the reversible half-wave potentialEy, value in Table 2 for both processes. .
(see Table 1) calculated from the values Bt + E,e9/2 Even casual inspection of a cyclic voltammogram obtained
(cyclic voltammetry) and the potential at/2 (rotating disk  for reduction of LRU(NCS) in DMF (0.1 M BwNPF;) at a 1
electrode, where, is the limiting current) is independent of (21) Bard, A. J.; Faulkner, L. RElectrochemical Methogslohn Wiley

scan rate and rotation rate, respectively, as required for a& Sons Inc.: New York, 1980; Chapter 8.3, pp 28398.
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Table 1. Voltammetric Data Obtained for the Reductioh=< 25 °C) of 1.1 mM (H-dcbpy}Ru(NCS) in DMF (0.2 M BwNPFs) and
Oxidation of Deprotonated [(Hy2-dcbpy’?),Ru(NCS)]*~ at Glassy Carbon Electrodes as a Function of Scan Rate and Rdtation

Cyclic Voltammetry? Rotating Disk Electrode®

[(H,-debpy),Ru(NCS),1%"

v/mVs' E*/mV E/mV AE,/mV Ey/mV i f/min! slope/mV Ep/mV

10 -1560 —1489 71 —-1525 1.34 500 66 —1522
26 ~1557 -1497 60 -1527 1.08 1000 67 —1525
50 —-1555 —1493 62 —-1524 1.07 1500 65 -1527
100 —1555 ~1493 62 -1524 1.08 2000 64 -1527
200 -1557 —-1491 66 —1524 1.10 2500 62 -1530
500 —-1559 ~1489 70 -1524 1.08 3000 64 -1529
1000 -1565 —1487 78 -1526 1.04 Microdisk Electrode
2000 -1577 -1479 98 -1528 1.08 d/pm slope/mV E',/mV
5000 -1601 —1453 145 -1527 1.07 11.2 59 ~1525

[(Hy-dcbpy);Ru(NCS),] ™

o/mvs" E*/mV E™/mV AE,/mV E\/mV i ™ £/ min™ slope/mV  Efy,/ mV

1000 -1785 - - - - 500 _ -
1500 -1791 -1665 —126 -1728 1.45 1000 66 -1747
2000 -1795 -1679 -116 —-1737 1.26 1500 66 -1751
3000 -1801 —-1683 -118 —-1742 1.19 2000 66 -1752
4000 —1809 -1675 —134 -1742 1.12 2500 65 -1753
5000 -1817 -1667 —150 —-1742 1.09 3000 64 -1754
Microdisk Electrode
d/pm slope/mV E,/mV
11.2 57 —1742

[(Hz—x/z-dcbpy’dz_)zRu(NCS)z]x—/(x—1)_

v/mVs' ES/mV B/mV AE,/mV Ew/mV o [i,™5™ £/ min slope/mV  E'p/ mV

20 130 40 90 87 - 500 85 83
50 126 56 70 93 2.40 1000 84 88
100 126 56 70 93 1.60 1500 83 89
200 134 52 82 95 1.44 2000 88 92
500 138 52 86 95 1.55 2500 91 93
1000 140 48 92 96 1.54 3000 89 92
2000 154 34 120 96 1.42 3000 89 92

2 Peak potentials are reported versus Ft/fith an uncertainty of:2 mV. Cyclic voltammetricE,,, values calculated a£{* + Epy°9/2, for

steady-state techniques slopes &g calculated from “log-plots” ¢ = scan ratef = rotation frequencyd = electrode diameteiE, = peak
potential, AE, = E,.> — Ey®Y i, = peak current)® Glassy carbon electrodt= 1 mm.¢ Glassy carbon electrodt= 3 mm.

Table 2. Summary of Electronic Spectral Data and Reversible Half-Wave Potentials fafcthpypRuX, and the Deprotonated Form
([(H2-x2-dcbpy’2™),RuX,]*)

spectroscopic datenergy [16 cm™]

electrochemical dataE;,, [mV] (molar extinction [18 M~ cm™])
Ru"m L/L™ L/L?- MLCT MLCT
complex oxidation reduction reduction lx — La* Md,— Lao* Md, — Lar*

(H2-dcbpy}Ru(NCS) +390+ 1C¢ —1525+4 —1742+5 31.5(51.6) 24.8 (15.1) 18.3 (15.3)

—1549+ 3 —17244 44
[(Hz-w2-dcbpy?2-),RU(NCS)]* +93+5 —2154+5 —2500+10 32.5(45.7) 26.7 (14.7) 19.4 (14.1)
(H2-dcbpy}Ru(CN), +568+5 —16244 10 —1808+ 1¢¢ 31.7 (46.8) 25.2 (14.3) 18.7 (17.1)

—1634+ 5
[(H2—w2-dcbpy’™),Ru(CNY]*~ +210+5 —2267+5 —2617+8 32.7 (42.4) 27.5(13.1) 19.7 (14.9)

2 Electrochemical data are obtained from voltammetry at glassy carbon electrodes, and potentials are referenced agaihEtata/6lotained
by in situ electrolysis in an OTTLE (platinum gauze) experimémalue taken from ref 17.9 T = —58 °C; other data obtained at 2%&.

mm diameter platinum disk electrode (Figure 1d) shows significantly the peak potential of the first proceds, { =

that great differences are found relative to that at glassy —1.20V vs Fc/Fg) is about 0.3 V less negative than predicted
carbon. This platinum electrode dependence differs from the on the basis of data obtained with the ester analogue. Even
voltammetric behavior reported for the ester analégaed at —58 °C, cyclic voltammograms obtained at a platinum
[Ru(bpy)]?t,417 where results are independent of electrode electrode for the reduction of;,Ru(NCS) remain irreversible
material. Thus, at the platinum surface, the initial reduction and highly complex (Figure 2c), although the reduction peak
processes for JRU(NCS) are both very drawn out relative to  potentials are now in the same region as those at glassy carbon
the response expected for a reversible process, and even morelectrodes.
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involves steps where His formed by deprotonation before or

a) after an electron-transfer reaction ang isl generated hetero-
geneously at the electrode surface or homogeneously by
0.50A solution-phase reactions. One example of heterogeneous genera-
K tion of H, that gives the overall reaction in eq 4 would be the
reaction sequence in eqs-3:
b) (Ha-dcbpy);Ru(NCS); =  [(H-dcbpy),Ru(NCS),]* + 2H" (5)
suA [(H-debpy )Ru(NCS),]"" = [(debpy” )2Ru(NCS)]" + 2H ®)
vl
4H" + 4¢ — 2H, )
Or, if hydrogen is generated by homogeneous reactions after
electron transfer, then eqs-80 would represent one of many
c) possible series of reaction pathways that give the overall
0.5pA eq 4:
20 s 7o o5 (Hp-debpy);Ru(NCS); = [(dcbpy® );Ru(NCS),]*" + 4H" ®)
potential [V] vs. Fc/Fc” 2(Hp-dcbpy),Ru(NCS), + 4e = 2[(Hy-dcbpy ):Ru(NCS)>  (9)
Figure_ 2. Voltammograms for the_ first two (#Hdcbpy)Ru(NCS) ’ 2[(Hr-debpy pRUNCS)> + 4H' — 2(Ha-dcbpysRu(NCS); +2H;  (10)
reduction processes dt= —58 °C in DMF (0.1 M BuNPF). (a) ]

