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ABSTRACT: Several cationic polyelectrolytes were investigated for their ability to stabilize silver colloids, which were 

prepared from a silver nitrate AgNO3 precursor by in situ reduction with potassium borohydride KBH 4 . UV-Vis spectroscopy 

was employed to characterize the colloidally stable silver samples, and the particle sizes, size distributions, and shapes were 

determined by transmission electron microscopy. The interactions provided by the silver precursors and colloids with the 

polymeric matrices were found to have an influence on the nanoparticle features, their optical properties, and the long-term 

colloidal stability of the dispersions. 
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Interest in nanosized colloidal metal nanoparticles 
protected by polymers is increasing, since these materials 
can be highly useful for a variety of technological 
applications. In particular, the size effects and related 
novel properties of the metal species can be combined 
with the properties stemming from the polymeric matrix. 
In this way, materials can be tailored for applications 
involving optical, catalytic, magnetic, or electronic 
properties. 1 - 21 

Silver particles in the nanometer size-range and 
protected by a polymeric matrix are of interest since they 
can be useful in many fields. The optical properties 
provided by such nanosized silver particles are especially 
intriguing. Depending on the particle size, shape, and 
agglomeration behavior, silver colloids can show a 
variety of different colors ranging from the typical yel
low to orange, brown and violet. Interestingly, only small 
amounts of silver are necessary to cause significant optical 
changes in a composite material. Furthermore, silver 
nanoparticles are promising candidates for various 
catalytic applications, especially for electron-transfer 
and storage or oxidation catalysis. 22

-
27 

The protective polymer has to be carefully selected, 
since it can provide a variety of additional functions. 
A large number of preparative methods for these metal
polymer composite materials involve the presence of 
the polymer during the reduction from the metal pre
cursor. In this way, the polymer can profoundly influence 
the particle sizes and morphologies of the resulting metal 
colloids. A very crucial factor is the influence of the 
polymer on the materials properties and performance. 
For instance, the protective polymer surrounding the 
nanometal and exhibiting its special properties can 
modify the catalytic and optical properties of the entire 
metal-polymer system. It is therefore necessary to 

investigate a broad variety of protective polymers for 
their effect on such metal colloids. 

Water-soluble homopolymers and random copolymers 
possessing a hydrophobic backbone and hydrophilic side 
groups are frequently used as stabilizing matrices for 
metal colloids. 1

•
3 For these flexible polymers the 

stabilization of the metal colloid is based on steric 
effects. 1

·
28 

Another interesting class consists of the poly
electrolytes, which are capable of combining both steric 
and electrostatic stabilization resulting in electrosteric 
stabilization. This is important for the long-term sta
bilization of the metal colloids. They are also interest1ng 
for a variety of technological applications, such as 
catalysis, since they can create an electrostatic environ
ment surrounding the metal nanoparticles. This could 
have an important effect especially if charged or polar 
reactants are involved. Polyelectrolytes can further pro
vide strong interactions with various metal precursor 
ions by ion pair formation. Such interactions of the metal 
precursor with the polymeric matrix turned out to be 
advantageous for obtaining small particle sizes with a 
narrow size distribution. 18

•
2° For instance, in our 

previous investigations the use of various cationic 
polyelectrolytes resulted in small and well-stabilized 
colloidal gold, palladium, and platinum nanoparti
cles. 18

•
20 In these cases the precursor species were anionic 

complexes, such as [AuCl4r and [PtC16 ] 
2 

- . For such 
anionic precursors the use of anionic polyelectrolytes or 
partially deprotonated polyacids turned out to be less 
stabilizing, and the nanoparticles tended to exhibit 
broader size distributions or agglomerated particles. This 
is due to the electrostatic repulsion between the anionic 
polymer side groups and the anionic precursor species, 
and the fact that anionic counterions are adsorbed on 
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Figure l. Structures of the cationic polyelectrolytes. 

the resulting colloid surfaces. 
In the present investigations several cationic poly

electrolytes incorporating quaternary ammonium groups 
were investigated for their ability to stabilize colloidal 
silver nanoparticles, and their effect on the nanoparticle 
features and long-term stabilization. For comparison, the 
nonionic poly( dimethylamine-co-epichlorohydrine) was 
included. The silver colloids were prepared from a silver 
nitrate AgNO 3 precursor by the in situ reduction with 
potassium borohydride KBH4 in aqueous medium. In 
contrast to the anionic precursor species investigated 
earlier, 18

•
20 in this case the precursor species is cationic, 

namely the Ag+ aquo-complex. This should result in 
differences with respect to the nanoparticle features and 
the colloidal stability of the samples for the various 
polymeric matrices involved. The particle sizes, shapes, 
and size distributions of the colloidal dispersions were 
investigated by transmission electron microscopy (TEM). 
UV-Vis spectroscopy was employed for additional 
characterization of the optical properties of the colloids. 
The type of the protective polymer can have a large 
influence on the nanoparticle features, the optical prop
erties, and the colloidal stability of the samples. 

EXPERIMENT AL 

Chemicals and Reagents 
Silver nitrate (AgNO3) and potassium borohydride 

(KBH4 ) were obtained from Aldrich. Poly(dimethyl
amine-co-epichlorohydrin) (molecular weight, Mw, not 
available from supplier) and the poly(diallyldimethyl 
ammonium chlorides) were purchased from Aldrich. The 
molecular weights of the poly(diallyldimethyl ammonium 
chlorides) were given by the supplier as follows: average 
Mw-200000-350000 (medium Mw) and average 
M w -400000-500000 (high M w)- Poly(2-hydroxy-3-
methacryloxypropyltrimethyl ammonium chloride) (Mw 

not available from supplier) and poly(3-chloro-2-hy
droxypropyl-2-methacryloxyethyldimethyl ammonium 
chloride) (Mw-50000) were obtained from Poly
sciences. The structures of the cationic polyelectrolytes 
are depicted in Figure 1. 

