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Sol-gel derived titanium dioxide nanoparticles with con-

trolled size distribution and morphology are of great

interest for different applications [1]. Understanding the

phenomena occurring during the initial stage of particle

growth is especially important, because they determine the

properties of the final products (powders, films, gels). The

titania sol-gel polymerization follows essentially a differ-

ent pathway than the relatively well studied silicon based

sol-gel process [2]. Generally, in the silicon case, indi-

vidual monosilicate serves as building units during the

process, while in the titania polymerization the role of

building blocks can be played by polyoxoalcoxides (tita-

nium oxide clusters) [2–4]. Particularly Ti11O13(OC3H7)18

was proposed as such a building block in the case of

titanium isopropoxide (TTIP) based sol-gel process [3]. A

stable solution of these clusters can be obtained by

hydrolysis of TTIP under low hydrolysis ratios H < 1

(H is the molar ratio of water and alkoxide). It can be

analyzed e.g. by O17 NMR spectroscopy [4].

In the case of H > 1.5 the hydrolysis of TTIP does not

result in a stable solution of polyalkoxides: the precipita-

tion of titanium dioxide particles takes place after a

so-called induction period. The presence and size evolution

of nanoparticles with radius 1.5–6 nanometers during the

induction period of the process has been studied by

dynamic light scattering (DLS) [5, 6]. However the DLS

does not give information about composition of observed

nanoparticles. The identification of polyalkoxides directly

during the induction period of TTIP based sol-gel process

would be of great interest. Electrospray ionization mass

spectrometry (ESI-MS) [7] is a valuable tool to such an

investigation. It was successfully applied to description of

protein compounds [8], and recently was also used to

determine the composition of polyaluminium oxyhydrox-

ide clusters [9].

Titanium has 5 isotopes with high natural abundance:
46Ti (8.25%), 47Ti (7.44%), 48Ti (73.72%), 49Ti (5.41%),
50Ti (5.18%). It makes it possible to use the isotope

broadening of ESI-MS spectra peaks in order to find the

number of titanium atoms in clusters. Afterwards the

molecular weight of the clusters can be used to determine

the content of other elements (C, O, H).

The theoretical isotope patterns for clusters containing

different number of titanium atoms were calculated

by using the ‘‘Sheffield ChemPuter Isotope Patterns

calculator’’ [10]. The pattern distributions can be well

approximated by a Gaussian

A exp �ðM �M0Þ2

w2

 !
ð1Þ

where A is a constant, M is the mass of a cluster, M0 is the

mass of the most frequent cluster and w is a broadening.

The value of w was calculated for the clusters with the

number of titanium atoms n from 5 to 15. The dependence

of w as a function of n is presented in Fig. 1.

The calibration curve of Fig. 1 can be used to estimate

the number of titanium atoms in the cluster.

A usual formula to describe titanium polyalkoxides is

TinOm(OR)4n-2m [3, 4], where R is hydrocarbon group.

Taking into account that the surface OR groups can be
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hydrolyzed, the more general formula with 3 parameters

can be written:

TinOmðORÞ4n�2m�kðOHÞk ð2Þ

Finally the clusters can contain adsorbed water mole-

cules, which gives additional 4th parameter.

In this letter the results of the application of ESI-MS for

a TTIP based sol-gel process are reported. The sol-gel

process was carried out using TTIP (98+% Acros Organ-

ics), isopropanol (99+% Acros Organics, 0.05% maximum

water content) and distilled water. A solution of TTIP in
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Fig. 1 Isotope broadening (w) as a function of number (x) of titanium

atoms
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Fig. 2 (a) Experimental ESI-

MS spectrum. (b) Gaussian

approximation of the spectrum

by formula 1, m = 1535,

w = 5.34
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isopropanol (solution A) and a solution of water in iso-

propanol (solution B) were prepared. Under intensive

stirring the solution B was quickly added to the solution A.