Cyclic voltammetry ¢ = 100 mV s?) at a glassy carbon disk electrode
(d=1 mm). (b) Steady-state voltammogram at a glassy carbonrotating These sequences of reactions are possible because the

disk electr?def(= 500 rpm,d_= 3 mm). (c) Cyclic voltammetryy( = protonated (HdcbpypRuUu(NCS) sensitizer may exist in an
100 mV s7) at a platinum disk electrodel = 1 mm). acid—base equilibrium (egs 5 and 8), the extent to which
Thus, in summary, the voltammetry of,Ru(NCS) at deprotonation occurs being dependent on solvent (medium)-

platinum electrodes contains unexpected but, as it will emerge, specific Ka values. Thus, it needs to be noted that, in the
very useful characteristics that provide voltammetry that is Presence of water, adventitiously present or deliberately added,
distinctly different from that at glassy carbon, where the first thermodynamic (and/or kinetic) limitations will be placed on
two processes exhibit essentially the behavior expected for thisthe extent to which reduction can occur via the acid equilibrium
class of compound. dissociation because of the following reaction:

(b) Bulk Reductive Electrolysis at Platinum Electrodes
in DMF. The origin of the complex voltammograms at the [(debpy” 2RuNCS)]"" + y Ho0 = [(Hyo-debpy® ™ ),Ru(NCS),* ¥+ yOH™ (11)
platinum electrode was probed first of all by exhaustive bulk
electrolysis experiments under controlled potential conditions ~ Thermodynamically, protons can very easily be reduced to
at a large area platinum gauze working electrode at@5in hydrogen, although the suppression of the heterogeneous
initial experiments, the potential was set+@.0 V vs Fc/F¢ reaction pathway can be achieved by choice of an appropriate
(more negative than the secongRU(NCS) reduction process electrode material, at which the rate of this reaction is
detected at glassy carbon and platinum electrodes) and theelectrochemically negligible at the reversible poterfiatlassy
electrolysis of 0.5-2.0 mM solutions allowed to go to comple- carbon is an electrode material in which the overpotential for
tion (30~40 min). Coulometric analysis under these conditions the reduction of protons to hydrogen is very large. In contrast,
revealed that 3.35 0.35 electrons per molecule were involved the overpotential for the generation of hydrogen at platinum
in the complete reaction. Gas chromatographic measurementslectrodes is small. Reduced ruthenium polypyridine compounds
of the collected gas phase showed molecular hydrogen as beind® known to catalytically reduce protons or residual water to
the significant gaseous product. The peak intensity of the Nydrogen in organic solvent8.Thus, the reaction sequence
hydrogen signal was close to that expected if the majority of described in egs 9 and 10 might be a source of hydrogen
electrons transferred were used for the formation of hydrogen. generation, at least under long time scale conditions. However,
On the basis of the coulometry and hydrogen data, the overallthe hydrogen producing step in eq 10 is based on a purely
reaction observed at platinum electrodes on the time scale offomogeneous solution-phase reaction and does not predict the
bulk electrolysis at-2.0 V vs Fc/F¢ at a platinum electrode experimentally observed influence of electrode material. In
can be said, for initial discussion purposes, to correspond contrast, the electrochemical reduction of protons (eq 7), made
approximately to an overall deprotonation reaction of the available by the acidbase equilibrium described in egs 5, 6,

kind and 8, and occurs at the electrode surface, and hence hetero-
geneous electrode kinetics may be involved in the reaction
(Hy-dcbpy);Ru(NCS), + 4e” —  [(dcbpy’ );Ru(NCS),]*" + 2H, (4) sequence, which could explain the electrode material-dependent

) ] voltammetric responses observed for the reduction of (H
For the sake of clarity, dcbpy and H-dcbpy will be used dcbpypRu(NCS).
throughout the remainder of this paper for the doubly and singly  Qverall, eq 4 predicts the transfer of 4.0 electrons per
deprotonated kdcbpy ligand, respectively. In contrastoH  molecule if complete deprotonation occurs to quantitatively yield
dcbpy ™ will be used for the singly reduced but fully protonated - [(dchpy?-),Ru(NCS}]*~, whereas the measured number of

Hz-dcbpy ligand. Mixed forms of the ligand (deprotonated and  g|ectrons transferred was only 3.350.35. Hence, this equation
reduced) will be abbreviated accordingly. The overall charge
(22) Bard, A. J.; Faulkner, L. RElectrochemical Methogsgohn Wiley

of the complexes is given outside the square brackets. !
. & Sons Inc.: New York, 1980.
Clearly, an extensive sequence of e!ectron-transfer a}nd (23) Abrue, H. D.; Teng, A. Y.; Samuels, G. J.; Meyer, T.J.Am.
chemical reactions can occur at the platinum surface which Chem. Soc1979 101, 6745-6746.
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and the mechanism given as examples cannot provide a

complete description of the process. The,walues of (H- —
dcbpy»RuU(NCS) in DMF are unknown, although @=tdcbpy)- : e)
Ru(NCS) would be expected to be a weak acid, since *05

conductivity measurements have shdWihat the complex is
present predominantly in its protonated form in most organic
solvents. However, the first twd{q values for the (k+dcbpy)-
Ru(NCS) complex are expected to be relatively low in d)
comparison to those reporfédor [Ru(Hy-dcbpy)(bpy)F" in T”_Oe_

water, so that at least two protons are likely to be relatively

easy to remove.

" . . . . 5uA
Finally, it needs to be noted that, since residual water is H
present, the reaction sequence c)
T+1.0e~
— (H,-dcbpy),Ru(NCS); + 2 & —[(H-dcbpy ),Ru(NCS);]* (12)
[(Hy-debpy ):Ru(NCS);]* + 2 H;0 = (Hp-dcbpy);Ru(NCS); +20H +H;,
| 13)
b)
(Hy-decbpy),Ru(NCS), +20H = [(H-dcbpy );Ru(NCS),]* +H,0  (14) TH O
would give the overall reaction
(Hp-dcbpy);RuNCS); + 2H,0 + 4e = (15) a)
[(H-dcbpy );Ru(NCS),]*” + 2OH + 2 H,
In summary, this reaction with water can be generally written , g i ] . .
as -3.0 25 2.0 1.5 -1.0 05
. +
potential [mV] vs. Fc/Fc
- cs 2)H,0 + ze” — . ) .
(Ha-debpy,RUNCS), + (220 + z¢ i ) L, (6) Figure 3. Cyclic voltammogramsy(= 1000 mV s7, initial five scans,
[(H-debpy :Ru(NCS),]™ + (2-2)OH" + 7 H; first scan bold) obtained at a glassy carbon working electrdde {

This reaction sequence also is consistent with our data (vide mm) for reduction of 1.1 mM (kdcbpy»Ru(NCS) in DMF (0.1 M
infra). Clearly, a range of combinations of electron- and proton- BuNPFs) at different stages of reductive bulk electrolysif =
transfer steps are possible (see above) which lead to deproto-—2.05 V) at a platinum gauze electrode. (a) Before electrolysis
nation. However, the reaction scheme can be very complex, andcommences, (b) one electron transferred, (c) two electrons transferred,
formation of equilibrium quantities of singly and triply depro- (d) threg electrons t_ransferred, and (e) 3.5 electrons transferred
tonated LRU(NCS) complexes also can occur, as can a (€xhaustive electrolysis).
potential-dependent combination of reaction pathways. Thus, ) .
the 3.35+ 0.35 electrons transferred in bulk electrolysis-2t0 are about 0.65 V more negative than the initial two processes
V reflects the overall extent of a complex sequence of reactions for reduction of (H-dcbpypRu(NCS).

