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Linear silver clusters in aqueous solution (clusterites): 
radiation-induced chemical synthesis and properties 
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The formation and properties of the products of tile radiation-induced chemical reduc- 
tion of silver ions in aqueous solutions containing sodium polyacrylate were investigated. The 
absorption spectra of these species exhibit a band at 290 nm and a band in the visible region. 
The latter shifts from 470 nm to -800 nm with time or after the addition of silver ions. The 
species obtained (clusterites) arc linear silver clusters bot,nd to the carboxyl groups of the ion 
exchanger. The red shift of the visible band is due to the increase in their size. The 
mechanism of the formation and the structure of the clusterites are discussed. 

Key words: silver salt; polyacrylate; reduction; )'-irradiation; clusters. 

Studies of  the early stages of  the reduction of  Ag + 
ions in aqueous solutions by pulse radiolysis made it 
possible to establish that the formation of  the colloidal 
metal is preceded by the formatiotl  of  positively charged 
clusters of  various degrees of  complexity,  t - 3  Quick opti-  
cal detect ion of  short- l ived products  and electrical con- 
ductivity measttrements have shown that the silver a toms 
(Lmn x = 360 urn), resulting from the reduction of  Ag + 
ions by hydrated electrons,  react then with Ag +. These 
react ions afford Ag2 + (~-mnx = 310 nm) and Ag32+ 
(Z.mo x = 310 and 265 nm) species. Subsequently,  in 
consecu t ive  e n l a r g e m e n t  reac t ions ,  Ag42+ (~-max = 
270 nm) and a species having absorption bands with 
k,,:~ x at 295 and 325 qm arise. Quan tum-chemica l  cal- 
culat ions 't give grounds to believe that the latter species 
is the Ag82+ cluster having a cubic structure. The rela- 
tively high kinetic stabili ty of  this cluster made it pos- 
sible to classify it as a "magic" cluster. I It is a precursor 
of  the colloidal metal.  As the Ag82+ clusters coalesce,  
subcolloidal particles arise, which occupy an intermedi-  
ate position between clusters, which exhibit molecular  
properties,  and colloidal  metal ,  in which valence elec- 
troths exist as an e lect ron gas. Apparent ly ,  these clusters 
exhibit broad and overlapping absorption bands in the 
360--380 nm region. Coagulat ion of  the subcolloidal  
particles leads to the formation of  silver sols, whose 
intense optical  absorpt ion band with ~-max = 390 Iml is 
due to interact ioq of  the electron gas with light (absorp- 
tion of  plasmons).  

It has been fotmd 5,6 that polyphosphates  stabilize 
silver clusters. In their  presence,  these clusters exist for 
periods of  several hours and slowly coagulate to give the 
metal.  However,  in the presence of  another  polyelectro-  
lyre, sodium polyacrylate ,  the reduction of  silver yields 
species whose optical  characteris t ics  differ from those of  

tile clusters considered above. In fact, immedia te ly  after 
-g-irradiation, bands at 290 and 470 nm have been de- 
tected. 7-1° Previously 9,t° these bands have been attrib- 
uted to the Ag42+ cluster, al though the optical  charac-  
teristics observed were in no way consistent  with this 
species. The addit ional band at 470 nm has been attr ib- 
uted to charge transfer between the carboxyl group of 
the polyacrylic acid and the cluster. 111 essence, a s imilar  
approach to the interpretat ion has also been followed by 
other  authors,  s who found that the band in the visible 
region, unlike that at 290 am,  is unstable and smoothly  
shifts to longer wavelengths over a period of  dozens of 
days, and reaches approximately  700 am.  It has been 
suggested that the observed absorption bands at 290 nm 
and in the visible region are associated with the same 
c lus te r ,  ar is ing via r e c o m b i n a t i o n  of  Ag42+. The  
ba thochromic  shift of  the band in the visible region was 
explained by different degrees of  bonding of  the carboxyl 
groups to the cluster surface. 

A different interpretat ion of  the nature of  the prod- 
ucts of  silver reductioq in aqueous solutions containing 
polyacrylate was suggested in our previous study. It We 
proceeded from the known ability of  the added com- 
pound to bind silver ions and to hold them tightly in a 
polymeric  chain. 12 Consequent ly ,  the reduction affords 
linear clusters in which the metal a toms and ions are 
bound to one another  ei ther directly or through carboxyl 
grottps, in this case, the optical absorption in the visible 
regioq is due to the cooperat ive excitat ion in the cluster 
chain. The successive growth of  the cluster with t ime 
accounts for the observed red shift of the absorption 
band. This assttmption was confirmed by the study of  
the transformations of  the clusters during radiat ioq-  
indt,ced chemical  redt, ction. It was shown tt that "blue" 
silver, which absorbs at 700--800 am,  ca lmot  be related 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 6, pp. 1429--1435, Ju,le, 1996. 

