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Abstract — Original methods of photochemical preparation of stable mono- (Cu, Ag, Au, Ni, Pd, Pt) and
bimetallic nanoparticles in the form of optically transparent compact films on quartz surface and of volume
dispersions in porous inorganic (silica glasses) and organic (MF-4SK fluorocanateyials, solid polymers
(polyvinyl alcohol, polyethylene glycol, gelatin, latexes), and in liquid media (glycerol) are reviewed. The
results of studies of spectral and structural characteristics of nanophase films under various experimental
conditions are presented. Experimental mechanistic models and ways of controlling disperse composition of
metal colloids, which can be used for photochemical synthesis of nanophase systems, are proposed.

Deposition of colloidal forms of metals on dielectric showed that these requirements are satisfied by the
surfaces and in bulk solutions is a topical question ophotochemical method [B]. The advantages of the
producing functional nanophase materials and sugshotochemical method are: (a) high simplicity and
ported catalysts. The wide application of materials oow cost of equipment; (b) high'purity” of the re-
the basis of colloidal metals is caused by the uniquducing agent used (light quanta) which is able to
combination of electrical, magnetic, optical, catalytic,reduce many transition metal ions fast and effectively;
and other properties of these particles, atypical of bullaend (c) good reproducibility in a wide temperature
metals. Colloidal metals deposited on solid surfacesange and in various media. Importantly, the photo-
are widely used in creating materials for electronicsynthetic process does not require deaeration and use
and laser optics, in developing techniques for absorpsf stabilizers which are powerful catalytic poisons
tion and emission spectroscopy, and in military(surfactants, micellesg-acceptor ligands). As com-
industry. Colloids precipitated in polymeric matricespared with colloids obtained traditionally (chemical
are used for creating anticorrosive coatings. Theeduction, high-frequency discharge, ultrasonic dis-
application of metallic colloids (of silver) in produc- pergation, metal vapor deposition), photosynthesized
tion of bioactive preparations has also been reportedolloids are distinguished by narrow size distribution

_ _ _ .. (high monodispersity) and high stability. The copper,

In the last few years, bimetallic colloids are gainingsjlver, and gold colloids we synthesized at our
ground due to the uniq_ue possibility of varying thei_rlaboratory in porous glasses, in solid polymers, and
donor-acceptor properties. To date, the problem i§, the form of compact films undergo no visible
that these reactive species whose properties afBanges for two years, and glycerol solutions with-

strongly dependent on dimensions, composition, angiang exposure to air at room temperature for 10 days.
surface admixtures are difficult to prepare. The exist-

ing methods of preparation of nanometals fail to The developed method of phototosynthesis is based

ensure necessary reproducibility or are too expensivé the following theoretical propositions [3-9].

for wide usage. Therefore, search for an accessibfexcitation of transition metal complexes in the li-

reproducible method of synthesis is a high-prioritygand—>metal charge-transfer region causes one-elec-

fundamental problem. tron reduction of the central ion, which, under certain
conditions, results in formation of zero-valent forms

As follows from an analysis of practically useful and nanoparticles of the metals:

properties of materials on the basis of metal colloids, o

the method for prepalringh th¢|adcolll_oi€|s should shatisfy IMZ*Lls == (M @& 4 L)

certain requirements: It should reliably secure the ne- (-1)+ : 1

cessary particle size and high size uniformity (high M ) ;”‘ﬂSJr L+S, M)

monodispersity) of the resulting samples and provide MEDH 1 25 0y =0 )

reproducible results. Comparison of various methods [ s (Ms (Myds.
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PHOTOCHEMICAL METHOD OF CONTROLLING DISPERSITY 643

where M is metal, L ligand, and S solvent. The use of From the dependences of the optical density of
highly light-sensitive complexes and accepting mateolloidal films on the surface coverage (obtained
rices (solvents), which function a$econdary re- from microphotographs and microprobe analysis data)
ductants of intermediates, promotes effective formaand on the assumption that nanoparticles are spherical,
tion of small metal particles. i.e. film thickness is determined by the diameter of

. , . particles constituting the film, estimated the extinction
Preliminary tests with various metal Complexescoeﬁicients of colloidal metals, | molcm s 5200

showed that only those complexes could be used ?aold), 5800 (silver), 6400 (copper), 4800 (nickel),

initial ones where the quantum yield of reaction (1) )
. . . . -and 4600 (palladium). These values were used for
was not lower than 0.1. This requirement is satisfie alculating the quantum yields of formation of

by complexes containinggood’ electron donors in . :

the inner or outer sphere, such as anions of carboxyh@ev’l"IC colloids.

and aminocarboxylic acids, as well as tetraphenyl- Gold. Irradiation of a thin layer<1 mm) of a solu-
borate ion, in particular, copper(ll) tetraphenylboratgjon of HAUCI4 in DMF through a quartz glass con-
bisethylenediamine  [Cug}{BPh,),. Along with  tacting the solution, leads to photoinduced growth of a
[Cueny](BPh,),, the following compounds were thin optically transparent film on the quartz surface.
chosen for preparing photolytes: [CyO,, AgNO;,

[Ag(NH,),IBF,, [Agen]BF,, HAuCl,, [Auen,]Cl,, Characteristic changes in the UV spectrum of the
[Nieng](BPhy),, [Pden](BPh,),, and Pd(CIQ),. photolyte and of gold films are shown in Fig. 1. As
seen, on first stages, irradiation of the HAWGblu-

f1h 4 th i f th i &on leads to attenuation of the strong absorption at
of the process and the composition of the resulting 355 nm (Fig. 1, curved and?2), corresponding

colloids depend on the photolyte composition, theqy"hhoreduction of Au(lll) to Au(l). Gold nanopar-
concentration of the light-sensitive metal compleXyjqieq pegin to form in solution (curve) and, after a
the energy and intensity of light, the geometry of theg, o+ period of time, on quartz surface (Fig. 1, curve
reaction vessel, and the presence of oxygen in th& which is detected by the appearance of a mono-

system. tonic structureless band related, according to [10], to
To obtain optically transparent homogeneous filmsnetastable gold clusters-1.5 nm in size. Further
of colloidal metals, we used photolyte layers with acluster growth, with formation of colloidal gold,
thickness of no more than-2 mm, monochromatic shows up in the appearance and growth of a plasmon
(Aexc 254 nm) and unfiltered light with an intensity of peak at 560 nm. The colloid concentration in bulk

no less than 510% quantum crif s2. photolyte attains a maximum after 30-min exposure

