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Effect of electrolyte on XAS, XRS, XES, and PES 

Faubel et al. measured the O(1s) X-ray photoelectron spectrum of liquid water using 

Mg Xα radiation (1253.6 eV) and estimated the binding energy (538 eV) and the shift 
from the gas phase value (1.9 eV), although they did not show the spectrum [S1]. They 

found that the gas−liquid shift was independent of the alkali halide added and that it was 
identical to the value reported by Lundholm et al. [S2] for a highly cooled aqueous 

solution of 3.8 M LiCl. Faubel et al. could obtain a reproducible X-ray photoelectron 

spectrum only by adding salts to suppress the streaming potential caused by 

electrokinetic charging; therefore, the value given above was obtained from salt 

solutions. Photoelectron spectroscopy (PES) of aqueous salt solutions has been 

performed in more detail by Winter and coworkers [S3–S5] at photon energies of 

90–100 eV. PES is highly sensitive to the surface due to the short electron attenuation 

length (EAL) (see next section). The concentrations were 2–12 M (mostly 2–3 M), 

which are one or two orders of magnitude higher than our case (0.14 M). Even at such 

high concentrations, they did not observe any noticeable changes in the spectral features 

of water at a resolution of 0.1 eV, which agrees with earlier observations by Faubel et al. 

[S1]. In ref. [S5], they described the photoelectron spectra of aqueous NaCl (3 M) and 

NaOH (2 M) solutions as being “nearly identical with the corresponding water 

spectrum”. The effect of salt on hydrogen bonding in liquid water has been investigated 

by several workers using X-ray absorption spectroscopy (XAS) and X-ray Raman 

spectroscopy (XRS) [S6–S8]. These studies found that the addition of NaI, NaBr, and 

NaCl to water enhances the absorption intensities of the pre-edge and the main edge, 

whereas it reduces the post-edge intensity. However, noticeable changes in the spectra 

were observed only for high salt concentrations (> 1 M). Naslund et al. stated that 

“neither strongly nor weakly hydrated ions affect significantly the average number of 

hydrogen bonds in the bulk liquid as probed with XAS/XRS” [S9]. Again, the NaCl 

concentration used in our study is an order of magnitude lower than those used in XAS 

[S6–S8]. 

Guo et al. [S7] reported X-ray emission spectroscopy of aqueous solutions of 

NaCl, MgCl2, and AlCl3 (1 M). Their spectra of these solutions and of pure water 

exhibited a single-peaked narrow band of 1b1 1a1 at hν = 534.5 eV, which became 
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broad bands at hν = 570 eV. The broadness of the band in the latter case is essentially 
the same as the band splitting observed by Tokushima et al. [S9], although the 

low-resolution (0.4 eV) measurements by Guo et al. made it difficult to resolve the 

splitting of the band. This result clearly indicates that the mysterious split of the 1b1 

1a1 band in liquid water is essentially the same as that in aqueous salt solutions. 

 

The electron attenuation length in PES and surface activity of ions 

The EAL is defined as the distance at which the electron flux is reduced by a factor of 

1/e. It is rather difficult to evaluate the EAL for liquid water, but it is estimated to be 

about 2 nm (3 nm) at a kinetic energy of 100 eV (500 eV) [S10]. Jungwirth and Tobias 

calculated depth profiles for the [Na+] and [Cl−] concentrations in aqueous NaCl 
solution [S11]. Their profiles are almost flat, unlike that of NaI, for instance. 

Furthermore, electrical bilayers of alkali metal ions and halogen ions exist within ca. 1 

nm from the liquid surface, whereas the EAL (3 nm at 500 eV) is over 2–3 times greater 

than this distance. 

 

OH dangling bonds at the surface 

The influence of the electrolyte on hydrogen bonding at the air−liquid interfacial region 
of aqueous salt solutions has been investigated by vibrational sum frequency generation 

spectroscopy [S12, S13]. It was found that the infrared spectrum in the OH stretching 

region is least affected by aqueous NaCl solution of various aqueous alkali halide 

solutions. These studies were performed using 1–2 M solutions. Thus, we believe that 

the OH hydrogen bonding structures at the surface will not be noticeably affected by the 

presence of 0.14 M NaCl in solution. Again, the EAL of PES is much larger than the 

depth of a single monolayer of surface molecules. We do not anticipate that dangling 

OH bonds at the surface affect PES at photoelectron kinetic energies of over 500 eV. 

 

References 

 

[S1] M. Faubel, B. Steiner, and J. P. Toennnies, J. Chem. Phys., 1997, 106, 9013. 

[S2] M. Lundholm, H. Siegbahn, S. Holmberg, and M. Arbman, J. Elec. Rel. 

Phenom., 1986, 40, 163. 

[S3] R. Weber, B. Winter, P. M. Schmidt, W. Widdra, I. V. Hertel, M. Dittmar, and 



Supplementary Material (ESI) for PCCP 
This journal is © the Owner Societies 2011 

M. Faubel, J. Phys. Chem. B, 2004, 108, 4729. 

[S4] B. Winter, R. Weber, I. V. Hertel, M. Faubel, P. Jungwirth, E. C. Brown, and S. 

E. Bradforth, J. Am. Chem. Soc., 2005, 127, 7203. 

[S5] B. Winter, M. Faubel, I. V. Hertel. C. Pettenkofer, S. E. Bradforth, B. 

Jagoda-Cwiklik, L. Cwiklik, and P. Jungwirth, J. Am. Chem. Soc., 2006, 128, 3864. 

[S6] C. D. Cappa, J. D. Smith, K. R. Wilson, B. J. Messer, M. K. Gilles, R. C. 

Cohen, and R. J. Saykally, J. Phys. Chem. B, 2005, 109, 7046. 

[S7] J. -H. Guo, A. Augustsson, S. Kashtanov, D. Spangberg, J. Nordgren, K. 

Hermansson, Y. Luo, A. Augustsson, J. Elec. Spec. Rel. Phenom., 2005, 144-147, 287. 

[S8] L. -A. Naslund, D. C. Edwards, P. Wernet, U. Bergmann, H. Ogasawara, L. G. 

M. Pettersson, S. Myneni, and A. Nilsson, J. Phys. Chem. A, 2004, 109, 5995. 

[S9] T. Tokushima, Y. Harada, O. Takahashi, Y. Senba, H. Ohashi, L. Pettersson, A. 

Nilsson, and S. Shin, Chem. Phys. Lett., 2008, 460, 387. 

[S10] N. Ottosson, M. Faubel, S. E. Bradforth, P. Jungwirth, and B. Winter, J. Elec. 

Spec. Rel. Phenom., 2010, 177, 60. 

[S11]  P. Jungwirth and D. J. Tobias, J. Phys. Chem. B, 2005, 105, 10468. 

[S12] G. L. Richmond, Chem. Rev., 2002, 102, 2693. 

[S13] E. A. Raymond and G. L. Richmond, J. Phys. Chem. B, 2004, 108, 5051. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /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 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /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 <>
    /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.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