at this potential that form [(bl-dcbpy’2-),Ru(NCS)]*", Detailed analysis of voltammograms at glassy carbon elec-
wherex is the number of protons removed. trodes of the two reduction processes observed after exhaustive
To probe the identity of the deprotonated species produced €lectrolysis atapp = —2.0 V vs Fc/F¢ reveals thaiy for

during electrolysis, a 1.1 mM solution of,Ru(NCS) again the first process (cyclic voltammetry) scaled linearly wit?.

was reduced in DMF at a platinum gauze electrode using the Furthermore, Levich plots (rotated glassy carbon disk electrode)
same conditions as before. However, on this occasion, the coursavere linear and passed through the origin for both processes,
of the reaction was monitored (Figure 3) by cyclic voltammetry establishing that they are mass transport controlled. The slope
at a glassy carbon electrode over a more negative potentialof the Levich plot gave a diffusion coefficient for [¢Hq-
regime, where the existence of an extended series of processegchpy’?-),Ru(NCS)*~ (x = number of protons removed) of

is revealed (Figure 3a). When voltammetric monitoring is D = (2.54 0.4) x 10 ~6 cn¥? s7%, which is very similar to the
undertaken over this wider potential range (Figure-8p the value obtained for the fully protonated form. Tkg, value for
initial two processes identified above, as well as the other the initial reduction process (cyclic and rotated disk techniques)
processes in the more negative potential region, ultimately arewas calculated to be-2155+4+ 5 mV vs Fc/F¢. “Log-plots”
replaced by two new, well-defined processes in the very negative (rotated disk voltammograms) gave slopes oft72 mV, which
potential region (Figure 3e). As may be expected, cyclic are close to the theoretical value expected for a reversible one-
voltammograms obtained on partially rather than exhaustively electron process. Scan rates greater than 2000 ni\ivsre
reduced solutions (Figure 3tal) are complicated. The particular  required in order to make the second reduction process fully
exhaustive bulk electrolysis shown in Figure 3 consumes 3.5 reversible. Under steady-state conditions at the rotating disk
electrons per molecule and leads to detection of one chemicallyelectrode, the second process also is close to reversible. Thus,
and electrochemically reversible process, followed by a partially E,, values calculated from “log-plots” for the second process
reversible process at the glassy carbon electrode. However rotated disk) are in agreement with the valueEP{ + Eje9/2
despite the complexity of the initial steps of electrolysis, the obtained from cyclic voltammograms ¢ 200 mV s1). The

final form of the glassy carbon cyclic voltammogram detected reversible half-wave potential for the second reduction process
from solutions exhaustively reduced at platinum electrodes at of [(H,_,,-dcbpy’2-),Ru(NCS)]*", therefore, is established to
—2.0 V simply consists of two processes wHl, values that be —2500+ 10 mV vs Fc/Fé¢.

(24) Nazeeruddin, M. K.; Kalyanasundaram,IKorg. Chem 1983 28, Ir! another series of bulk electrolysis experiments at the
42514259, platinum gauze electrode, the solution of electrogenerated
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[(H2—x2-dcbpy?’?7),RU(NCS)]*~ was further reduced at a However, when the electrolysis was carried out-&.0 V vs
potential of Eqpp = —2.3 V (i.e., more negative than the Fc/Fc", exhaustive electrolysis proceeded as observed when
reversible potential of the first new reduction process for the platinum electrodes were used, although the reaction needed a
deprotonated form of JRu(NCS)). Monitoring the course of longer time for completion. Cyclic voltammetric and gas
this experiment by glassy carbon rotating disk electrode chromatographic monitoring of this reaction, carried out as
measurements indicated that conversion of the desired productdescribed above after electrolysis at a platinum basket electrode,
back to the originally present [(Hy.-dcbpy’?~),Ru(NCSH*~ showed that the reaction occurred in the same overall manner
form of the ruthenium complex occurred. Moreover, hydrogen as that observed at platinum electrodes. That is, deprotonated
was detected by gas chromatographic analysis of the gas phasérms of the LLRu(NCS} complex and hydrogen gas were
present above the sample. This reaction pathway would beformed. In contrast to platinum electrodes, at this electrode
expected if the [(H_y2-dcbpy2-),Ru(NCS)Y]*+*D- compound material hydrogen formation predominately will have occurred
can reduce residual water or even the electrolyte or solvent toVia the homogeneous pathway described in egs® It is noted
regenerate [(bly2-dcbpy2-),Ru(NCS)]*~, which is the initial that, after electrolysis, minor decomposition products were
form of the complex and hydrogen g&£>in a form of reaction detectable by cyclic voltammetry on glassy carbon electrodes,
similar to that postulated for reaction of reduced forms of-(H  suggesting that additional side reaction pathways are available
dcbpy»Ru(NCS) with water (eq 10). Alternatively, an even for the ligand-based reduced forms ofRu(NCS}).
less protonated form might be initially generated with evolution ~ (d) Molecular Orbital Calculations. The —0.65 V shift in
of hydrogen but then react with residual water to re-form the potential of E/,, for the ligand-based reduction processes of
more protonated form. Prolonged reduction periods 20 min (Ho-dcbpy}»Ru(NCS) after deprotonation may be attributed to
at—2.3 V resulted in slow decomposition of [{H,-dcbpy’?-),- the electronic influence of the carboxylate group on the bpy
Ru(NCS)]*~, as determined by voltammetric monitoring at ligand. In ruthenium polypyridine complexes, the first set of
glassy carbon electrodes. Thus, a slow decomposition reactionreduction processes are ligand based and are directly related to
is available for this species as an alternative to the hydrogenthe energy of the first unoccupied orbital (LUMO ai*) of
evolution redox reactions considered above. the polypyridine ligand: Due to its—M (M = mesomeric

