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Supporting Information

1 The influence of alkali metal cations upon AQ redox system

Figure 1 depicts the anthraquinone-2-sulfonate (AQ) redox signals in aqueous solutions
supported with various alkali metal cations (ionic strength = 0.1 M) on a macro-Au electrode.
Upon increasing the electrolyte cation sizes from sodium to rubidium (less commonly used as
the supporting electrolyte/buffer cation), the voltammetric signals demonstrate no significant
differences in the resulted AQ redox waves in aqueous solutions. This likely suggests that the
alkali metal cations have insignificant degree of ion-paring with neither the parent nor the
reduced AQ species. Consequently a single 2e reduction wave is obtained. The formal
potential of the reaction, EfRXN, (E1+E»)/2, occurs -0.62 £ 0.005 V (20 + 2 °C) for all three

reaction systems.
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Figure 1 Cyclic voltammograms of 500 pM AQ/ H,O supported with various alkali metal cations of increasing size
from Na*, K" to Rb* at 100 mV s on a macro-Au electrode.
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2 Characterization of the AQ redox signals

The voltammetric signals of the AQ redox centre can be characterized via variation of scan
rate over a range of 20-800 mV s” on a macro-Au electrode. Figure 2 depicts the AQ
voltammetric responses in aqueous solutions supported with 0.1 M tetramethylammonium
hydroxide (TMAOH, a) and tetra-n-butylammonium (TBAOH, b), respectively. It is obvious
to see that the formal potentials of the first and second electron transfers are independent with

scan rate variation. This is characteristic of an EE reaction.'
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Figure 2 Cyclic voltammograms of AQ redox signals in aqueous solutions supported with 0.1 M (a) TMAOH, and (b)
TBAOH electrolyte at 100 mV s on a macro-Au electrode.

In addition, the reductive peak current was plotted against the square root of scan rate for the
TMAOH supported reaction solution system. As shown in Fig. 3, a linear relationship was
obtained (R”=0.9997). From the Randles-Sev¢ik equation, eqn (1), for a reversible n electron

diffusional process, it was possible to obtain an apparent diffusion coefficient, D,, from the

gradient of the line.”

i, =(2.69 x 10°) n'°4C, D, v (1)
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Here, i, is the peak current (A), n is the total number of electrons transferred, 4 is the
electrode area (cm?), C, is the bulk concentration of the analyte (mol cm™), D, is the
diffusion coefficient (cm’® s™), and v is the scan rate (V s™). The gradient obtained was 1.676
x 107 A (V sy, and consequently the apparent D, was calculated as 4.8 x 10° cm® s™.
This value is in contrast to the one obtained via a micro-Au electrode (5.3 x 10°cm?® s™), as
shown later in section 3. The underestimation caused by applying Randles-Sevéik equation is
due to the assumption of concerted two-electron transfers, i.e. the second electron transfer is
sufficiently driven. Nevertheless, consecutive electron transfer steps are commonly
encountered for organic molecules where the second electron transfer is insufficiently

. 3
driven.
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Figure 3 Plot of reductive peak current against square root of scan rate for 500 pM AQ/ H,O supported with 0.1 M
TMAOH electrolyte. The black line is the best fit through origin (R*= 0.9997).
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3 AQ redox system simulations

All simulations were performed by using the commercially available software package
DIGISIM® (version 3.0, BASi Technicol, USA). Digisim is based on a fully implicit finite
difference (IFD) method as proposed by Rudolph.*> A simple two-electron redox system (EE)
was set up involving no protonation equilibrium due to high pH environment (above ~12) of
the reaction solution.” All electron transfer rates were 10 cm s, representing fast electron
transfer processes. The transfer coefficient, a, is 0.5 in all simulations, which assumes that the

first electron transfer is the rate determining step.