In parallel with the process of photodeposition of(Fig- 1, curve5) and then decreases due to particle
films on the surface of a solid carrier, metallic Sedimentation. The absorbance of the colloid film on
colloids are also formed in bulk photolyte. To obtainduartz surface monotonically increases, attaining
dispersions in bulk photolyte, decreased light intensity2-0 D after 45min. The fact that the positions of the
decreased concentration of initial metal complexPlasmon peak for the colloid phase in photolyte bulk
increased photolyte layer thickness, and/or increasedld on quartz surface are identical gives evidence for
photolyte viscosity (addition of glycerol or ethylene close sizes of both colloid particles. However, electron
glycol) were used, with simultaneous deaeratiofnicroscopy indicate higher monodispersity of the
(barbotage of argon, helium, and nitrogen). Viscougdsorbed colloid as compared with the bulk one.
matrices are preferred, since they hinder colloidntérestingly, the degree of film monodispersity in-
aggregation and oxidation. For example, colloidafréases with irradiation time. This is confirmed by the
dispersions of copper are stable no longer than fdfUrves of pa(tlcle_ size distribution in fllm_s (Fig. 2),
10-15 min when obtained in 2-propanol angN-di- obtained on irradiation for 20 and 30 min. As seen

methylformamide (DMF) and up to 48 h when ob-rOm Fig. 2, increasing photolysis time increases a
tained in DMF:glycerol = 1:10. 15-20-nm fraction of particles which are the most

. , table under the given conditions.
Operative control of photosynthesis was performedq' g

by spectrophotometry. This method is rather infor- The film-formation process begins with formation
mative here, since colloidal metal particleslD0 nm of isolated colloidal particles on certain parts of quartz
in size exhibit specific plasmon absorption in thesurface. Then, free quartz areas are coated due to
visible range. The position of the maximum and theformation of new particles and their agglomeration.
intensity and shape of the plasmon bands are suitabkor gold, the optical density in the plasmon peak re-
gualitative criteria for the structure of colloidal gion (1.2 D) corresponds to a 100% surface coverage.
particles and nanophase materials. Using more intense luminous fluxes yields films with
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Fig. 1. Variation in the absorption spectrum of the d, nm
photolyte (solid line) and of the gold film deposited on
quartz surface (dotted line) on photolysis of a 0.01 M Fig. 2. Curves of size distribution of gold particles in the
solution of HAuUC}), in DMF at %q,. 254 nm ( 4.2x films obtained on photolysis of a 0.01 M solution of
1016quantum cmé st photolyte layer thickness 1 mm). HAUCI, in DMF for (a) 20 and (b) 30 minj{, 254 nm,
Irradiation time, min: photolyte: 1) 0, (2) 5, (3) 10, | 4.2x10'6 quantum cmé st photolyte layer
(4) 12, (6) 30, and 6) 45; films: (5') 30 and 6 45. thickness 1 mm).

an optical density of up to-3 D, i.e. three-dimen- siderably higher than in a crystal of bulk gold
sional structures caused by deposition of severgB4.0 eV).

particle monolayers. Importantly, the films maintain
nanophase structure, high uniformity, and transparencgr
throughout the process.

Gold films are formed not only via photoinduced
owth of nuclei on quartz, but also via dark adsorp-
tion from the near-surface layer of clusters-1L.% nm

Diffraction measurements showed that, in paralleln size. This follows from the experimental data pre-
with increasing number of particles in the film, their sented in Fig. 4. A dispersion of gold clusters, ob-
structure also changes. Amorphous particles thatined by photoreduction of HAuglin DMF and
prevail on the initial stage then transform into crystalcharacterized by diffuse broad absorption in the range
line ones. The crystallization process develops durin§60-800 nm (Fig. 4a, curvd), was placed in a clean
24 h and do not influence the optical properties of thejuartz cell and kept in the dark. After 2 h, the bulk
films (Fig. 1, curve 6). The calculated lattice sol practically completely transformed into an op-
constants for gold submicrocrystals are identical tdically transparent film on cell walls, that exhibited
those for corresponding bulk metals. well-defined plasmon absorption (Fig. 4, curg
Amax 610 nm). By contrast, the formed colloidal gold
particles are not prone to adsorption, i.e. do not yield
films (Fig. 4b). In this case, the bulk colloid decom-
oses via aggregation and subsequent particle sedi-
entation to form a loose black precipitate at the cell
ottom. Thus, sorption of small gold particles from
ulk photolyte contributes to formation of colloidal
Bilms of gold on quartz.

As shown by X-ray photoelectron spectroscopy
the films of colloidal gold on quartz, obtained from
DMF solutions of AuC}~, contain chlorine and nitro-
gen admixtures (Fig. 3). This can be related to th
AuCl,” anions adsorbed on the surface of nanopar-
ticles (the presence of a characteristic Au(lll) peak ag
93.7 eV and DMF) or to their oxidation products. At
the same time, these and other admixtures were n
detected by microprobe analysis. As follows from the At equal light intensity and other conditions, the
X-ray photoelectron spectra, the bonding energyfof 4effectiveness of deposition of gold films on quartz is
electrons in the colloidal particles (90.2 eV) is con-4 times higher under irradiation at,,. 254 nm than
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Fig. 3. X-ray photoelectron spectrum of the film of
colloidal gold photodeposited on quartzg 80%).
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Fig. 5. Kinetic curves of photochemical formation of
colloidal gold films on quartz from 0.01 M DMF solu-
tions of (1-5) HAuCl, and @) [Aueny)]ClsF (I 1 mm).
Exciting light intensity, quantum e sL: (1, 6 4.2x
1016, (2) 1.2x 1016, (3) 7.0x 105, (4) 8.0x 101 (hgye =
254 nm), and %) 3.0x10 (unfiltered light).

under irradiation with unfiltered light. In the latter
case, the induction period is almost 125times
longer (Fig. 5) and the average particle size increases
until compact metallic films of bulk gold are formed.
This shows up in appearance of a characteristic ab-
sorption band in the spectrum (Fig. 6a, curge
Nevertheless, such colloidal films are characterized
by a high degree of monodispersity (Table 1) on the
initial stage of photolysis (up to 90 min.). Excitation
of the solution af.,,. 365 nm is ineffective and yields
no film. In this case, the process terminates on the
stage of formation of Au(l) complexes for which the
light with A 365 nm is not actinic.

