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Abstract―The results of studying optical properties of silver films deposited photochemically on a quartz 
surface are presented. The films consist of isolated silver particles of 5–50 nm in size and of agglomerates of 
several micrometers in size and contain up to 7 wt % of Ag2O. Treatment of the films with dimethylformamide 
solution of [Pden2](BPh4)2 results in a decrease in the average particle size due to dissolution of small particles 
(5–15 nm) and destruction of greater agglomerates.  

Films consisting of silver nanoparticles deposited 
on solid carriers have physicochemical properties 
essentially differing from those of the bulk metal. It is 
caused by the size effects from electronic and 
structural changes in small particles and resulting in 
specific changes in their surface and bulk properties. In 
particular, such films have characteristic plasmon 
absorption bands in UV and/or visible spectral region 
[1]. The character of the absorption, i.e. the intensity 
and shape of the plasmon band, is determined by the 
shape and size of metal particles and by homogeneity 
of their size distribution [2]. This property finds 
application in optics when producing light filters 
allowing separating light of a necessary narrow 
wavelength range [3]. As it was found, the less particle 
size deviates from an average size, the narrower is the 
absorption band of a film, and it is the more selective 
in relation to the absorbed light.  

The preparation of equidimensional silver colloidal 
particles is based on a chemical [4–6] or radiation-
chemical [7, 8] reduction of silver ions in rigid 
polymeric matrices or in porous materials where 
particle growth is limited by a pore size. It seems 
promising to modify a solid carrier surface on which 
metal nanoparticles are precipitated photochemically, 
by metal oxides with semiconductor properties, for 
example, by TiО2 [9, 10]. In this case the modifying 
agent promotes the formation of small particles owing 
to a low quantum yield of the reduction of metal ions. 

The control over optical properties of systems based on 
metal nanoparticles is also achieved by a variation of 
donor-acceptor properties of a surface layer of atoms 
due to the modification of particles by polymers [11] 
containing electrophilic or nucleophilic functional 
groups. Cations of other metals, deposited on a 
nanoparticle surface to form nucleus-shell structures 
[12], and also anions [13] can be considered as 
electron-donor or acceptor surface-modifying agents of 
a peculiar kind. Spectrophotometry is a convenient 
method for controlling the size and dispersity of silver 
particles possessing characteristic plasmon absorption 
bands in the visible spectral region.  

The aim of this work was to develop a method for 
controlling optical properties of materials based on 
silver nanoparticles. 

The irradiation of 0.01 M AgNO3 solutions in N,N-
dimethylformamide (DMF) in contact with a quartz 
slide surface by a monochromatic light with the 
excitation wavelength of 254 nm results in the 
precipitation of silver films on a quartz surface. The 
film color varies from brown to gray-brown in the 
course of the irradiation. The absorption spectra of the 
films taken during the photolysis are presented in Fig. 1. 
The film formation is accompanied by increasing 
absorption at 500 nm (a plasmon band). The band is 
widened in the course of the irradiation that points to 
the deposition of particles with a wide size distribution 
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Fig. 1. Absorption spectra of silver films obtained on the 
irradiation of 0.01 M AgNO3 solution in DMF by UV light 
within: (1) 1.5; (2) 3; (3) 6; and (4) 15 min. 

Fig. 2. Microphotographs of silver films obtained on the irradiation of 0.01 M AgNO3 solution within: (a) 1.5 and (b) 15 min. 

100 nm 100 nm 

  (a)                                                                               (b) 

and to the formation of larger agglomerates of 
particles. According to the electronic microscopy data 
(Fig. 2a), the films with optical density of 0.2–         
0.4 relative units consist of particles of 5–50 nm in 
size. The particles are of irregular shapes and are 
randomly located on a carrier surface. The films with 
optical density of 0.5–0.7 units consist of both 
individual particles (40–50 nm) and agglomerates of 
several micrometers in size (Fig. 2b). In the case of 
films with D > 1 a quartz surface is almost completely 
coated with silver. The presence of silver in the films 
(0.2 D units) is proved by the X-ray photoelectron 
spectroscopy (XRPES). The intensive Ag 3d5/2 signal 

at 368.15 eV points to the fact that the films consist of 
silver particles. The signal of O 1s at 535.3 eV cor-
responding to the Ag–O bond points to the formation 
of oxide on the surface of particles. The oxide content 
reaches 7 wt %.  

The exposure of a quartz plate with a deposited 
silver film to a 0.005 M DMF solution of bis-
ethylendiaminepalladium(II) tetraphenylborate, [Pden2]· 
(BPh4)2, within 30 s results in essential changes in the 
film structure. After 30 s of the contact with the 
solution of the palladium complex the optical density 
in the long-wavelength part of the film spectrum 
decreases and the maximum is displaced to the short-
wave region from 480 up to 440 nm, therewith the 
plasmon absorption intensity increases: the optical 
density in the region of the maximum increases from 
0.15 up to 0.175 relative units (Fig. 3). On keeping a 
film in darkness at room temperature within 2 h a blue 
shift of the absorption band up to 410 nm and further 
increase in its intensity are observed; the optical 
density reaches 0.2 units. The film color becomes 
bright yellow. 