1066-5285/96/4506-1360 $15.00 © 1996 Plenum Publishing Corporation 



Linear silver clusters in aqueous solution (clusterites) Russ. Chem. BulL, Vol. 45, No. 6, June, 1996 1361 

Io the usual three-dimensional  clusters. Conversely, when 
"blue" silver is exposed to large radiation doses, it de- 
composes Io give Ag42+ and Ag82+ clusters, which then 
coagulate to form colloidal  silver. 

The present work is devoted to the study of  the 
mechanism of  tile formation and the properties of  line- 
arly structurized silver chlsters, in view of  the unusual 
nature of  these new species it is expedient  to classify 
fl~em as a separate group and to call them "clusterites", 
which would best reflect their  relation to the notions 
"cluster" and "po lye lec t ro ly te" ,  "polyanioni te" ,  and 
"ionite". 

Experimental 

AgCIO,I and sodium polyacrylate (molecular weight 2000) 
from Aldrich were used. The concentration of polyacrylate was 
expressed in moles of monomeric units. Solutions were pre- 
pared using tridistilled water with the addition of NaOH to 
p H - 1 0 .  The prepared solutions (usually 5--10 mL) were 
evacuated in special vessels having a bend with a 1--10 ram- 
thick optical cell. y-Irradiation (~20 Gy min-I.) was carried 
out at room tenlperature using a 6°Co source. In some of the 
experiments, pulse radiation with accelerated electrons was 
carried out using a U-12 unit (energy of the electrons 5 MeV, 
TpuIse = 2.3 I-ts, dose per pulse ttp to 50 Gy). Optical spectra 
were recorded on Specord-M40 and Shimodzu UV-3100 spec- 
trophotometers. 

Results and Discussion 

Formation of silver complexes with polyacrylate. Sil- 
ver ions are efficiently captured by the carboxyl groups 
of polyacrylate.  It can be seen from Fig. I that Ag + ions 
in water  absorb in the deep ultraviolet region exhibiting 
two bands at 210 and 225 rim. Polyacrylate has increas- 
ing structureless absorpt ion in the same region. TILe 
optical absorpt ion o f  a mixture of  these compounds  (see 
Fig. I) is not merely the sum of  the absorptions of  the 
components ,  which indicates that they interact to give a 
new compound.  As the content  of  polyacrylate increases, 
the intensities of  the absorption bands characterist ic  of  
silver ions decrease,  and in the presence of  a 2- -3- fo ld  
excess of  the polyacrylate  the inherent  absorption of  the 
Ag ÷ ions can no longer be detected.  The  observed 
changes are due to the reaction, which yields a complex 
of silver with polyacrylate.  

P A . " -  + nAg + ~ " -  A g . P A . ,  ( I )  

here P A . " -  is polyacrylate  in which some of  the car- 
boxyl groups are bound to silver ions. 

Compu te r  analysis of  the dependence  o f  the optical 
absorption of  the Ag + ions on the concentra t ion of  
polyacrylate made it possible to distinguish the indi- 
vidual absorpt ion of  the product  of  reaction ( I ) ,  which 
has a weak ly  p r o n o u n c e d  s h o u l d e r  at 230 nm 
(E _= (2.0:1:0.4)- 103 tool - I  L c m - I ) .  The equil ibrium 
constant of  the process is 2" 103 tool - i  L (+20 %). 

Absorbance 

2 

1 

200 250 300 ~./nm 

Fig. I. Absorption spectra of solutions: I .  10 -3 tool L -I of 
AgCIO 4 (1); 8" 10 -3 tool L -I of sodit, m polyacrylate (2); 
I • 10 -3 tool L -I of AgCIO 4 and 2" 10 -3 tool L -I  of sodium 
poly,acrylate (3). The dashed line corresponds to the absorption 
spectrum of a I • 10 -3 tool L -I solution of silver polyacrylate 
(calculation). From here on, a l0 ram-thick cell was used. 