Deposition of gold particles on quartz occurs
only if the light intensity exceeds ~1.0x

10 quantum cr? st (Fig. 5). The existence of an
intensity threshold is explained by the fact that the
photochemical reduction of Au(lll) and Au(l) to Au(0)

is accompanied by dark reoxidation of the resulting
atoms and small nuclei. As a consequence, increasing
intensity results in regular increase in the quantum
yields of formation of a nanophase gold film on
quartz (Table 1). In addition, increasing intensity
favors decreased average particle size and improved
uniformity of the nanophase covering. For example,
at  light intensities higher  than 42
10'® quantum cri? s one can obtain gaily colored
uniform coverings of colloidal gold on quartz with
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Fig. 6. Absorption spectra of nanophase films of (a) gold
and (b) copper on quartz obtained on irradiation with
unfiltered light ( = 3.0x10'6 quantum cm?s1, | =
1 mm) of a 0.01 M solution of HAuGlin DMF and of a
0.05 M solution of [Cuesl(BPhy), in DMF. Surface
coverage, % (irradiation time, min): (a)1)( 45 (30),
(2) 60 (45), B) 95 (90), @ >100 (120), and¥) >100
(180); and (b): §) 24, (7) 37, (8) 40, (9) 47, and (0) 52.

creasing concentration of the initial gold complex
(Table 1).

As the concentration of the initial Au(lll) complex
in the photolyte is increased within the range {B)px
102 M, the plasmon absorption maximum shifts
bathochromically from 520 to 66820 nm, which
suggests increased average (photostable) particle size.
Raising of the initial complex concentration above 5
103 M produces the inverse effect: the average particle
size decreases and shows up in the hypsochromic shift
of plasmon film absorption from 66620 to 560 nm.

With [Auen,]Cl; as initial complex, the induction
period of film formation becomes shorter (Fig. 5) and
colloid formation mostly occurs in photolyte bulk. To
all appearances, here ethylenediamine plays the role
of a secondary reducing agent, favoring fast formation
of nuclei and their further growth to colloidal particles.
Herewith, cluster growth and sedimentation of col-
loidal particles in photolyte bulk precede cluster dif-
fusion to quartz surface.

The effectiveness of film formation of quartz sur-
face is much unfavored (effective quantum vyield
@, < 107%) by addition to DMF solutions of stronger
(compared with DMF) secondary reducing agents,
such as 2-propanol and acetone(18), and also by
replacement of DMF by acetone, 2-propanol, me-
thanol, or ethanol. In this case, fast formation and
growth of nuclei of the colloidal phase in the bulk is
observed. The latter process is faster than particle
adsorption on quartz surface. Herewith, dispersions
tending for aggregation are formed, sedimenting to
give loose precipitates. The particle size in colloidal
films varies over a wide range. The average particle
size in such films X5 580-600 nm) is larger than in
films obtained in DMF.

As seen from Table 1, the increase of the photolyte
layer thicknessl from 0.2 to 10 mm does not in-
fluence the average size of film-forming particles. The
dependence of®_,(n) on layer thickness has an
extremum. The induction period of colloidal gold
formation monotonically increases with attaining
8 min atl 0.2 mm, 12 min at 1.0 mm, and 45 min at
| 10 mm.

Silver. Solutions of AgNQ, [Agen]BF,, and
[Ag(NH,),]BF, in DMF (A, 254 nm) were used for

Dmax > 2, which corresponds to the coverage degrepreparing insular silver films. Preliminary deaeration
~100% and implies formation of three-dimensionalwas not applied. As seen from Fig. 7a, the onset of
structures. The hypsochromic shift of the plasmorformation of a film of colloidal silver X, 440 nm)

bands from 620 to 540 nm corresponds to the decrease quartz contacting a photolyte is associated with

in the particle size from 3810 to 16-20 nm with

appearance of a low-intensity band, ¢, 345 nm).

increasing light flux intensity. The quantum yields of According to [11], this absorption relates to silver
formation of gold films regularly increase with in- clusters about 1 nm in diameter. Interestingly, these
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Table 1. Average particle sizedd] and effective quantum yieldsD(,) of gold film deposition from DMF solutions at
varied photolysis conditionsi{,. 254 nm and unfiltered light)

Initial complex Ceomp Layelr t:ql;kness l,, quantum crr? st d, nm Dol
HAuCI, 2.5x10°3 1.0 4.2x 10 10-15 2x1072
HAuCI, 5x103 1.0 4.2x 10 30-40 4% 107
HAuCI, 1x102 1.0 4.2x 10 10-20 1x101
HAuCI, 1x102 1.0 1.2x 106 20-30 8x 102
HAuCI, 1x102 1.0 7.0x 101 30-40 5x 1072
HAuCI, 1x102 0.2 4.2x10' 10-20 4x10°3
HAuCI, 1x102 10.0 4.2x10' 10-20 6x103
[Auen,]Cl, 1x102 1.0 4.2x 10 30-50 2.6x107%
HAuCI, 1x102 1.0 Unfiltered light, 30-50 5x 1072

3.0x 106

highly reactive intermediates are rather stable in th&atter depends on the nature of the initial complex.
adsorbed state and withstand exposure of the suppdsnder the same conditions, replacement of AgN§

to air for 10-15 min. Growth of adsorbed clusters and[Ag(NH,),]BF, results in decreased average particle
coverage of the surface with silver nanoparticlesize and increased degree of monodispersity of the
is accompanied by improving film structure atnanophase system. With [Agen]BEFig. 8, curve2),
maintaining the average particles sizg,{, const). chain agglomerates characterized by two-band absorp-
As with gold, increased photolyte viscosity causegion are formed [10]. This could be explained by the
colloidal silver formation mainly in the bulk of the ability of the bidentate ligand to form polynuclear
liquid phase. In 1:1 glycerol:DMF mixtures, the complexes, precursors of metal clusters, on one side,
same silver clustersi(,,, 345 nm) are formed, stable and by the higher reductive power of ethylenediamine,
in the dark up to 35 min. In more viscous systems aas compared with ammonia, in finishing reduction of
a 9:1 glycerol: DMF ratio, clusters with,,,,, 325 nm intermediates, on the other. Indeed, in contrast with
(Fig. 7b, curved and?2) are formed, which, according stable [Ag(NH),]", the complex [Agesi* tends to

to [12], have the composition &g The shift of the dark reduction in alcoholic matrices (2-propanol,
maximum from~440 to 460 nm and the shape of theglycerin, polyvinyl alcohol). For example, in the solid
plasmon bands indicate that bulk silver dispersiongolyvinyl alcohol, small amounts of Agand Ag,

are less uniform compared with solid films and~1 nm in diameter, are found already on in the pro-
contain both low-atomic clusters and large colloidalcess of drying photolayers for 30 min. At the same
agglomerates (long-wave branch of the band). The ugene, as seen from Table 2, in the case of silver,
of rigid matrices, solid polymeric layers of polyvinyl replacing ammonia by ethylenediamine in the inner
alcohol, polyethylene glycol, and gelatin, prolongssphere only slightly influences the quantum yields of
the lifetime of intermediates. For example, the gAg formation of silver films.