To verify that deprotonation and hydrogen evolution could €effect) effect, the protonated carboxylate ligandQOOH)
occur at potentials prior to the reversible potential established withdraws electron density from the bpy ring, and hence the
at glassy carbon electrodes for the f{#tbpy)Ru(NCS) Y~ energy of the LUMO is significantly lowered by about 0.5 eV
process, solutions of Ru(NCS) were reductively electrolyzed — according to MNDO calculations (see below and ref 26). On
at platinum electrodes at a potential-e1.2 V vs Fc/F¢. This the basis of this electronic effect, fcbpypRuX; (R = CoHs
potential in fact corresponds to the foot of the initial reduction in ref 20 and R= H in this study) should both be easier to
wave observed at platinum electrodes (Figure 1d) and thereforereduce than (bpyRuX,,2 as is confirmed when data available
is significantly less negative than the reversible potential for in the literature are examined. Thug,, for the first ligand-
the first ligand-based reduction proce&q,{ = —1.53 V, see based reduction process of (bgX, (X = halogen or pseudo-
Table 2). Exhaustive electrolysis at this potential required a halogen) compounds lies in the range frem.95 to—2.1 V
longer time span of 99180 min. Again, hydrogen gas was VS Fc/FC, whereas the initial reduction process{#&bpy}-
detected as a product of electrolysis. The number of electronsRuX; occurs betweer1.48 and-1.62 V vs Fc/F¢. However,
transferred at this potential was 25 0.5, and a cyclic  if the —COOH group is deprotonated, to giveCOO", the
voltammogram obtained after electrolysis was similar to those influence of the electronic effect on redox potentials would be
observed for partial electrolysis at2.0 V (Figure 3b,c), expected to be reversed. That is, a significant increase in LUMO
implying that only partial deprotonation occurred under these energy is expected to occur upon deprotonation, which in turn
conditions. When the electrolysis was allowed to continue at would be consistent with the observed shift of the reduction
—2.0 V, a further 1.0+ 0.5 electrons were consumed, so that processes to more negative potentials.
the sum of both forms of electrolysis gives rise to the transfer  In an endeavor to quantify the effect of deprotonation of the
of as many electrons as when exhaustive electrolysis was carriedd2-dcbpy ligand, semiempirical molecular orbital (MO) calcula-
out at —2.0 V in a single step. As expected, a cyclic tions were undertaken on the free-Hcbpy ligand, its depro-
voltammogram at a glassy carbon electrode of the solution tonated forms, and the bpy ligand. The MO approach has been
electrolyzed in these two stages was identical to that shown in employed® to explain the comparative features of electrochem-
Figure 3e, which indicates that the same deprotonated productsstry of [Ru(Et-dcbpy}]?* and [Ru(bpy3]?", where Ei-dcbpy
are formed during electrolysis at positive potentials. Importantly, is the diethyl ester of Hdcbpy. Importantly, we note that the
this last data set leads to the conclusion that reductive authors of this particular stu§could predict the potential of
electrolysis and deprotonation of,Ru(NCS) at platinum the first ligand-based reduction of [Rugkicbpy)]?" by
electrodes can proceed via the heterogeneous reductieh2t ~ comparing the LUMO energies for the free bpy angddbpy
V of protons at a platinum electrode surface, since the ligands (H-dcbpy was used in these calculations as a model
thermodynamic requirement for the homogeneous formation of ligand for E¢-dcbpy).

hydrogen via ligand-reduced forms ofRu(NCS) (eqs 8-10) Prior to undertaking the MO calculations, the ligands of
is not met at this potential. interest were subjected to energy minimization calculations. All
(c) Bulk Electrolysis at Glassy Carbon ElectrodesWhen bipyridine ligands exhibited an absolute energy minimum with

bulk reductive electrolysis of JRu(NCS) was attempted at  the pyridine nitrogens in a trans position relative to each other.
—1.2 V vs Fc/F¢ at a glassy carbon cup electrode, no However, to maintain a configuration which is more closely
appreciable reaction could be detected. This result is as expectedelated to the manner in which the bipyridine ligands are
from cyclic voltammetric data obtained at glassy carbon and knowr?”28to be coordinated to the ruthenium center (see insert
also confirms that the heterogeneous reaction pathway forin Scheme 1), the ring systems were minimized into a local
hydrogen production at this electrode material is negligible. energy minimum, in which the substituents on both pyridine

(25) Launikonis, A.; Lay, P. A;; Mau, A. W. H.; Sargeson, A. M.; Sasse, (26) Ohsawa, Y.; Whangbo, M. H.; Hanck, K. W.; DeArmond, M. K.
W. H. F. Aust. J. Chem1986 39, 1053-1062. Inorg. Chem.1984 23, 3426-3428.
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removal of one proton from eachytdcbpy ligand to give the

—— 1,686V

1.5 [(H-dcbpy ),RuX;]2~ complex is predicted to give a reduction
1006V potential for the first process which is about 0.7 V more negative
s 101 M 0850V than that of (H-dcbpypRuX,. The experimental observation
% 0.54 woater 05y sy Ty of a potential difference of 0.65 V between the protonated and
2 oo T electrochemically deprotonated complex therefore implies that
$ 0.0 0.98eV oot Mo L electrochemical reduction of ;Ru(NCS) is likely to have
g ey 2 generated the doubly deprotonated anion, [(H-dchRyuXo]2,
£ 9859 oy . o T rather than singly, triply, or quadruply deprotonated species.
.04 0.74eV L No reports on the reduction of metal-coordinated bipyridine
_____________________________ eVt | MO carboxylic acid ligands are available in the literature. However,

extensive polarographic studies on acids of single-ring analogues
(pyridine derivatives) have been reported in aqueous niedia.
Figure 4. Orbital energy values obtained from MNDO-PM3 calcula- For example, the polarographic reduction of isonicotinic and
tions. picolinic acids have been studied as a function of pH by Volke
and Volkova3!32|n these reports, changes in the polarographic
ring systems are in cis positions relative to each other, although\yaye heights and;,, values were discussed in terms of the
the difference in energy between the trans and cis configurationszcid—base behavior of the compounds, although proposed
is very small. In the cis configuration, the pyridine rings are reaction products were not isolated. Ldhdemonstrated that
slightly out-of-plane by a tilt angle of 1% 2°. This nonplanarity  the reduction of isonicotinic acid at a mercury electrode gives
of the bipyridine ligands has previously been used to rationalize high yields of the corresponding aldehyde in acidic solutions.
ESR results obtained from oxidized. ruth_enium polypyridine Campanella and co-workéf$8 explained the existence of up
complexes? Furthermore, the carboxylic acid groupsGOOH) to five reduction processes for the reduction of dipicolinic and
were out-of-plane with the pyridine ring by 22 2°, which is isocinchomeronic acid in terms of aeithase behavior and
in good agreement with crystallographic data of-tbpy)- attributed the origin of some of the processes to a combination
RU(NCS}, where an angle of 3thas been reportediwhereas deprotonation, proton reduction, and irreversible formation
the carboxylic anion groups{COO") were in-plane with the ¢ molecular hydrogen, although the absence of proof of

pyridine ring. , _ hydrogen gas formation resulted in criticism of some mecha-
The calculated MO data are represented schematically in nistic aspects of these stud¥s.

Figure 4. Therz*-, z5*-, andw;*-orbitals and absolute energy (e) Voltammetry at Positive Potentials as a Function of

values are !ncluded for convenjence. The introduction of Deprotonation. On the basis that reduction processes are shifted
carboxylic acid groups on the bpy ligand was calculated to lower ;= 0. negative potentials by deprotonation, the oxidation
R LA . :

tEe 1 l—orbltfal by 0.53 eV, Whécg IS '?] good ag(;eementyglth should become easier if the metal d-orbitals and ligand orbitals

tTr? vg ue o Of'f58 e\/f rgporte y o saw?l and co-wor frsr.] are affected in an analogous manner. Under low scan rate condi-
e drastic efiect of deprotonation on the energies of the i,,q o cyclic voltammetry at macrodisk electrodes, oxidation

molecular orbitals and hence the predicted reduction potentials ¢ L,RU(NCS} is chemically irreversible and complex in DMF

IS c(ljee;)rly d_emonstratehd in Figure Aff.tI;emoE)/_mgl] gne proton from (see Figure 5a and ref 17). The initial process observed in Figure

Hﬁ. ﬁ Py mcrea?]es the energy o q fe’*-gr 'tﬁ .y.(.)'T4 ev, v 5a is the metal-based oxidation process, while oxidation behavior

which is more than compensated for by the initial 0.53 eV 5 146 hositive potentials, not considered further in this paper,

lowering of the electron-withdrawing effect caused by introduc- is related to interaction of A/RuU(NCS) and/or products of

tion of the carboxylic acid groups. Th*us, the* energy of  g00nolysis with the electrode surfablelUse of microdisk
H-dcbpy” lies beyond that of bpy. The,*-orbital of the fully electrodes and use of very fast scan rates00 V s %) are, in

deprotonated ligand, dcbpy Iie§ lr2ev h.igher in energy t.han fact, necessary to achieve any evidence of chemical reversibility
that of H-dcbpy. Energy density calculations show, that in the for the oxidation of protonated RU(NCS).17
case of the partly deprotonated ligand (H-dcbpyhes,*- and Despite the irreversibility of some processes and significant