Radiation-induced chemical reduction. The exposure 
of  water and aqueous solutions to ionizing radiation 
leads to the formation of  radical- ion products,  capable 
of  reacting with dissolved substances. In the presence of  
organic compounds ,  this process, in general the case, 
can be expressed by the following reactions: 

H20 v e~q(2.7), H(0.5), OH(2.9) (2) 

FIH + OH(H) ~ FI" + H20(H2). (3) 

Tile values of  the radat ion-chemical  yields of  the species 
per I00 eV of  absorbed energy are given in parentheses. 
Thus, in reaction (3), hydroxyl radicals possessing a high 
oxidative potential  are converted into organic radicals 
R ' ,  which are efficient reducing reagents. For example,  
ill the present study ill which isopropanol was used as 
the acceptor  for the OH radicals, the Me2COH radical 
is formed (E ° = - I . 5  V). 13 The reducing potential  of  
the hydrated electron is 2.7 V. 13 Polyacrylate can par-  
t icipate in reaction (3) to give polymeric radicals. Our  
studies showed that when the relat ive con ten t  of  
polyacrylate with respect to that of  the silver ions is 
great, the latter are reduced in the same way as in 
solutions contai,fing isopropyl alcohol. Thus, when an 
aqueous solution is irradiated with y-quanta  or with 
accelerated electrons,  species that reduce silver ions are 
generated uniformly throughout  the solution. At the 
absorbed dose rate of  20 G y  rain -m mostly used by us, 
~1.2- 10 -5 tool L -~ of  redt,cing species arise. 
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Reduction of silver. Figure 2 shows the optical spec- 
trum of a I - 10 -3 M solution of AgCIO 4 in the presence 
of 0.1 tool L -~ of polyacrylate, recorded immediately 
after y-irradiation or some time later. During recording 
of the spectrum, the absorption spectra of the sohltions 
of polyacrylate and isopropanol were subtracted from it. 
Preliminary experiments showed that irradiation of the 
latter has virtually no effect on their absorption. The 
contribution of lhe absorption of silver ions in the 
optical region studied can also be neglected wilhout 
substantial error. Thus, the spectra presented in the 
figures are the absorption spectra of the products of the 
reduction of silver ions. It can be seen from Fig. 2, a 
that, along with the bands at 290 and 470 nm, the 
spectrum contains a new band with a maximum at 
350 nm. Its decay over a period of several hours leads to 
a proportional increase in the intensities of the band at 
290 nm and of the absorption band in the visible region 
of the spectrum, which simultaneously shifts to longer 
wavelengths. The disappearance of the band at 350 nm 
accelerates as the absorbed dose increases, i.e., as the 
concentrat ion of reduced silver increases. Therefore, 
one may assume that the products of the reduction of 
silver (the band at 350 nm) undergo recombination,  
affording a new species characterized by two absorption 
bands in the UV and in the visible regions; we attribute 
the latter to linear silver clusters stabilized in an ionite 
chain (clusterite). 

Figure 2, b shows the development of the absorption 
of a solution having the same composition as the solution 
used in the previous experiment (see Fig. 2, a) over a 
long period of time. in this case, the absorbed dose is 
4 times greater. It can be seen that the band in the visible 
region shifts from 470 nm to ~750 nm over a period of 
35 days. However, as this takes place, the position and 

the intensity of the band in the UV region (290 nm) 
undergoes no substantial changes. The transformation of 
the "pink" products of silver reduction into "blue" prod- 
t,cts is accelerated with an increase in the relative content 
of silver ions with respect to that of polyacrylate (Fig. 3). 
A solution of AgCIO 4 of concentration 2" 10 -3 11101 L -I ,  
containing 5.  10 -3 tool L -I of polyacrylate, exhibits no 
band at 350 nm immediately after y-irradiation, unlike a 
solution containillg 0.1 tool L -I of polyacrylate (see 
Fig. 2, a). The band at 290 mn and the visible band at 
580 nm are recorded. The latter shifts to the red region, 
to 660 nm, over a period of less than 24 h. Apparently, 
this should be attributed to the facts that the length of 
continuous sections of the salt groups in the polyacrylate 
chain increases as the relative content of Ag + ions in the 
solution increases and that ion exchange by reaction (I) is 
facilitated. Consequently, reactions in which clusters are 
formed and transformed are accelerated. The role of the 
Ag + ions in the tranfformation of the products of silver 
reduction is most clearly demonstrated in the following 
experiment. Additional portions of Ag + ions were in- 
troduced into a solution in which, after "r-irradiation, 
clusterites absorbing at 290 and 470 nm were formed. 
The greater the concentration of the introduced Ag + ions, 
the greater the st, bseqt,ent shift of the visible band to 
longer wavelengths (Fig. 4). However, the band at 
290 nm remained practically unchanged (after subtrac- 
tion of the absorption of additional Ag + ions). It may be 
concluded with sufficient justification that the addition of 
silver ions is favorable to an increase in the size of 
clusterites. 