The increase in the absorption band intensity points 
to the formation of particles with a narrow size 
distribution, and the blue shift, to a decrease in the 
average particle size after contacting with the 
palladium compound. As it is seen from the table, the 
ratio (δ) of the half-height of the plasmon absorption 
band to its half-width, which is a criterion of the 
“monodispersity” of the resulting systems, also points 
to the increase in size homogeneity of particles. After 2 h 
of storage of the samples the optical density in the 
entire wavelength range decreases, and the absorption 
maximum is shifted to 400 nm. 
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Fig. 3. Variations in the absorption spectrum of a silver 
film (1) of 0.15 D unit contacted with 0.005 M [Pden2]·
(BPh4)2 solution in DMF on keeping in darkness within : 
(2) 0, (3) 2, and (4) 24 h. 

Fig. 4. Variations in the absorption spectrum of a silver 
film (1) of 1.1 D unit contacted with 0.005 M [Pden2]·
(BPh4)2 solution in DMF on keeping in darkness within:   
(2) 0, (3) 4, (4) 6, and (5) 24 h. 

D, rel. 
units  

Initial Ag film, 
δ×104  

0 1 2 4 6 24 

0.15   3.5   7.6 – 15.2 14.3 – 12.0 

1.1 11.0 12.0 16.4 20.3 34.5 21.0 12.8 

Variations in the ratio (δ×104) of the half-height of the 
plasmon absorption (D units) to its half-width (λ, nm) for 
silver films with various initial optical density after a contact 
with [Pden2](BPh4)2 within 0–24 h 

The films characterized by high optical densities (D 
1.1 units) (Fig. 4) undergo similar conversions after the 
contact with the [Pden2](BPh4)2 solution. At the same 
time we can distinguish the following regularities:    
(1) the intensity of the plasmon absorption band 
increases within 4 h of dark storage and exceeds that 
for the films consisting of a lesser amount of particles 
(the table), and the band maximum is shifted from 520 
to 480 nm; (2) a decrease in the optical density is 
observed after 4 h of storage, and after 24 h a band 
with a maximum at 420 nm and a wide shoulder at  
640 nm is formed in the spectrum. Such a spectrum is 
characteristic for chain structures of particles [1]. 

The observed spectral variations are attributable to 
the influence of [Pden2]2+ ions on silver particles. 
When silver atoms in a surface layer of a particle are 
contacted with [Pden2]2+ ions a redox reaction can 
proceed to form smaller particles stable under existing 
conditions. 

[Pden2]2+ + Ag0
n → [Pden2]+ + Agn–1 + Ag+. 

The dissolution of the surface layer of particles 
making agglomerates results in the formation of 
isolated silver particles on the carrier. The oxidation 
promotes the increase in the fraction of smaller 

particles and, as a consequence, the increase in the 
plasmon absorption intensity in the spectrum.  

The decrease in the optical density by ~25% after 
storage within 2–4 h is caused by further oxidation of 
particles present in the film by [Pden2]2+ ions and air 
oxygen. The experiments have shown that it is not 
possible to avoid the oxidation even if a film is 
carefully washed out with DMF after the contact with 
a [Pden2](BPh4)2 solution. However washing out the 
film with DMF and its subsequent irradiation by UV 
light within 2–3 min allow spectral characteristics to 
be stabilized. According to XRPES, the intensive 
signal of Ag 3d5/2 at 368.3 eV corresponding to silver 
metallic particles is present in the spectra of the films 
thus obtained together with the signal of O 1s at    
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Fig. 5. Microphotograph of a silver film (0.15 D units) 
after treatment with a 0.005 M [Pden2](BPh4)2 solution in 
DMF, dark drying within 2 h, and the subsequent 
irradiation by light with λexc 254 nm within 2 min.  

534.0 eV corresponding to the Ag–O bond. The 
content of the Ag2O oxide is 3.5 wt %. The decrease in 
the oxide content in the film also points to its 
dissolution upon the interaction with [Pden2](BPh4)2. 
Furthermore, weak signals of C 1s electrons were 
detected at 286.4 eV in the С–N bond in amines      
(5.9 wt %), at 287.7 eV in the С=O bond, and N 1s 
signals at 400.1 eV in the С–N bond in amines (1.8 wt %) 
[15]. As these signals were absent from the initial 
samples deposited from DMF solutions, the result 
obtained can be assigned to ethylenediamine and 
products of its oxidation by UV light. Using XRPES, 
we have found neither pure palladium nor its 
compounds in the film. 