*- I i I i i . . . . .
mz*-orbitals are predominantly located on the pyridine moiety interaction with the surface, the influence of deprotonation on

containing the protonated acid. the oxidation potential can be determined by periodically

d Relft;\tlvetvgllyes for ';he r)e(ducnorg potet_nt|alt 0:; ?roto?ﬁte’\(jlgnd recording cyclic voltammograms at a macrodisk glassy carbon
eprotonated forms ofRRuX; may be estimated from the electrode over the potential range fren®.6 to+1.0 V during

qalculations. If [(H-dcbpy)(Hz-dpbpy)Ru)@]‘ Is fo”'?ed' the the course of reductive bulk electrolysis at a platinum basket
first reduction process is predicted to be determined by the

dcbpyz’ H-dcbpy” H,-dcbpy bpy

ligand with the lowestri*-orbital, which therefore remains as (30) Lund, H.Acta Chem. Scand.963 17, 972-978.
Hz-dcbpy. In this situation, no dramatic change in the value of | _(31) Volke, J.; VolkovaV. Collect. Czech. Chem. Commu8s5 20,
the redox potential is expected relative to that fog-ttébpy)- (32) Volke, J.; VolkovaV. Collect. Czech. Chem. Commu@55 20,

RuUu(NCS). In contrast, complete deprotonation, yielding 908-916.
[(dcbpy?)2RU(NCSY]#~, should result in a negative shift of the (33) Tissier, C.; Agoutin, MJ. Electrochem. Sod.973 47, 499-508.

potential for the first reduction process by 1.7 V, since the value 19%4)588r%"7r';3%'1R'; Harrison, J. A.; Sastry, K. $.Electroanal. Chem.

is now determined by the position of the*-orbital of dchpy. (35) Vicek, A. A.; Dodsworth, E. S.; Pietro, W. J.; Lever, A. B.IRorg.
Neither of these scenarios is observed experimentally. However,Chem.1995 34, 1906-1913.
(36) Argazzi, R.; Bignozzi, C. A.; Hasselmann, G. M.; Meyer, Gndrg.
(27) Shklover, V.; Nazeeruddin, M. K.; Zakeeruddin, S. M.; Barbe, C.; Chem.1998 37, 4533-4537.

Kay, A.; Haibach, T.; Steurer, W.; Hermann, R.; Nissen, H. U.;t@ka (37) Campanella, L.; Chiacchierini, E.; Palchetti, Rlew. Roum. Chim.
M. Chem. Mater1997, 9, 430-439. 1972 17, 647-660.

(28) Shklover, V.; Ovchinnikov, Y. E.; Braginsky, L. S.; Zakeeruddin, (38) Campanella, L.; Cignini, P. L.; de Angelis, Bev. Roum. Chim.
S. M.; Grazel, M. Chem. Mater1998 10, 2533 —2541. 1973 18, 1649-1657.

(29) Wolfbauer, G.; Bond, A. M.; MacFarlane, D. Rorg. Chem1999 (39) Serazetdinova, V. A.; Suvorov, B. \Zh. Anal. Khim.1978 33,

38, 3836-3846. 964—965.
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M potential [mV] vs. Fc/Fc'
c) Figure 6. Cyclic voltammograms for the oxidation of electrogenerated

[(H2—w2-dcbpy’?-),Ru(NCS}]*~ in DMF (0.1 M BwNPFR;) at a glassy
W carbon electrode as a function of scan rate<( 50, 100, 200, 500,
1000, and 2000 mV3).
b voltammogram remains essentially identical to that of the
‘+1e- starting solution (Figure 5a). The result obtained from this acid
titration experiment is as expected if the postulated mechanism

involving formation of deprotonated forms ofRu(NCS) via
exhaustive electrolysis is correct.

a)

e The chemical reversibility of the least positive process
detected in exhaustively electrolyzed solutions was assessed
under conditions of cyclic voltammetry by switching the

0.0 0.5 1.0

potential at about 0.27 V. As shown in Figure 6, the chemical
reversibility increases with increasing scan rate. Despite the fact
that a peak current ratia i "9 of unity is not achieved at

glassy carbon working electrodé £ 1 mm) over the potential range scan rates up to 2000 mV's (E,™ + Ej*)/2 values calculated
where the metal-based oxidation of 1.1 mMRu(NCS} occurs at a from cyclic voltammograms over the scan rate range of 50
platinum gauze electrode in DMF (0.1 M BUPFy) during the course 2000 mV Sllwere constant WIFhIn experimental error (see Table
of a reductive bulk electrolysisEp = —2030 mV). (a) Before 1), as required for a reversible process. Thus, the extent of
commencement, (b) one electron transferred, (c) two electrons trans-departure from ideally reversible process must be small, with
ferred, (d) three electrons transferred, and (e) 3.5 electrons transferredespect to the influence on peak positions. Under steady-state
(exhaustive electrolysis). (f) 20 equiv of HBRdded to the solution. conditions at a rotating disk electrodiex 2000 mirrY), Elf/2
mesh electrodeBypp = —2.0 V; experimental details given in va:lues obtained from “Iog-plots’j were in good agreement with
the caption to Figure 5). When one electron peRU(NCS) E,, values obtained from cycll_c voltammograms. However,
molecule has been transferred, the appearance of a new oxidatiof€ slopes of “log-plots” were slightly larger than theoretically
process having a peak at a potential about 150 mV less positivePredicted for a reversible process (Table 1). Thus, this initial
than the initial oxidation process maybe noted, as may a decreas@rocess detected after exhaustive electrolysis is assigned to
in the peak height for the initial process (Figure 5b). This process the  deprotonated [(Hz-dcbpy’?™),Ru"™ (NCS)p]*/x+1)-
has the characteristics of surface interaction. As the bulk Metal-based oxidation reaction, and the reversible half-wave
electrolysis proceeds further (Figure-5€) to what is believed ~ Potential is established to b&93 £ 5 mV. From a Levich
to be a deprotonated form opRu(NCS}), another new process plot (rotating disk _electrod(_e), the diffusion coefficient for
with different character is detected at an even less positive [(L*?))2RU(NCS)]*” in DMF is D = (2.7 + 0.4) x 10°® cn?
potential (about 0.3 V prior to oxidation of protonated complex). S Which is in excellent agreement with the valu2 € (2.5
After deprotonation by reduction, the first oxidation process + 0-4) x 107° cn? s%) calculated from voltammograms
is followed by a series of complex processes. As expected, if obtained for the reduction processes (see above).
those new processes are associated with deprotonation and The shift of 0.3 V for oxidation of protonated and deproto-
formation of hydroxyl anions, the new processes were also Nated forms of LRU(NCS) reflects the altered electronic
shown to increase in intensity as BLOH) is added to solutions ~ €nvironment of the ligands and their influence on the ruthenium
of L,RU(NCS) (also see below). To further support the metal d-orbitals. The fact that oxidation becomes easier after
hypothesis that reduction 0bRu(NCS} leads to protons being deprptonatlon and reduct|on_more difficult is consistent with
lost by reduction to hydrogen, the exhaustively electrolyzed the increased overall negative charge on the complex that
solution was titrated with an HBFsolution in DMF. It was ~ @ccompanies deprotonation. Interestingly, Zaban and co-work-
found that the cyclic voltammogram for the oxidation of the €rsinvestigated the oxidation of Ru, Mg, and Fe photovoltaic
fully protonated (H-dcbpyyRu(NCS) complex could be re-  Sensitizer co_mplexes with Il_gands containing phosphonic or
generated by addition of 35 0.5 mol equiv of HBR solution ~ carboxylic acid groups at platinum and glassy carbon electrodes
to the electrolyzed solution. Thus, within experimental error, iN @queous media but did not observe a pH dependence. In
the amount of added protons required for regeneration of the contrast, a pH dependence attributed to electronic changes in

protonated complex is equivalent to the number of electrons the semiconducterelectrolyte interface was reported when

addition of excess acidx@ mol equiv), no further changes in (40) Zaban, A.; Ferrere, S.; Gregg, B. &.Phys. Chem. B998 102,
the cyclic voltammogram (Figure 5f) are observed, and the 452-460.