The rest, Its of the experiments also indicate that 
recombination of the clusterites plays an irnportant role 
in their transformations. To confirm this, we selected 
conditions that would be favorable for this process. For 
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Fig. 2. Variation of the absorption spectrum with time after y-irradiation. Solution: 2" 10 -3 tool L -I of AgCIO 4, 0.1 tool L -I 
sodium polyacrylate, and 0.2 tool L -I of isopropanol, a -- after 5 rain (I); 2 Ii (2); 16 I1 (3). An absorbed dose of -100 Gy 
corresponds to the formation of 5" 10 -s tool L -I of reducing species; b -- after 2 h (/); 2 days (2); 8 days (3); 35 days (4). The 
absorbed dose corresponds to 2 • 10 -4 tool L -I of red,icing specieso 
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Fig. 3. Variation of the absorption spectrum with time after 
y-irradiation: after 5 rain (1); 2 h (2); 16 h (3). Soluti, on: 
2" 10 -3 tool L -i of AgCIO 4, 5. 10 -3 tool L -I of sodium 
polyacrylate, and 0.2 tool L -I of isopropanol. Tke absorbed 
dose corresponds to 5- 10 -5 tool L -I of redtlcing species. 
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Fig. 4. Absorption spectra of a I" 10 -3 tool L-'  solution of 
AgCIO 4 containing 0.1 tool L -I of sodittm polyacrylate and 
02 tool L -I of isopropanol; 24 h after r-irradiation (I), after 
the increase in the concentration of AgCIO 4 to 3" 10 -3 tool L-I 
(2), and to 2 • 10 -2 tool L -I (3). The absorbed dose corresponds 
to 5 • 10 -5 tool L -I  Of redticing species. 

tills purpose, a 2" 10 -3 Msolut ion ofAgCIO 4 containing 
0.1 tool L -I of polyacrylate was irradiated with acceler- 
ated electrons tip to a relatively high absorbed dose 
(~0.75 kGy) over a short period of time. It call be seen 
from Fig. 5 that the band at 470 ,lnl is slowly trans- 
formed into a new band with Lm, x at 580 nm. An 
isobestic point at 520 nm appears. The kinetics of this 
transformation are not described by simple equations for 
first-order or second-order  reactions. This may be due 
riot only to the difficulty of distingttishitlg the overlap- 
ping individual balads, but also to complicatioias associ- 
ated with the consecutive reactions of transformation of 
the clusterites. However, the restllts of the experiments 

!I 
t ; . -  " y , \ . \  

0 t, ~ 
300 500 700 Unto  

Fig. 5. Variation of the absorption spectrum with time after 
irradiation witll accelerated electrons: after 5 min ( I); 2 h (2); 
10 h (3). Soltltion: 2" 10 -3 tool L- '  of AgCIO4, 0.1 tool L -I 
of sodium polyacrylate, and 0.2 tool L -I of isopropanol. The 
absorbed dose corresponds to the formation of approximately 
4 • 10 -4 tool L -I of redticing species. 

itldicate quite convincingly that tile rate of tile trails- 
formation of tile clusterites determined from tile transi- 
tion of the band at 470 nm to tile band at 580 nm 
increases proportionally with the increase in the ab- 
sorbed dose. Heilce, the increase in the length of 
clusterites occurs Ilot only with the addition of silver 
iotas to them but also with the coalescence of clusterites. 
Of course, tkese reactions are complex aud apparently 
proceed via botlt the transfer of silver iotas and atoms 
along the polymeric chain by a relay-race mechanism 
and exchange between the clusters in the solution btilk. 
Note that the position and the intensity of tile band at 
290 tam remains virtually tmchanged. 