and Ag, clusters~1 nm in diameter, photogenerated

in polyvinyl alcohol, are stable on exposure of ir- By contrast, the quantum yield of colloidal silver
radiated samples to air in the dark for more than twanore than doubles when passing from [Ag@
days. to [Ag(DMF),]* (solution of AgNG, in DMF). As in

éhe case of gold, botkd_, and the degree of mono-

In contrast to the above gold clusters and small,. . : . . AN :
particles, silver clusters give gharacteristic absorptio ispersity of film particles increase with light intensity,

bands in the UV range. This is caused by the eleciil p50h PERRIE St CooEe 0o e
tronic structure of the metal, namely, by the fact tha '

its dielectric permittivity is contributed by free elec- C:‘itﬁg";er eC(i)cT s;?iréz ?gliﬁlgéidfg?r l)S:J|I\/kermSeLf[gll'nICFO-
trons only, whereas in copper and gold bound elec- y ’

trons are also involved. According to the data of X-ray photoelectron spec-

From electron microscopy data and the shape dfosocopy, the bonding energy odl lectrons is con-
the plasmon bands of photoinduced silver colloidssiderably higher for silver colloids (373.0 eV) than
(Fig. 8) it follows that the internal structure of the for bulk crystals (368.1 eV) and depends on patrticle
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Fig. 7. Variation of the absorption spectrum of silver
nanoparticles on photolysis of (a) a solution of
[Ag(NH3),]BF, (C 0.01 M) in DMF and (b) a solution
of AgNO3 (C 0.01 M) in glycerol:DMF, 9:1.Aq.
254 nm, | 4.2x10'% quantumcm?s?d, | 1 mm.
(a) Adsorbed films, and (b) bulk dispersions. Irradiation
time, min: @) 2, 2) 5, 3) 10, @) 20, ) 45; 6) O,
(7) 0.5, ® 15, © 5, and (0O) 25.
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Fig. 8. Absorption spectra of silver nanophase films
obtained from 0.01 M solutions of 1 AgNO;,
(2) [Agen]BF,, and @) [Ag(NH3),]BF, in DMF (Aaye
254 nm,| 1 mm, | 4.2x10'® quantum cm? s7%).

Copper. The formation of films of colloidal copper
on quartz surface has a number of peculiarities. Firstly,
film growth is accompanied by increase in the size of
film-forming particles, which is seen from a batho-
chromic shift of plasmon absorption. Under certain
conditions, this shift can attain 100 nm and more.
Secondly, in contrast with gold, nanoparticle forma-
tion occurs in the presence of the initial Cu(ll) com-
plex in the photolyte. Figure 9 shows characteristic
changes of the absorption spectrum of films of col-
loidal copper, formed under UV irradition on a quartz
plate in contact with a DMF solution of [Cugn
(BPhy),. Film formation begins with adsorption of
nuclei that, as in the case of gold, have no characte-
ristic absorption bands in the near UV and visible
spectral range, on account of their specific electronic
structure [10]. Cluster growth and appearance of
single particles on quartz surface give rise to a weak
plasmon peak at 610 nm. On this stage, the insular
film (surface coverage~17 %) is characterized
by a wide particle size distribution with a maximum
near 30 nm, as is seen froRig. 10. Then theverage

size. As the patrticle size increases, the bonding energparticle size slightly increases up 0 nm and no
approaches its value for bulk samples. The X-rayonger changes up to 8000% surface coverage, i.e.
photoelectron spectra also showed the presence op to formation of a colloidal monolayer. Interestingly,
57% of Ag,O in the silver films (maximum at the degree of film monodispersity increases on this

535.3 eV).

stage. Further film growth, i.e. deposition of nano-
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particles on already existing particles, shifts the
plasmon peak to 68020 nm and renders it broader. 167
According to theory, this is related to an essentialp
contribution of interparticle interaction which is in

any case stronger than on formation of compact three-
dimensional structures of gold and silver nanopatrticles.
The particle agglomeration that shows up in broaden- 1.2}
ing and bathochromic shift of the plasmon peak is the
weaker the higher light intensity. For example, the
copper films D, ~2) obtained from a 0.05 M solu-

tion of [Cuen](BPh,), in DMF under irradiation at
4.2x 10" quantum cr? st give a well-defined peak 0.8}
——_\/\\

at 650 nm. This means that the film comprising about 3
two monolayers preserves the nanophase structure.
o 2
The absence of plasmon absorption in the spectrum
of irradiated photolyte after photolysis indicates that
colloidal copper is deposited only on the solid surface 0.4 L

and does not form in photolyte bulk, as it was ob-
served with silver and gold. Probably, this is caused

by the high activity of small copper clusters that are
rapidly oxidized in photolyte bulk by solute oxygen 0.0
and photolysis p_r_oducts. At th_e same time, the surface =400 500 600 700 800 %, nm
acts as a stabilizer of growing particles.

The effectiveness of deposition of copper films on  Fig. 9. Absorption spectra of nanophase copper films at
guartz is 1.52 times higher under irradiation with various coverages of quartz surface, obtained from a
light with A.,. 254 nm than under irradiation with  0.05 M solution of [Cuepl(BPhy), in DMF (Rgyc
unfiltered UV light of approximately the same in- 254 nm, | 1.5x10'® quantumcm?s?, | 0.2 mm).
tensity. Unfiltered light causes formation of films of  Quartz surface coverage, %t)(17, () 50, (3) 64, and
metallic copper ., 0.03) with a characteristic spec-  (4) 100.
trum represented in Fig. 6b. Under excitation with
hexe 365 nm the initial Cu(ll) complex but, as with Table 2. Effective quantum yields®,,,) of formation of
silver and gold, no colloidal metal is formed. In this silver films deposited from a 0.01 M solution in DMF at
case, the process finishes on the stage of formation e@hrious photolysis conditiong.{,. 254 nm,I 1 mm) and
Cu(l) compounds. initial complexes