 The electron microscopy data (Fig. 5) have shown 
the decrease in the silver particle size up to 25 nm and 
the complete absence of agglomerates of particles in 
the film. The dissolution of the fraction with particle 
size 5–15 nm was observed. The method allows 
obtaining silver particles with a narrow size distribu-
tion in the absence of polymeric stabilizers. The 
resulting samples are stable and conserve their optical 
properties for 2 years. 

EXPERIMENTAL 

Colloidal silver films were prepared according to 
the procedure [14] by the photochemical reduction of 
0.01 M AgNO3 solutions in DMF contacting with a 
quartz glass. The thickness of the photolyte layer was 
1–5 mm. The solutions were irradiated by mono-
chromatic UV light of a Philips TUV 4W/G4 T5 lamp 
with a 254 nm wave length of excitation; the light 
intensity was 4.8×1016 quant cm–2 s–1. The wavelength 

choice is caused by the DMF characteristic absorption 
at 268 nm. The concentration of silver particles de-
posited on a quartz surface was varied by changing the 
duration of photolyte irradiation. The resulting films 
were washed by DMF and dried under dark conditions 
at room temperature in air. Then the films were kept 
within 30 s in 0.005 M DMF solutions of bis-
ethylendiaminepalladium(II) tetraphenylborate, [Pden2]· 
(BPh4)2. 

 Changes in the structure of films were detected by 
spectrophotometry (SF-2000) by an increase or a 
decrease in the characteristic absorption in the range of 
350–450 nm and by transmission electronic 
microscopy (a Hitachi HU-11 instrument, resolution of 
0.3 nm). The X-ray photoelectron spectra were re-
corded on an AXIS Ultra electronic spectrometer of 
Kratos Analytical corporation at the excitation by AlKα 
(1486.6 eV) monochromatic radiation. The spectra 
processing was carried out with the use of a Kratos 
Analytical corporation software. Atomic concentra-
tions were determined from the areas of photoelectric 
lines in view of the transmission function of the 
spectrometer after subtracting the noise (Shirley or 
linear), using the corresponding susceptibility factors 
(ionization cross sections). 

REFERENCES 

  1. Bohren, C.F. and Huffman, D.R., Absorption and 
 Scattering of Light by Small Particles, New York: 
 Wiley, 1983.  
  2. Henglein, A., J. Phys. Chem., 1993, vol. 97, no. 21,       
 p. 5457. 
  3. Pomogailo, A.D., Rozenberg, A.S., and Uflyand, I.E., 
 Nanochastitsy metallov v polimerakh (Nanoparticles of 
 Metals in Polymers), Moscow: Khimiya, 2000. 
  4. Maillard, M., Huang, P., and Brus, L., Nano Lett., 2003, 
 vol. 3, no. 11, p. 1611. 
  5. Jiang, X., Xie, Y., Lu, J., Zhu, L., He, W., and Qian, Y., 
 Langmuir, 2001, vol. 17, no. 13, p. 3795. 
  6. Nersisyan, H.H., Lee, J.H., Son, H.T., and Won, C.W., 
 Mater. Research Bull., 2003, vol. 38, no. 6, p. 949. 
  7. Ershov, B.G. and Henglein, A., J. Phys. Chem. B, 1998, 
 vol. 102, no. 52, p. 10667. 
  8. Henglein, A. and Giersig, M., J. Phys. Chem. B, 1999, 
 vol. 103, no. 44, p. 9533. 
  9. Stathatos, E. and Lianos, P., Langmuir, 2000, vol. 16, 
 no. 5, p. 2398. 
10. Ohko, Y., Tatsuma, T., Fujii, T., Naoi, K., Niwa, C., 
 Kubota, Y., and Fujishima, A., Nat. Mater., 2003, vol. 2, 
 no. 1, p. 29. 



PROCEDURE FOR CONTROLLING SIZE OF SILVER PARTICLES  

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  79   No.  5   2009 

881 

14. Boitsova, T.B., Gorbunova, V.V., and Volkova, E.I., Zh. 
 Obshch. Khim., 2002, vol. 72, no. 4, p. 688. 

15. NIST X-ray Photoelectron Spectroscopy Database. 
 NIST Standard Reference Database 20, Version 3.5. 
 (http:, srdata.nist. gov/xps/Default.aspx). 

11. Kuo, P.-L., Chen, C.-C., and Yuen, S.-M., J. Phys. 
 Chem. B, 2004, vol. 108, no. 18, p. 5541. 
12. Henglein, A., Chem. Mater., 1998, vol. 10, no. 1,          
 p. 444. 
13. Linnert, T., Mulvaney, P., and Henglein, A., J. Phys. 
 Chem., 1993, vol. 97, no. 3, p. 679. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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 0.76
    /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 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 (None)
  /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 <>
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