Clusterites and the mechanism of  their formation. 
The formation of clusterites can be most generally repre- 
sented by two steps. The first of them is the reductio,l of 
silver ions bottnd by the carboxyl groups of the ionite: 

AgnPA n + me ~ AgnPAn ra" . (4) 

The process is complex and involves not only the si~lgle- 
electron reduction of silver ions by hydrated electrons 
arid organic radicals, but also subseqtient recombination 
of the products arid their transformations. Tile second 
step consists of the growth of the clusterite formed by 
the addition of silver toils to it or by coalescence of the 
chtsterites: 

AgnPAn m- + xAg + = Agn÷xPAn+x (m-x)- (5) 

2AgnPAn m- ~ Ag2nPAn 2rn- + PA n. (6) 

The  concen t ra t i on  o f  free Ag  + ions i l l  the so lu t ion ,  i.e., 

the pos i t ion  o f  the equ i l ib r i tzm o f  react ion ( I ) ,  exerts a 

cruc ia l  effect ol l  this process. 
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The following structure for the chlsterile Call be 
suggested: 

F- -1 , Ag Ag G Ag , 
, # \  # \  f \  : 

- o l o  o o o o o i o  o -  o 
1,11 \11 \11 \11 k l l  
,C C C C, C 
"1 I " 
'C C C C' C 

C"~ "~'C ~ ~ C  / ~ " C / "  I; '"-C - / I  ~ I I I 
/ \  ',H / \  H / \  H / \  H i / \  H 

H H I H H H H H H ,H H 
' ~ 2rn 

The silver ions are bound to the oxygen atoms of two 
neighboring carboxyl groups by covalent and coordina- 
tion bonds. The repetition of these units in the chain 
results in the C i O  and C=O bonds in them becoming 
equivalent. Fol lowing the reduction of silver ions the 
additional electrons become delocalized along the chain 
incorporating alternating silver ions and carboxyl groups. 
An increase in the length of  the chlsterite and in the 
degree of  polyconjugat ion in it is apparent ly  manifested 
as a d isplacement  of  the absorption band to longer 
wavelengths. The band at 290 am,  which undergoes no 
substantial changes (+10 nlu) while the band in the 
visible region of  the spectrum "floats", can probably be 
assigned to a transit ion that practically does not depend 
oll tile length of  tile chlsterite.  In our opinion,  this luay 
be an intraatonlic S ~ P  transit ion in silver. The long- 
wavelength absorption can be attr ibuted to the coopera-  
tive excitat ion of  the addit ional  electrons,  which move 
freely in the clusteri te,  thus giving rise to electrical 
c t l r r e n t s .  

There is a certain qualitative analogy between the 
optical properties exhibited by clusterites and those exhib- 
ited by ultrasmall  metal  particles. The state of  the 
electrons in a metal is described quali tat ively by the 
model of  a potential  well with infinitely high walls. The 
valence electrons are free to rnove in the metal bulk, 
reflecting from its surface. The absorption of light by 
particles is described quanti tat ively by the Mie theory 
and its modifications.  14,t5 A spherical particle o f a  nletal, 
for example,  silver, 5--10 nm in diameter ,  exhibits an 
absorption band with Lm., x = 390 lira, which smoothly  
decays toward longer wavelengths, iS When the particles 
change from spherical  to ellipsoid in shape, the main 
band shifts only slightly to the UV region of  the spec- 
trum; a new band appears in the long-wavelength re- 
gion, which smoothly  shifts to the red region. For 
example,  when the ratio of  the length of  the ellipsoid to 
its radius is 2 or 3, the posit ion of  the main band 
remains pract ical ly unchallged,  and a new band of ap- 
proximately the same intensity is located at 480 or 
580 nm, respectively. 15,16 Calculat ions  16 show that infi- 
nite s tretching causes the main band to tend to 368 am,  
and the addit ional  band to pass to the red region of  the 
spect rum. 

Unlike a col loidal  metal  particle in which the elec- 
tron gas is distr ibuted throughout  the bulk, a clusterite is 
a linear conduc to r  with a single degree of freedom for 
the propagat ion of  e lec t romagnet ic  vibrations. 

For a linear polyene, tile absorption band associated 
with the excitat ion of delocal ized rt-electrons also shifts 
to the red region as the length of  the conjugated chain 
increases, and the quantitative correlat ion between the 
nlagnitude of  tile shift observed and tile nunlber of 
double bonds is explained by the quan tum-chemica l  
theory.17 The developluent  of  an adequate  theory for the 
clusterite, which is an organonletal l ic  colnpotmd,  is a 
more compl ica ted  task. 