Low-energy electron diffraction showed that the
films contain a crystalline form. The lattice constants |nitial complex I" m2 <1 D
calculated for copper submicrocrystals are identical to quantum cm* s-
those for bulk metal. | | | AGNO, 4.2¢ 1016 0.38
In the systems studied, collidal copper is formed [Ag(NH.),]BF, 4.2% 1016 0.17
only at high light intensities. As seen from Table 3, [Ag(NH,),|BF, 1.2x 106 0.1
the4 minimum threslhold light intensity 115-8.0x [Ag(NH,),|BF, 0.7x 10%° 0.04
10" quantum cri? st at Aexe 254 nm. Within the [Agen,|BF, 4.2% 106 0.21
intensity range (3-07.0)x 10*° quantum cri¥ s2, the

reaction quantum yield is considerably lower than the

quantum yield of Cu(l) on photolysis of [Cugn light intensity on degree of monodispersity obeys a
(BPhy), in alcohols and DMF @,y = 0.8). Thus, regularity common for the three metals: increasing
the secondary reactions of conversion of Cu(l) tdntensity leads to increasing degree of monodispersity
Cu(0) and, further, to stable colloidal particles essenef colloidal copper films (Table 4).

tially limit the grocess rate. At light intensities higher

than ~4.2x 10'® quantum cri? s, photodegradation It is seen from Fig. 11 and Table 3 that the con-
of colloidal copper particles concurs with their forma-centration of the initial Cu(ll) complex essentially
tion, which adversely affects the quantum yield ofinfluences the rate of formation and the properties of
the main reaction (Tables 3 and 4). The influence o€opper colloids. Within the range 0.80.25 M, the
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Fig. 11. (a) Kinetic curves and (b) relative rates of
Fig. 10. Size distribution curves for copper particles in deposition of colloidal copper on quartz at various
the films obtained on photolysis of a 0.05 M solution of concentrations of [Cuef(BPhy), in the photolyte.
[Cuen](BPhy), in DMF (hgye 254 nm, | 1.5x Concentration, M: ) 0.01, @) 0.025, @8) 0.075, @) 0.1,
1016 quantumcm?s, | 0.2 mm). Quartz surface and 6) 0.25. 1 7.0x10'° quantumcm?s™, A,
coverage, %: (a) 17 and (b) 65. 254 nm,| 0.2 mm.

concentration dependence of the relative particle sizthe case of [CuefSO,, but the resulting film is
(the criterion of plasmori,,,) is extremal. As was characterized by a wide particle size distribution.
already shown, there are similar regularities for gold

colloids. Nickel. Investigation of the photochemical syn-

thesis of nickel colloids from DMF solutions of

iy _ , [Niens](BPh,), showed that here film deposition on
Small glycerol additives (DMF:glycerol 30:1 by quartz begins after a prolonged induction period,

volume) leads to increased quantum yields of forma-' "= . : o
tion of colloidal copper films, which is probably which is caused by the high stability of the complex.

caused by a higher stability of intermediate clustersggrr] iﬁ?{ggﬁr’ attri]oe nlsn%l;l%aggnMpe_?ﬁg :)S :ilgainéréﬁstifog[
Further increase of the glycerol content and, corre he films attains 0.5 D ' P Y
pondingly, of the viscosity of the photolyte decrease ' '
the effectiveness of film formation, which can be According to the data of electron microscopy, film
explained, as in the case of gold, by diffusion restricformation begins with formation of isolated colloidal
tions. 2-Propanol additives favor particles formationparticles on some areas of the surface. The average
in photolyte bulk. particle size is 3640 nm. Further irradiation causes
particle growth up to-50 nm and particle assembling
Investigation of the effect of initial complex nature into rings. The particle size no longer increases in
showed that film formation from DMF solutions of course of photolysis, implying that the 50-nm size is
[Cuen]SO, is 20 times slower than from DMF solu- photostable for nickel colloids. Around ring apertures,
tions of [Cuep](BPh,),, other conditions (concentra- ring growth steps of hexagonal shape, as well as
tion, light intensity,A.,) being equal. As judged from formed crystals. The torus size is HIBO nm, and
the plasmori,,,,,, the average particle size is lower inthe aperture size is 280 nm. Further coverage of
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Table 3. Effective quantum yields®.,) of formation of colloidal copper films under various conditiofis, 254 nm,
[ 1 mm)

o l,, quantum cr? st
C,i’/lmp Solvent
8.0x 1014 3.0x 10%° 6.0x 101° 7.0x 105 4.2x 1015
0.01 DMF <103 <103 <103 0.10 0.10
0.025 DMF <1073 <1073 0.14 0.31 0.26
0.05 DMF <1073 0.04 0.22 0.53 0.24
0.075 DMF <103 0.02 0.16 0.38 0.10
0.10 DMF <1073 0.02 0.13 0.36 0.08
0.15 DMF <1073 <1073 0.10 0.30 0.08
0.25 DMF <1073 <1073 <1073 0.26 0.05
0.05 DMF-glycerol, 30:1 <1073 0.44 0.56 0.38 0.07
5:1 <1073 0.40 0.44 0.38 0.07
2:1 <1073 0.38 0.30 0.30 0.07
0.05 DMF-2-propanol <1073 0.08 0.10 0.10 0.02

Table 4. Dependence of the average particle sizg () in copper films deposited from 0.05 M solutions in DMF on
photolysis conditions i(,. 254 nm)

Initial complex Layer thickness,l, mm l,, quantum crr? st Amae MM
[Cueny](BPhy), 1.0 4.2x 106 610-720
[Cueny](BPhy), 1.0 6.0x 10t° 620-720
[Cueny](BPhy), 1.0 3.0x 10 640-760
[Cueny](BPhy), 0.2 4.2x 106 610-680
[Cueny](BPhy), 10.0 4.2x 1016 600-640
[Cuen]SO, 1.0 4.2x10% 590

free areas proceeds via formation of new particles ancbnsist of spherical particles forming regular chain
their aggregation in rings. Importantly, such film structures. The average particles size in the film is
structure is maintained during the whole photolysis-50 nm.

and even at a practically complete surface coverage.