The molar concentration of TTIP and the hydrolysis ratio

in the final solution was 0.15 M and 2.7 respectively. After

30 s the stirring stopped and samples for ESI-MS spectra

measurements were performed. Before ESI-MS analysis

the samples were diluted 1000 times in isopropanol.

The ESI-MS spectra were registered with an interval of

10 min during the induction period (which was about

30 min). The LC-MSD-Trap-SL spectrometer was used

with a drying temperature of 325�C and a capillary exit

voltage of 164 V. A spectral region 1000–2000 m/z with z

positive was investigated. Maximum intensity peak with

m/z = 1535 was present on all spectra. The spectrum in the

region 1524–1542 m/z is presented in Fig. 2a.

The fact that the distance between the fine structure lines

is 1 m/z indicated that clusters had a unit positive charge

(z = +1). The intensity of the peak did not change signifi-

cantly with time. The Gaussian approximation (1) of the

experimental spectrum (Fig. 2b) gave the broadening

w = 5.34, which corresponded to 11 titanium atoms. Fixing

n = 11 and varying m and k in formula (2), as well as a

number of water molecules, permitted us to find the

following system, which can correspond to the observed

spectrum: Ti11O13(OR)10(OH)8 + 4H2O + H+ (R = C2H7),

with a mean cluster mass Mc = 1535 and a unit positive

charge.

After the calculation of the number of carbon atoms, the

consistence of the isotope broadening with the composition

of the resulting system must be checked again, because of

the presence of isotope 13C, which can also contribute to

the broadening of the ESI-MS spectra. However this con-

tribution was not significant in our case. Theoretical cal-

culation of the isotope broadening of this system, taking

into account 13C atoms, gave the value of w = 5.42, which

is still in a good agreement with the experimental value.

The analyses of the ESI-MS spectra seems to confirm

the hypothesis that clusters containing 11 titanium atoms

serve as building bricks during induction period of TTIP

based sol-gel process. The constant intensity of the peak

corresponding to these clusters suggests that the aggrega-

tion mechanism is a reasonable explanation of nanoparticle

growth during the induction period of the process [11]. If

fact, if the process consisted of a transformation of smaller

clusters into bigger ones, the former would be consumed in

the course of the induction period. In the contrary, aggre-

gated particles containing Ti11-polyalkoxides as elemen-

tary units can disaggregate during ESI-MS analysis and

their number can therefore remain constant.

The explanation of the details of cluster composition is

not obvious. Namely, it is not clear why the stable form of

this cluster has just 8 hydrolyzed alkoxy groups and 4

adsorbed water molecules. It is worth noticing that in spite

of the extremely mild character of spray preparation and

ionization, surface of the clusters can be changed (e.g.

hydrolyzed) during this process, so that the observed

structure of the cluster can be slightly different to that in

the solution. However we believe that the number of tita-

nium atoms in a cluster cannot be changed during the ESI-

MS analysis and a reliable value is obtained in such an

experiment.
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June 1997

5. Soloviev A, Ivanov D, Tufeu R, Kanaev AV (2001) J Mater Sci

Lett 20:905

6. Soloviev A, Tufue R, Sanchez C, Kanaev AV (2001) J Phys

Chem B 105:4175

7. In: Cole RB (ed) Electrospray ionization mass spectrometry:

fundamentals, instrumentation, and applications. John Wiley and

Sons, 1997

8. Boysen RI, Heatn MTV (2000) J.Biochem.Biophys.Methods

45:157

9. Søgaard EG (2002) In: Hahn HH, Hoffmann E, Ødegaard H (eds)

Chemical water and wastewater treatment VII: proceedings of the

10th Gothenburg Symposium. June 17–19, 2002, Gothenburg,

Sweden, p 3

10. http://www.shef.ac.uk/chemistry/chemputer/isotopes.html

11. Soloviev A, Jensen H, Søgaard EG (2003) J Mater Sci 38:3315

J Mater Sci (2006) 41:6159–6161 6161

123


	Fig1
	Fig2
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