-0.5
potential [mV] vs. Fc/Fc'
Figure 5. Cyclic voltammogramsy( = 100 mV s!) obtained at a




Effects of Deprotonation of Dye Sensitizers J. Am. Chem. Soc., Vol. 122, No. 1, ZZ®0

(f) Studies on BuyN Salts of Deprotonated LRU(NCS),. ' ' i
To relate the significance of the above findings to photovoltaic
cells, voltammetric studies on “salts” used in photovoltaic &&lls
were investigated. These “salts” are formed by reaction.ef L
Ru(NCS) with BusN(OH), which is a very strong base in
organic solventé! The BuN™ salt of LLRU(NCS) is assigned
as [(H-dcbpy),Ru(NCS}](BusN), and is assumed to be the
deprotonated material used in photoelectrochemical &ells.
When the electron-transfer process is reversible and protons
participate in rapidly established aeibase equilibria, a linear
dependence of log(base concentration) on the reversible potential
is expected (Nernst relationship). Alternatively, if the acid and 0.0 : . } .
base forms of kRU(NCS) are not in equilibrium on the 10000 20000 . 90000 40000
voltammetric time scale, the peak height of the protonated form energy [om ]
will decrease as base is added. Concurrently, an increase in peakigure 7. Electronic spectra obtained during the course of OTTLE
height will be observed for the deprotonated form. However, experiments on the reductive electrolysis of 0.5 mhMRU(NCS) in
in this nonequilibrium situation, the reversible potentials of both PMF (0.1 M BuNPF) at 22°C; Eqpp = —1.95 V. Inset in the near-
processes will remain unaffected by the base concentration.'nfrared region sr:ows additional band observed when experiment is
Cyclic voltammograms obtained at glassy carbon electrodes forConOIUCted at-58°C.

solutions of LRU(NCS} to which increasing concentrations of | ,Ru(NCS) could be quantitatively regenerated (no detectable
BusN(OH) solution were added closely resembled those obtained |oss of absorbance) when a 4-fold or greater concentration excess
during the course of reductive bulk electrolysis when deproto- of HBF, was added to the electrolyzed solution. When the
nation of LLRU(NCS) was assumed to occur (Figure-3t). electrolysis experiment is conducted in the OTTLE cel-&88
Thus, when the number of added equivalents ofNg@H) was °C, an additional band in the near-infrared region is observed
>4, cyclic voltammograms were undistinguishable from those at 6300 cmt (see insert in Figure 7) in initial stages of the
obtained over the same negative potential range with bulk electrolysis. Importantly, it was observed that this band collapses
electrolyzed solutions (Figure 3d). All these data imply that prior to exhaustive electrolysis being achieved, so that the final
deprotonated complexes are formed by bulk reductive elec- spectrum observed at58 °C is essentially identical to that

N w - o
o o (=] o
T T T T
—_—
1

molar absorbance [10*M'em™]
5
—

trolysis and that protonated and deprotonated forms&fuk recorded for the deprotonated sensitizer af@2The band at
(NCS), are not in equilibrium on the voltammetric time scale. 6300 cnt!is characteristic of formation of the reduced dcbpy
The E[, value for the [(H xz-dcbpy” ).Ru- ligand and has been found in the electronic spectra of the

(NCS)]* /D~ redox couple, calculated from deprotonated reduced ester analogéThus, at—58°C, the initial reduction
complex formed by reductive electrolysis, was compared with Process at platinum electrodes incorporates a step that results
the values determined for “salts” of,RuU(NCS} by cyclic in the formation of [(H-dcbpy™)(Hz-dcbpy)Ru(NCS) ™ or
voltammetry when more than 3 equiv of BOH) was present.  [(Hz-dcbpy™),Ru(NCS})]?~. Hence, at low temperature, the
Under these conditions, the voltammetric process of interest is Pathway for generation of deprotonated {(k,-dcbpypRu-
clearly defined, whereas for 2 equiv, a complex response is (NCSk]*™ also involves a homogeneous reaction of reduced (H
evident. The results (Figure S1a, Supporting Information) reveal dcbpy)RU(NCS) with H*, Hz0, or LLRU(NCS). This result

that the EJ,, value for the first process for solutions of the ~Proves that homogeneous reaction pathways are available for
“salts” is independent of the concentration of,R¢OH), within generation of hydrogen gas.

experimental error, and in agreement with t&g, value In other stu_d|e§,2'43the position of the_MLCT band_s has been
determined for the first reduction process of bulk electrolyzed correla_lted with the reversible pot.entllals of the ligand-based
solutions of LRU(NCS). This result again confirms that reduction and metal-centere.d oxidation processes. It seems
[(L¥2),RU(NCS)]*~ is not in a rapid acietbase equilibrium reasonable to assume that this argument can be extended to the

with Lo,Ru(NCS» on the voltammetric time scale and that the comparison of protonated and deprotonated complexes by

same species are formed by bulk electrolysis and direct additioneffe.ct'v.eIy treating them asa dlfferent. form of Ilgand. Qn this
of a strong base basis, it follows that, since the reversible potential for ligand-

X . . . based reduction changes by 0.6 V (in the negative direction)
(@) In Sltu_Reductlve QTTLE Experlm_ents__AS_ noyed n and that of metal-based oxidation by only 0.3 V (negative
the Introduction, electronic spectra are highly indicative of the direction, vide infra), deprotonation results in the energy of the

formation of reduced forms of ruthenium polypyridine cOm- jisanq 7+ orbitals being increased to a greater extent than the
pounds. Changes in electronic spectra that occurred during themeta| d-orbitals. It therefore also follows that the MLCT band,
course of the bulk electrolysis of;,Ru(NCS) were obtained which formally can be assigned to a Ri(Hz-dcbpy(r*)

in situ by use of an OTTLE (p[atlnum electrode) expenmgnt. transition, increases in energy on deprotonation.