Preliminary studies of  the early steps of  the reduc- 
tion of  silver in aqueous solutiolls containing polyacrylate, 
carried out by pulse radiolysis I las after the pulse of 
accelerated electrons,  have shown that the Ag2 + species 
is formed. This species is apparent ly  localized at the 
polyacrylate chain and is converted,  in a first-order 
reaction, into a new species accotmtil~g for a band with 
)~,,,,,× = 350 am. This process can be explained by the 
formation of  the e lementary  unit of future chlsterites; it 
involves structural rearrangement of  neighborillg COOAg 
groups. The next stage consists of  the t ransformation of 
the species absorbing at 350 nm into species absorbing 
at 290 nm and, possibly, at 470 am. This process is 
described by a second-order  equation and affords the 
simplest clusterites. Note that sohltions of  the clusterites 
exhibit 11o ESR signals, i.e., they incorporate  no radical 
sites. It can be assunled that a chlsterite,  according to its 
structure, can contain along with two silver atonls, up to 
4- -6  silver ions and carboxyl groups, whose nunlber is 
equal to the overall number  of  silver a toms and ions. 
Fur ther  elongation of the clusterite leads to a shift of the 
absorption band in the visible region to longer wave- 
lengths. 

Destruction of clusteri tes.  Clusterites are the prod- 
ucts of  the incomplete  reduction of  silver polyacrylate.  
Their  stability is determined by the opt imal  ratio of the 
silver atoms and ions. When the 11utnber of  atoms 
exceeds the optimal one, the clusterite is destroyed,  due 
to weakening of  the bonds with the carboxyl groups. 
Figure 6 ilhtstrates the destruction of  chtsterites occur- 
ring during "c-irradiation, when successive and extensive 
reduction of  silver ions occurs. When the absorbed dose 
corresponds to the reduction of  -30  % of  the silver ions 
present ,  the  fo rmat ion  of  c lus te r i tes  absorb ing  at 
600--650 nm is achieved. Oil further irradiation,  this 
absorption begins to disappear,  and a band at -480 hil l  
appears initially, and then two bands at 295 and 325 11111 
appear.  The latter, as was noted above, are due to the 
Aga 2+ chlster. The process ends in the formation of  the 
absorption band corresponding to the col loidal  metal. 
When this takes place, examinat ion by electron micros- 
copy detects the appearance of  small metal particles 
with diameters  of  I - -2  am. 

Figure 7 shows that the addit ion of  ammonia  to a 
solution of  clusterites having an absorption band at 
660 nm leads to their destruction. As this takes place, 
Ag82+ clusters and, later, the colloidal  metal  appear. 
Processes of  this type have also been observed previ- 
ously, 9,10 when KCN,  NaSH,  and ammonia  were added, 
which led to the disappearance of  the band at 470 am. 
It was suggested that the above-ment ioned  compounds ,  
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Fig. 6. Variation of the absorption spectrum with time after 
:~dditional ~,-irradiation. The absorbed doses correspond to thc 
formation of reducing species, tool L-I: 3" 10 -4 (/); 9" 10 -4 
(2); 2.5" 10 -3 (3); and 4" 10 -3 (4) (24 h later). The composi- 
tion of the solution is given in the caption to Fig. 5. 
A 2 nlm-thick cell was used. 

which are strong nucleophiles, form complexes with 
silver clusters, stabilized by polyacrylate, and thus pro- 
mote coagulation. However, we found that this process 
occurs in the same way irrespective of the position of the 
visible band (from 470 nm up to 850 nm). Within the 
framework of the concept of the nature of clusterites 
developed in the present paper, these transformations 
can be explained by the fact that the compounds used 
are efficient complex-forming agents; they bind silver 
ions and carry them from the ion exch,anger into the 
bulk of the solution. A decrease in the number  of silver 
ions within clusterites decreases their stability and leads 
to their destruction. Apparently, after extensive reduc- 
tion or when efficient ligands are used, fragmentation of 
clusterites occurs, accompanied by the emergence of the 
Ag2 + or Ag424- species in the solution bulk, by their 
enlargement to Ag82+, and then by the formation of 
colloidal metal. Thus,  the process under consideration 
includes the main steps of the nucleation of silver, 
which have been established for soh,tions containing no 
added stabilizing compounds,  z'4 

Radiat ion-induced chemical reduction is a quite con- 
venient and easily controllable method for the prepara- 
tion of clusterites. However, the results of our recent 
studies indicate that clusterites can also be obtained by 
using normal chemical reducing agents, in parlicul~lr, 
molecular hydrogen, hydrazine, and other compounds. 

This work was carried out with financial support 
from the Russian Foundat ion for Basic Research (Project 
No. 95-03-08320a). 
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Fig. 7. Variation of the absorption spectrum after the addition 
of t0 .1  M solution of ammonia: after 2 rain (1); I h (2),and 
12 h (3). The composition of the solution and the conditions 
are given below Fig. 3. 
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