. BULK DISPERSIONS IN SOLID POROUS
According to the data of X-ray photoelectron spec- AND POLYMERIC MATRICES

troscopy, the resulting films mainly consist of oxo and
hydroxo forms of nickel. This is confirmed by the

presence in the X-ray photoelectron spectrum of band old, and palladium [13, 14] in homogeneous rigid

of nickel oxide and hydroxide at 853.4 and 855.5 evpolymeric matrices of polyvinyl alcohol and in pores

r ively. Th ncentrations of th forms int .. i
espectively e concentrations of these forms of silica glasses and fluorocarbon organic membranes

crease during irradiation. The quantum yield of forma—f
; , o rom [Cuen](BPh,),, [Ag(NH3),]BF,, HAuCl,, and
tion of the colloidal film is 0.2. Pd(CIQ,), revealed the following regularities.

The photosynthesis of colloids of copper, silver,

Palladium. Photochemical deposition of colloidal
films of palladium on quartz from DMF solutions of
[Pden](BPh,),, too, begins after an induction period

The colloids formed possess the highest degree of
monodispersity as compared with all considered
whose duration is 20 min, depending on photo- before. The mcrease_d mor_lodlspersny and the shape
lysis conditions. The presence of a colloidal metaf)f plasmon bands give evidence for the absence of

’ agglomeration. In the case of silica glasses and fluoro-

phase is confirmed by X-ray photoelectron SIDectro'carbon membranes, the size of nanoparticles is restric-

scopy: The X-ray photoelectron spectrum display :
bands at 341.8 and 346.63 eV, characteristic .PdﬁeOI by the size of pores and channels.

According to data of electron microscopy, the films In solid polymeric matrices, cluster coalescence
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processes are probably hindered by the high viscositpw-atomic clusters by oxygen. One would expect that
of the matrices and the low mobility of the clusters.in passing from liquid photolytes to solid polymeric
The growth of nanoparticles under such conditions isnatrices the induction period would get longer.
provided by photoreduction of the initial complex onHowever, this proved the case only with silver. There-
their surface. Decreased concentration of the initigfore, the processes of diffusion and reduction of initial
complexes in the photolyte should regularly decreasmetal complexes on the surface of colloid phase
the size of the nanoparticles. This is fully confirmednuclei only slightly limit the rate of colloid formation.
by the1 experimental results showing that a 8-
1x10™ M decrease in the concentration of the com-,, - ..o\ t0rmation of metallic colloids in poly-

plex causes a hypsochromic shift of the plasmon pea thylene glycol and gelatin. However, the rate of

In view of the position of the plasmon peak, one ca . . o .
suppose that by varying the concentrations of phot(r)}prmatlon of a silver colloid in polyethylene glycol is

: : ’ : about ten times lower than in polyvinyl alcohol. In
I>y{esnn|1n irllaoéyi/;/ényl alcohol on can obtain particles gelatin, the rate of photochemical reduction of [Cy]en

(BPhy), and HAuC]), is approximately equal to the
A suitable factor of controlling the structure of rate of photoreduction in polyvinyl alcohol, but on
colloid particles in polymeric matrices is photolytethe stage of effective growth of nanoparticles, the
viscosity whose variation is determined by the timeprocess rate in gelatin is about two times lower than
of photolayer drying. For example, as the time ofin polyvinyl alcohol. Probably, this is caused by the
drying of polyvinyl alcohol films from 20 min to 5 h presence of sulfur in gelatin, since sulfur is a strong
leads, other factors being equal, the average partictatalytic poison in chemical metal deposition pro-
size decreases, as evidenced by the shift of plasmaesses [12].
absorption from 560 to 520 nm for gold, from 420 to
380 nm for silver, and from 580 to 560 nm for copper.

All the above regularities also hold for photo-

Silver, gold, and palladium colloinds in polyvinyl
alcohol films preserve their spectral properties for two
The kinetic curves for formation of metallic col- years in air in the dark. Copper colloids in polyvinyl
loids in polyvinyl alcohol are similar to those for alcohol are stable for-3 months. On longer storage,
photodeposition of films on quartz. They include anthe samples decolorize and aquire a slight coloration
induction period whose duration decreases with intypical of oxidized forms of copper(ll).
creasing light intensity and complex concentration.
The quantum yields of the process on the stage dWIECHANISM OF PHOTOINDUCED FORMATION
particle growth are approximately double those on OF METALLIC COLLOIDS
guartz surface under similar conditions. This is ex-
plained by the fact that polyvinyl alcohol is an ef- Formation of metallic colloids is an intricate mul-
fective secondary reducer for initial Cu(ll), Ag(l), tistage process. Scheme (3) illustrates this process by
Au(lll), and Pd(Il) complexes and for intermediates.the example of photoreduction of gold at the quartz
Moreover, polyvinyl alcohol prevents oxidation of AuCl, solution interface.

1 2 3 40
h Au
[AU”I]SOH—V) [AU”]SOHT) [AUI]SOH—hV) [Auo]sol D (AU%)SOI
26 7 0,, Au
hv, Au' Au?, Aud
o ki (AUQ) ags——= (AURiN)ads
v, quartz 0 hv
2 (AU} ) ads (3
AW v
”—u> (Au,Q,)adg—T) (AURiN)ads
8 9
Here Al are intermediate clustersl € 1 nm), A, The photoreduction of Au(lll) involves initial

are photostable nanoparticles, and ,?,ﬁuare the formation of Au(l) and trace amounts of clusters in
nanoparticle aggregation products changing théhe photolyte. In the dark, Au(l) is oxidized by solute
energetic characteristics of the plasmon. oxygen to initial Au(lll), which is detected by the
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Fig. 12. Scheme of photochemical formation of a colloidal metal film on quartz surface.

appearance of characteristic absorption at 325 nm msed in chemical (electrodeless) metal deposition from
the spectrum. Irradiation increases the number ddolutions [15]:
metastable clusters Aufirst in photolyte bulk and

then on the frontal surface of the cell (Fig. 1, curve Mz
12). Stages1-5 have an induction period whose sol
duration depends on light intensity (Fig. 5). The exis- Depending on the metal, borane, hydrazine, for-
tence of a long induction period is largely related tomaldehyde, hypophosphite, glucose, and many other
the necessity to reduce all the initial Au(lll) complex hydrogen-containing compounds can serve as reducers.
which, similarly to oxygen, is can effectively oxidize Such systems (chemical metallization baths) are

MO
+ Redsol—>C lt M% + OXsolr (%)
a

intermediate forms of AU thermodynamically unstable, and metal deposition in
them proceeds until one of the components is ex-
2AW0 + Au''(0,) s 3AU 4+ .. 4) hausted, and the resulting coatings have the structure

of bulk metal. A distinguishing feature of the photo-
chemical process under consideration is that the
system contains no strong reducer capable of reducing
the metal complex in the dark at room temperature.
The acceleration of the photochemical reduction of
Au(l) in this case can be explained by that the gold
clusters and small particles, obtained on the first
O§tages, play the role of typical semiconductors:

This is caused by the high reductive potentiq}s
of low-atomic metal clusters [15]. For example, thge
values for the pairs AYAgS and Cu/Cu) are 1.8
and -2.7 V, i.e. they are much higher than for bulk
metals.