In order to obtain the D,s and fit them in simulations, they were experimentally measured in

solutions supported by various sizes of electrolyte cations. A gold microdisc electrode was

pre-calibrated first via chronoamperometry. The electrode was scanned at 10 mV s™ in an

acetonitrile solution containing 2 mM ferrocene and 0.1 M tetra-n-butylammonium

perchlorate. The diffusion coefficient of ferrocene in acetonitrile is known to be 2.3 x 107
2 -11

cm” s, the electrode radius was accurately determined by fitting the obtained

chronoamperomogram with Shoup and Szobo equation.’

Then the calibrated electrode was scanned by using cyclic voltammetry at 10 mV s in a 500
uM AQ aqueous solution supported by 0.1 M hydroxide salt with various electrolyte cation

sizes. A steady-state current, iy, at a microdisc electrode was obtained, described in equation

(2).
iss = 4nFD,Cor, (2)

where 7 is the number of electrons transferred per molecule diffusing to the electrode surface,
F is the Faraday constant, D, is the diffusion coefficient, r, is the electrode radius, and C, is
the bulk concentration of redox active reagent. The experimentally obtained iy and their

corresponding D,s are recorded in Table 1.
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Table 1. Experimentally obtained diffusion coefficients via steady-state currents.

Electrolyte 100% (60+40)% | (20+80)% 100% 100%

(I=0.1M) TBAOH TBAOH TBAOH TMAOH KOH
+TMAOH +TMAOH

i/ nA 1.62 1.89 2.22 2.86 3.05

D,/ x10°% cm®s™ 3.0 3.5 4.1 5.3 5.65

The diffusion coefficients (D,) were set as same value for both the parent and reduced
quinone species in each reaction solution system. In reality, the solvation sphere is different
for unequally charged anions. However it is a fair assumption, which can be confirmed by the
excellent fitting of the simulated and the experimental results. The simulation has discarded
the comproportionation mechanism, which is proposed’ to be blind only if the D,s are equal

and electron transfer rates are fast.

The simulated voltammograms are aimed to match with the experimental peak currents, peak
potentials and wave shapes. Figure 4 shows the overlaid simulated and experimental results
for AQ (500 uM) redox reaction in aqueous solutions supported by four different supporting
electrolytes. The excellent fittings, therefore, enable us to obtain the formal potentials of the

first and second electron transfers in the AQ reduction process.
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Figure 4 Overlaid experimental (black line) and simulated (red circles) cyclic voltammograms of 500 pM AQ redox
signals in aqueous solutions at 100 mV s supported with various supporting electrolyte (ionic strength= 0.1 M)
cations: a) TBAOH, b) 60%TBAOH + 40%TMAOH, ¢) TMAOH and d) KOH.
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4 The existing forms of oxygen intermediate species in the oxygen reduction

reaction

At pH above 12, the superoxide radical species is present in its un-protonated form due to
low pK, of the couple HO,® and O,* being 4.88.% The pK,, value of H,0, is 11.62,® and the
second acid dissociation constant (pKa, of HO,*") is expected to be even larger. This means
that, in 0.1 M hydroxide aqueous solution (pK, of H;O = 15.7) the peroxide anion is most

likely present in its mono-protonated form.

References

1. A. J. Bard and L. R. Faulkner, Electrochemical Methods: Fundamentals and Applications,
Wiley, New York, 2nd Edn, 2001.

2. C. Batchelor-McAuley, Q. Li, S. M. Dapin and R. G. Compton, J. Phys.Chem. B, 2010, 114,

4094.

Q. Li, C. Batchelor-McAuley and R. G. Compton, J. Phys. Chem. B, 2010, 114, 7423.

M. Rudolph, J.Electroanal. Chem. , 1991, 314, 13.

M. Rudolph, J.Electroanal. Chem. , 1992, 338, 85.

D. Shoup and A. Szabo, J.Electroanal. Chem. , 1982, 140, 237.

C. P. Andrieux and J. M. Savéant, J. Electroanal. Chem., 1970, 28, 339.

W. H. Koppenol, D. M. Stanbury and P. L. Bounds, Free Radical Bio. Med., 2010, 49, 317.

NN AW




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