In DMF, LoRU(NCS} shows (Figure 7) two MLCT bands in 3.2. LLRU(CN),. (a) Voltammetry in DMF. As is the case

the visible region and one dcbpy ligand-based: z* transition with L.Ru(NCS), the initial two voltammetric processes for
band in the UV regior®2’ After a potential of~1.95 V-has  reqyction of LRU(CN), at a platinum electrode (Figure 8a) were
been applied at 22C (Figure 7), all three bands associated with  gjgnificantly different from that observed when glassy carbon
the occurrence of deprotonation are blue-shifted to higher energy, s the electrode material (Figure 8b). If the switching potential
(Table 2) and decrease in intensity (Figure 7). No isosbestic j glassy carbon electrode experiments was set before the onset
points are detected, implying that a range of intermediates may

form ndr ion hw. r rina th r f (42) Heath, G. A. IrMlolecular Electrochemistry of Inorganic, Bioinor-
be formed (and reaction pathways occur) during the course o ganic and Organometallic Compound@ombeiro, A. J. L., McCleverty, J.

electrolysis. However, the spectrum of the starting solution of A" Eqs . Kiuwer Academic Publishers: Dordrecht. The Netherlands, 1993
pp 533-547.
(41) Streuli, C. AAnal. Chem1964 36, 363-360. (43) Duff, C. M.; Heath, G. Alnorg. Chem.1991, 30, 2528-2535.
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Figure 8. Cyclic voltammogramsy(= 100 mV s?) for reduction of

(Hz2-dcbpy}Ru(CN). (a) Platinum disk electrode,= 1.1 mM, T =

wavenumbers [cm'1]

25°C. (b) Glassy carbon electrodey = 1.1 mM, T = +25 °C. (c) Figure 9. Electronic spectra obtained during the course of OTTLE
Glassy carbon working electrode,= 1.1 mM, T = —58 °C. (d) experiments on the reductive electrolysis of 0.7 mM-({idbpy}Ru-
Electrogenerated [(Hyz-dcbpy)2-);RU(CNY*", o= 1.3 mM, glassy ~ (CN)z2 in DMF (0.1 M BuNPF) at 22°C. () Eapp = —2.0 V and
carbon disk electrodd = 25 °C. formation of [(H—x2-dcbpy’?-),Ru(CNY]*"; (b) ligand-based reduction

of [(Hz-w2-dcbpy2),RU(CNY]*", Eapp= —2.4 V.

of the second process-(.8 V), the first process exhibitegey ) o
i,2 values of almost unity for scan rates> 1000 mV s?, is shown in Figure 8d. In contrast to the results from measure-

although chemical irreversibility was evident at lower scan rates. Ments made with the protonated form of;{tcbpypRu(CN,
This first process also was irreversible when a glassy carbonPOth reduction processes of deprotonatedy{(Hichpy>™),-
rotating disk electrode was used at low rotation rates (“log- RU(CNEI* are fully reversible under all voltammetric condi-
plots” were nonlinear and had slopes=%0 mV). In contrast, ~ tlons employegiE{,z-vaIues calculated from cyclic and near-
at high rotation rates{3000 rpm), the first process was close Steady-state mlcrodls_k and rotating dlsk_electrc_)de_ measurements
to reversible as slopes of “log-plots” were now & mV and after bulk electrolysis and deprotonation co_|n0|ded for both
the Ey, values coincided with values obtained with cyclic Processes (Table 2). Slopes of “log-plots” derived from steady-
voltammetry at high scan rates ¢ 200 mV s2). The estimated ~ State measurements confirmed that both reduction steps involved
reversibleE;, values for the [LRU(CN)]?~ (T = +25 °C) one-electron.chqrge-transfer processes. .
couple are given in Table 2 under a range of conditions. (c) The Oxidation Process as a Function of Deprotonation.

The chemical reversibility of the &Ru(CN) reduction  The Ej, value for the oxidation of fRu(CN) in DMF is
processes significantly improved when the temperature was readily measured, since the;Ru(CN)]%* process requires only
lowered to—58 °C. The first process was close to reversible at moderately high scan rates £ 500 mV s') to become fully
this temperature under conditions of Cyc|ic, rotating disk, and reversible (Table 2) After exhaustive bulk reductive 9|9Ct|’0|ySiS
microdisk electrode voltammetry when glassy carbon electrodesas described above at a platinum electrode, the metal-based
were used. The slopes of “log-plots” (rotating disk and microdisk 0xidation process for deprotonated x{tHcbpypRu(CN) is
electrode) confirmed the one-electron nature of thR{I(CNY]%~ shifted at glassy carbon electrodes to a greater extent negative
process. The second process required higher scan rates ( (0.36 V) than is the case with the thiocyanate analogue (0.30
1000 mV s?) before arip®di,°* value of unity was approached V). As evidenced by examination of data contained in Table 2,
at —58 °C. The reversible half-wave potential for the Ej, for the [(H.—x-dcbpy’?"),Ru(CN)y*/*tD~ process is
[L2RuU(CN)] 2~ process at-58 °C could be calculated from  located at+210 mV, which is 360 mV less positive than that
cyclic voltammograms at scan rates= 500 mV st and from found for oxidation of the protonated form. The process for
rotating disk electrode experiment§ £ 2000 rpm). Data oxidation of deprotonated,Ru(CN), is followed by a series
obtained under these conditions are summarized in Table 2.0f complex, possibly surface-based, processes at more positive
Mass-transport-controlled data at the glassy carbon microdisk potentials, similar to those shown for the thiocyanate analogue
electrode could not be obtained-a68 °C because of significant  in Figure 5.
adsorption. (d) Reductive OTTLE Experiments. The electronic spectra

(b) Bulk Reductive Electrolysis in DMF. When LLRu(CN) obtained during reductive electrolysiEapy = —2.0 V) and
was reduced by bulk electrolysis at a platinum gauze working deprotonation of (k+dcbpyyRu(CN), were monitored with an
electrode using a potential &.pp = —2.0 V vs Fc/F¢, the OTTLE cell arrangement (platinum working electrode) to give
formation of H, was detected by gas chromatographic analysis the result presented in Figure 9a. No isosbestic points were
of the supernatant gas phase. This result implies that an overallobserved, and the absorption bands of,[(3-dcbpy/2-),Ru-
deprotonation reaction occurs in this long time scale experiment, (CN),]*~ are shifted to higher energy and have a smaller
as is the case with reduction of the thiocyanate analogue. After extinction coefficient compared to those ofxftcbpy»Ru(CN).
exhaustive electrolysis, the number of electrons per molecule All these electronic spectral data imply that the energy gap
transferred was = 3.2+ 0.3. A cyclic voltammogram obtained  between the ruthenium d-orbitals and the ligarfebrbital has
at a glossy carbon electrode over the negative potential rangeincreased, as also predicted on the basis of voltammetric data.
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The result of an OTTLE electrolysis experiment on depro- protonated and deprotonated forms ob{ltbpy»Ru(NCS),
tonated (H-dcbpypRu(CN), at a potential more negative than  which suggests that [(H-dcbpysRuX;]?~ is formed by reductive
the first reduction process of deprotonated,[{jz-dchpy?-),- electrolysis of (H-dcbpypRuXo.
RUu(CNY]*~ (Eappl = —2.4 V) is shown in Figure 9b. In this 4.2. Relationship of Results to Photovoltaic CellsThe
case, exhaustive electrolysis could never be achieved (zeropotential for the first reduction process is shifted by 0.65 V
current not attained). Instead, a steady-state condition was(more negative) when deprotonated {(kk-dchbpy/2-),RuXs]*~
attained which produced the electronic spectrum shown in Figureis formed. In contrast, the reversible potential for the oxidation
9b. The spectrum obtained after reduction of the deprotonatedof deprotonated complexes is only shifted by about 0.3 V.
complex indicates that a dcbpy ligand-based reduction processScheme 1 suggests that no enhanced cell performance is
has occurred, since it resembles that of the one-electron reduceexpected if the reversible potential for the oxidation of the
form of the ester analogue ([(Etlcbpy»Ru(CN)] ).?° The NIR sensitizer is lowered, as occurs upon deprotonation. Indeed, the
absorption band at 8000 crhis expected for a bpy-type ligand-  thermodynamic driving force required for the dye regeneration
based reduction proce$s? This band is assigned to an by the electrolyte ion, , will decrease. The increased perfor-
intraligandm,* — 7p* transitior?® of the reduced dcbpy ligand  mance of deprotonated forms of the sensitizer in photovoltaic
but occurs at higher energies than for the ester analog6@d0 cells is therefore likely to be a result of considerations not
cm™1), which again highlights the altered electronic environment associated with dark potentials. For example, band potentials
of the ligand caused by deprotonation. The occurrence of four of nanosized Ti@ semiconductor electrodes are very sensitive
isosbestic points in this OTTLE experiment is also noteworthy, toward the solution environment and can shift dramatically when
as is the fact that the electronic spectrum of the starting solution small changes are made to the electrolyte counterions present
([(H2-x2-dcbpy2-),RU(CNY]*") could be quantitatively regen-  in the solution phas&:46-48 A related effect also may apply if
erated by electrochemical oxidatioBapp = —1.0 V). the TiO, semiconductor band potentials shift when sensitizers