The subsequent stages of formation and growth

colloidal particles on quartz surface proceed rather hy .

effectively photochemically ® ~0.1) and about (Aud)s & (Aun , )s, (6)
50 times slower in the dark. If the dark process in- . AU, CI(S) 0 e 7
volves adsorption and coalescence of clusters on (Aup , €)s— (Aup+g) + CI(S). )

guartz surface and the coalescence rate is not limited

by irradiation, one can assume that the photochemical The rate of photochemical growth of gold colloids
process has a different mechanism. Indeed, colloidétom ethylenediamine gold complexes is higher than
films of gold formed in the dark are characterized by gor the chloride. This fact can be related to the higher
larger average particle size. Secondly, the shape oéduction potential of ethylenediamine, as compared
the kinetic curves of photodeposition, corrected fowith CI7, in the process of acceptance of the electron
the intrinsic filtering effect (attenuation of exciting hole pairs formed by photoreduction of gold nano-
light due to formation of a strongly absorbing film on particles. The pronounced size dependence of the
the frontal wall of the cell) points to an autocatalytic catalytic properties of metallic nanoparticles explains
nature of the process (Fig. 13). The above results givehy the particles grow to a certain (photostable) size
grounds to state that the intermediate gold clusters and the course of photosynthesis. Further on, increase
small particles catalyze photoreduction of of Au(l)in the concentration of nanoparticles only occurs in
complexes from photolyte bulk. Catalytic propertiesthe system, due to appearance and growth of new
of small metallic particles are well known and widely clusters.
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Fig. 13. Kinetic curves of formation of colloidal gold on
quartz surface. 1) Experimental curves and2) the
curves corrected for the intrinsic filtering effect.
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Fig. 14. Spectral curves illustrating the effects of light
intensity and of photodegradation ofarge’ particles

and agglomerates in photodeposited silver films.

(1) Freshly prepared filml(7.0x 101° quantum cm? s1)
and @) the same film after irradiationi{, . 254 nm,|
4.2x10'% quantum cm?s1) for 30 min.

However, there is a distinctive morphological feature
of photodeposited continuous gold, silver, and copper
films: They preserve their nanophase structure both in
the growth process and on further storage. The second
peculiarity of photodeposited colloidal metal films is
that under intensive light their structure (degree of
monodispersity) is improved, which is important for
their practical applications, in particular, in lasers. The
improvement of the structure of metal colloids is
explained by the effect of photodegradation of the
loose agglomerates formed by cluster coalescence.
Indeed, as seen from Fig. 14, irradiation of freshly
prepared silver films with a high-intensity light flux

in the absence of photolyte leads to a significant
change in the shape of the plasmon bands, in response
to increasing degree of monodispersity of the system.

The processes of photosynthesis of colloidal copper
and silver, as well as of colloids of these metals in
other phase systems, are characterized by similar
kinetic regularities. The main difference is that the
induction period with copper, silver, and palladium
is shorter than with gold (Figs. 5, 11, and 15). This is
explained by that the photochemical transition
Ag(l) > Ag(0) is one-quantum, and, in the case of
copper, colloid formation begins in the presence of
the initial Cu(ll) complex in the photolyte, probably
because of the lower redox potential of the pair
[Cu"l/Cul. A peculiar feature of the palladium
formation process is that it is highly autocatalytic in
nature.

One more feature of photodeposited colloidal films
is their strong adhesion to the support. For example,
conducting coatings unseparable from the support
were obtained on colloidal films on quartz by auto-
catalytic growth from the chemical copper plating
solution containing copper(ll) tartrate, formaldehyde,
and alkali. The traditional technique employs palla-
dium activators containing hydrolyzed forms of SaCl
Polynuclear forms of Sn(ll) oxdwydroxo complexes
play the role of an intermediate layer that links
support surface with metal coating.

The adhesion of copper colloidal films is stronger
than of silver, gold, and palladium ones. Probably,
this fact probably reflexes the higher polarizability of
the Cu(l)-O- bond at the quartanetal interface and,
therefore, the higher affinity to the surface. Thus, the
experimental evidence points to specific photoinduced
adsorption of growing metal nanoparticles.

INFLUENCING FACTORS. POSSIBILITIES
OF PURPOSIVE PHOTOSYNTHESIS

The photochemical covering of quartz surface with OF COLLOIDS

colloidal gold particles is nicely consistent with the

Volmer-Weber mechanism that describes many pro- Light intensity and energy. As already shown,
cesses of metal vapor deposition on solid supportall the processes under consideration are characterized
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particles and agglomerates by high-intensity light
fluxes.

The use of unfiltered UV light worsens monodi-
spersity of copper and gold colloids (Fig. 6), other
conditions being equal. It is seen from Fig. 6 that
under prolonged irradiation with unfiltered light, the
spectrum of the film has a shape typical of bulk metal.
At A, > 365 nm, the photochemical process finishes
on the stage of reduction of Au(lll) to Au(l) and of
Cu(ll) to Cu(l). Reductions of Au(l), Cu(l), and Ag(l)
to the zero-valent state fail, since their energy cor-
responds to the far UV spectral range.

Concentration of initial complex. This is the
second most important experimental factor influenc-
ing the kinetics of photochemical formation of col-

! ! ! loids and their dispersity. Increase of the Au(lll) and
0 20 40 60 <, min Cu(Il) contents in photolytes simultaneously increase
the induction period of the process (Fig. 5) and the

Fig. 15. Kinetic curves of deposition of colloidal silver q“af‘t“m yield of photocatalytic growth of nano-

on quartz from 0.01 M DMF solutions ofl] AgNO;, particles (Tables 13).