As observed with [(H_y2-dcbpy’2-),Ru(NCS)]*~, no rapid containing different levels of deprotonation and types of
spectral changes could be detected when the applied potentiacounterions are used. Alternatively, the addition of base t@ TiO
was set to a very negative value o2.7 V, which is more photovoltaic cells may also lead to deprotonation of J$0rface
negative than the reversible potential for the second reduction hydroxyl group4® and thus will result in a change of surface

process. Rather, after prolonged electrolysis titrre 80 min), states, which in turn may have dramatic effects on the overall
decomposition was observed, and irreversible spectral changegerformance of the solar cell device.
occurred, as evidenced by the loss of isosbestic points. Electronic spectra obtained during the course of reductive

(e) BwN™ “Salts” of L ;RU(CN),. BusN* salts of known electrolysis reveal that deprotonation also leads to the MLCT
stoichiometry were prepared (see Experimental Section). Thebands being shifted toward the UV region and that lowering of
reversible reduction potentials for Bu salts were measured ~ the extinction coefficient also occurs. These features would
over a range of 220 equiv of BUN(OH). Similarly, as found ~ normally be expected to lead to poorer performance when
for the thiocyanate analogue, tEe,, value for this process is ~ deprotonated forms of RuX, are used as sensitizers in
independent of hydroxide concentration over this range and Photovoltaic cells. Interestingly, deprotonated forms of the L
coincides with the value obtained from electrochemically RU(NCS} sensitizer are commonly employed in BiPhoto-
generated [(by2-dcbpy2-)Ru(CNY]*~ (Figure S1b, Support- electrochemical cells and found to exhibit higher energy

ing Information). convergion efficiencié8than ‘Fhe proto_na_ted form. On the basis
of our findings, the explanation for this improved performance
4. Conclusions must be related to changes in thermodynamics or kinetics rather

than spectral properties, because we conclude that the depro-

4.1. Summary.The reversible potentials for the ligand-based tonation causes the light-harvesting MLCT bands to be shifted
[(H2-dcbpy»RuX;]%~ and [(H-dcbpypRuX;] /2~ reduction  toward the UV region and also decrease in absorbance, and we
processes have been determined in DMF. Short time domains,note that both features are generally considered to be detrimental
reduced temperatures, and glassy carbon electrodes are require@d conversion efficiencie®.
in order to obtain chemically and electrochemically reversible  As a further source of explanation, consideration must be
responses for all processes under voltammetric conditions. Atgiven to the initial electron excitation and injection processes.
platinum electrodes, the reduction of both compounds is Reports on the binding mode of;RuX, onto the TiQ
considerably more complex than that at glassy carbon. Datasurfacé® 1! suggest that predominantly ester formation with
suggest that this complexity is associated with the much lower TiO, and two carboxylic acids on onexdcbpy ligand occurs,
overpotential for hydrogen ion reduction to hydrogen gas at whereas the other two carbon acid groups, located on the second
platinum relative to glassy carbon electrodes. Reduction underH,-dcbpy ligand, are available for interaction with solvent. If
long time scale conditions of bulk electrolysis resulted in overall the latter two acid groups are deprotonated, the LUMO of
deprotonation and formation of molecular hydrogen at platinum the H-dcbpy ligand not attached to the TiGurface will
electrodes. However, partial rather than complete deprotonationsignificantly rise in energy compared to the othesrd¢bpy
of (Hz-dchpy»RuX; occurs, as established from the number of ligand. The absorption spectrum of the complex will then
electrons transferred in bulk electrolysis experiments. Spectro- consist of transitions into the TiCattached and deprotonated
scopic data and voltammetric studies undertaken in the presenceipyridine moiety. This is advantageous, since it broadens the
of deliberately added acid or base imply that the number of absorption bands and increases the light-harvesting spectrum
protons removed is of the orgler of two. This number i.s supported (46) Woltbauer, G.. Bond, A. M. EKlund, J. C.. MacFariane, DSl
by comparison of data obtained from molecular orbital calcula- Energy Mater. Sol. Cell4999 submitted. ' '

tions and measured reversible potentials for reduction of  (47) Enright, B.; Redmond, G.; Fitzmaurice, D. Phys. Chem1994

(48) Wolfbauer, G. Ph.D. Thesis, Monash University, Melbourne,
(44) Coombe, V. T.; Heath, G. A.; MacKenzie, A. J.; Yellowlees, L. J. Australia, 1999.

Inorg. Chem.1984 23, 3423-3425. (49) Kokubo, T.Thermochim. Actd 996 280, 479-490.
(45) Heath, G. A.; Yellowlees, L. J.; Braterman, P.JS.Chem. Soc., (50) Kalyanasundaram, K.; Gel, M. Coord. Chem. Re 1998 177,

Chem. Commuril981, 287—289. 347-414.
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of the sensitizer. Electron injection from the Tiattached acid groups leads to a broadening of the MLCT bands.
ligand into the TiQ occurs on the subpicosecond time seale  Importantly, in this case, a direct pathway exists for electrons
due to the good orbital overlap between the Fianifold and promoted into ther*-orbitals of the deprotonated 4-carboxy-
Ho-dcbpy liganc®52 However, it has been shown that direct pyridine ring to cascade into the Ti@onduction band, thereby
linkage of the chromophore with the semiconductor is not improving the light-harvesting properties of the sensitizer.
necessary for efficient electron injecti®h>* Thus, the electron Quantitative knowledge concerning the shift of redox poten-
injection into the TiQ from the non-surface-attached ligand tials upon deprotonation offers the exciting possibility of being
occurs either directly or by an electron cascading effect via the able to tune the redox potentials and MLCT bands to a desired
a*-orbital of the surface-attached ligaf$l.A more recent value but also implies that great care has to be taken in studies
study?® employing crystallographic data and molecular model- on L,RuX, complexes, whether attached to semiconductor
ing, confirms the possibility of surface attachment via two acid surfaces or not, to ensure that a known and stable degree of
groups but suggests that, for steric reasons, these two acid groupprotonation is maintained throughout the experiments.

are located on different bipyridine ligands. Each dcbpy ligand ] )

can then use one carboxylate to form an ester linkage with the ~Acknowledgment. G.W. acknowledges financial support
TiO, surface, leaving the second carboxylate group in either Provided from a Monash Graduate Scholarship and a Monash
the protonated or deprotonated form. Similar considerations Publication Award.
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