(2 [Ag(NH3),IBF,, and @) [Agen]BF, (I 4.2 The dependences of the particle size on quartz

106 quantum cm? s, oy 254 nm,| 1.0 mm). surface on the concentration of the complex are iden-

tical for copper and gold and extremal in nature.
by a well-defined threshold intensity of exciting light Taking into account that the reductive ability of col-
I, of ~10' quantum cr? . The steady growth of loidal gold and copper particles increases as their size
nanoparticles is possible only when a minimumdecreases, the observed effect can be related to oxida-
necessary concentration of nuclei is generated in théon of nuclei and small particles in the nearsurface
photolyte. As a result of the intrinsic filtering effect, layer by photolyte Au(lll) and Cu(ll) ions . Increasing
strongly absorbing films grow until the light intensity concentration of the oxidant [Au(lll) and Cu(ll)] in
attains I, — I, > Iy, This causes plateaus in thethe system decreases the lifetime of small particles
kinetic curves (Figs. 5, 11, and 15). Indeed, the Wwhose dimensions are smaller than the critical photo-
values calculated from the plateau heights are identicgfable size. As a consequence, the probability of
with those measured experimentally. The plateagoalescence of such small particles in a process
height and, correspondingly, the maximum thicknes@receding their adsorption on quartz surface decreases.
of the resulting film is larger the largdp. With in- The particle size of the copper, silver, and gold
creasing intensity, the induction period shortens andolloids, obtained in porous quartz and MF-4SK
the effective quantum on the stage of photocatalytiecnembranes is almost independent of the concentration
growth of nanoparticles increases. This agrees witbf the initial complex, which is caused by the fact that
the multiphoton mechanism presented in scheme Ranoparticle growth is restricted by the pore volume.

The dependence abg,, on I, is monotonic for gold |3 homogeneous rigid matrices (glycerin, polyvinyl
and silver (Tables 1 and 2). For for copper, there is agjcohol, polyethylene glycol, and gelatin) where the
extremum atl 7x 10" quantum crif s (Table 3). particles growth due to coalescence is suppressed by
We explain the latter result by the lower photostabilitystrong diffusion restrictions, varying the concentration
of low-atomic clusters and, as a consequence, by thegt the initial complex is an effective tool for control-
burning-out at high light intensities. ling the process. Within the concentration range 0.05

_ ~ 0.25 M, particle size gradually decreases with decreas-
The above experiments showed that by varyingng concentration.

light intensity one can control not only the kinetics of

growth of metallic colloids, but also their properties. _1he role of theviscosity of the medium, the
This is illustrated by the data of Tables4 There is 9€0metry of the reaction systemand other influenc-

a regularity common for all the metals: The higher!ngFfathirZS are illustrated by the example of gold
ig. 12.

light intensity, the smaller average nanopatrticle sizd
and the narrower particle size distribution. Better Simple calculations show that the concentration of
monodispersity is attained by photolysis of largeintermediates, needed for initiation of the process, is
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attained, under the experimental conditions (spectral2.
range, light intensity, concentration of light-sensitive
complex) used, in a thin~L mm) photolyte layer.
Thicker working layers (more than 2 mm) are dis-
couraged, leading to diffusion of intermediates to bulk
solution and to their fast oxidation [OAu(lll), Cu(ll),
Pd(Il)]. Deaeration of photolytes partially lifts this
restriction and, for example, makes possible working
with photocells up to 5 cm in thickness. However,
here, too, deposition proceeds, due to photoinducedb.
adsorption, only on a frontal cell wall, i.e. in the
region of high intensity of absorption. Increasing 6.
photolyte viscosity enhances stability of intermediates
and, as a consequence, increases the quantum yield
the process until diffusion comes into forth to limit
cluster formation and growth (Table 3). At high
contents of glycerol and ethylene glycol or with solid
polymers, diffusion of clusters to quartz surface
becomes impossible, so that the process proceeds onlg
in photolyte bulk. We used this approach to obtain
stable bulk colloidal dispersions. 10

As was shown before, the composition of the initial
complex influences the rate of formation and the pro-
perties of the resulting colloids. Reasons for thisyq.
phenomenon require special investigation.

Thus, varying of experimental factors (energy and-2.
intensity of light, concentration and nature of initial
complex, geometry of photochemical cell, andl3.
photolyte viscosity) is a promising tool for photo-
synthesis of nanophase systems with preset properties.

14.
REFERENCES

15.
1. Ravaine, S., Fanucci, G.E., Seip, C.T., Adair, J.N.,
and Talmah, D.R.Langmuir, 1998, vol. 14, no. 3,
pp. 708-713.

4. Yi,

BOITSOVA et al.

Esumi, K., Suzuki, A., Aihara, N., Usui, K., and
Torigoe, K., Langmuir, 1998, vol. 14, no. 12,
pp. 31573159.

3. Loginov, A.V., Gorbunova, V.V., and Boitsova, T.B.,

Zh. Obshch. Khim.1997, vol. 67, no. 2, pp. 18201.
K.C., Mendeta, V.S., Castanares, R.L., Mel-
drum, F.C., Wu, C., and Fendler, J.H.,Phys. Chem.,
1995, wvol. 99, no. 24, pp. 9869875.
Kobayashi, M. and Sato, HChem. Lett.1993, no. 10,
pp. 16591662.

Torigoe, K. and Esumi, K.l.angmuir, 1992, vol. 8,
no. 1, pp. 5963.

of Boitsova, T.B., Loginov, A.V., and Gorbunova, V.V.,
Zh. Obshch. Khim.1997, vol. 67, no. 10, pp. 1741

1742.

8. Boitsova, T.B., Loginov, A.V., and Gorbunova, V.V.,

Zh. Prikl. Khim.,1997, vol. 70, no. 10, pp. 158%590.

. Boitsova, T.B., Loginov, A.V., and Gorbunova, V.V.,

Neorg. Mater.,1999, vol. 35, no. 12, pp. 1449454,
Bohren, C.F. and Huffman, D.RAbsorption and
Scattering of Light by Small Particles\ew York:
Wiley, 1983.

Petrov, Yu.l.Klastery i malye chastits{Clusters and
Small Particles), Moscow: Nauka, 1986.
Henglein, A.,J. Phys. Chem.1993, vol. 97, no. 21,
pp. 54575471.

Boitsova, T.B., Gorbunova, V.V., and Loginov, A.V.,
Zh. Obshch. Khim.1999, vol. 69, no. 12, pp. 1937
1943.

Gorbunova, V.V., Voronin, Yu.M., and Boitsova, T.B.,
Opt. Zh., 2001, vol. 68, no. 10, pp. 1744751.

Khimicheskoe osazhdenie metallov iz vodnykh rastvo-
rov (Chemical Deposition of Metals from Aqueous
Solutions), Sviridov, V.V., Ed., Minsk: Belorus. Univ.,
1987.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 72 No.4 2002