16 

Colloid Preparation 
All glassware employed was cleaned with concentrat

ed nitric acid before use. An aqueous solution of an ex
cess of KBH4 was prepared just before use and rapidly 
added to the stirred aqueous solutions containing AgNO 3 

( 6.8 x 10- 4 M) and the nonionic polymer or cationic 
polyelectrolytes in a mass ratio of polymer: silver= 
25 : I. UV-Vis spectra were taken immediately after the 
reduction, and further UV-Vis spectra were taken after 
2 h storage in air and ambient light. Additional spectra 
were recorded after storage in air and in the dark for 
several months to explore the colloidal long-term stabi
lity of the samples. 

Characterization 
Transmission electron micrographs were taken with 

a JEOL-100 CX II transmission electron microscope 
(operating at an acceleration voltage of 80 kV) in order 
to obtain the sizes, shapes, and size distributions of the 
silver nanoparticles. The samples were prepared by 
placing a drop of the colloidal dispersion on a carbon/ 
formvar-coated copper grid (placed onto a filter paper 
to remove exc~ss solvent) and letting the solvent eva
porate at room temperature. Further TEM samples 
were prepared for two examples [silver colloids in the 
presence of poly(diallyldimethyl ammonium chloride) 
and poly(2-hydroxy-3-methacryloxypropyltrimethyl am
monium chloride)] after storage of the colloidal 
dispersions for 7-8 months in the dark, and the 
micrographs of these stored samples were taken with a 
Phillips EM 400 transmission electron microscope 
( operated at 80 kV). The particle sizes were measured 
with a comparator and the number average particle sizes 
and size distributions were determined based on the 
measurement of at least 150 particles. UV-Vis spectra 
were recorded with a Milton Roy Spectronic 3000 Array 
instrument (using JO mm pathlength quartz cuvettes) 
from 250 to 600 nm. 

RESULTS 

Freshly-Prepared Samples 
The results obtained by TEM, that is, the number-
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Table I. Transmission electron microscopy results and UV-Vis spectroscopic data for silver colloids reduced by KBH4 

Polymer 
Average particle 

Particle features Color Amax/nm FWHM 
size/nm (std. dev.) 

Nonionic polymer: 
Poly(dimethylamine-co-epichloro- 20.4 (6. 7) Spherical, Yellow 417.8 76 

hydrin) 50: 50 (mo!.) several "pairs" 

Cationic polyelectrolytes: 
Poly(diallyldimethyl ammonium 28.3 (12.1) Deep yellow- 401.4 60 

chloride), high mo!. wt. orange 398.]d 49ct 

Poly(diallyldimethyl ammonium 100 Deep yellow- 402.4 79 

chloride), medium mo!. wt. orange 396.0' 40' 

Poly(2-hydroxy-3-methacryloxy- 38.6 (26.0) Yell ow-orange 404.2 77 

propyltrimethyl ammonium 399.2' 62' 

chloride) 
Poly(3-chloro-2-hydroxypropyl-2- 13.9 (19.5) Yell ow-orange 422 90 

methacryloxyethyldimethyl 417.5' 83' 

ammonium chloride) 
After storage for 7-8 months: 

Poly(diallyldimethyl ammonium 2.3 (1.7) Yellow 398 45 

chloride), high mol. wt. 1.6 (0.7)' 
Poly(2-hydroxy-3-methacryloxy- 1.9 (2.3) b Yellow 398.5 54 

propyltrimethyl ammonium 1.6 (0.3)' 
chloride) 

a Spherical and "close-to-spherical" particles in coexistence with nanosized single crystals exhibiting mainly rectangular profiles and fewer 

triangular profiles. bMany very small spherical particles (of about l-2nm diameter) in coexistence with larger ones (spherical, oval and 

"close-to-spherical" particles; no single crystals). 'Average particle diameters for the particles excluding the coexisting larger ones. dUV-Vis 

spectrum recorded after I h storage in air and ambient light. 'UV-Vis spectra recorded after 2h storage in air and ambient light. 

average particle size (and standard deviation) and the 
particle shapes for the silver colloids protected by 
poly( dimethylamine-ca-epichlorohydrine) and the catio
nic polyelectrolytes are summarized in Table I. The 
UV-Vis spectroscopic data, along with the colors of the 
samples, obtained immediately and 2 h after the reduction 
are included as well. 

Several cationic polyelectrolytes based on quaternary 
ammonium groups were investigated, all of them pos
sessing chloride counterions. All cases gave colloi
dally-stable silver sols, which could be stored for several 
months. For comparison, one nonionic polymer, namely 
poly(dimethylamine-ca-epichlorohydrin), was invest
igated as well. This polymer contains amino units, which 
can be protonated and which can also act as ligands for 
the silver cation Ag+ .29 

The poly( dimethylamine-ca-epichlorohydrin) copoly
mer as a protective matrix initially yielded a yellow 
silver sol which was stable for several days. The average 
particle size obtained by TEM was about 20 nm, as can 
also be seen from the TEM micrograph depicted in Figure 
2. For this polymer several "paired" particles were 
found, in coexistence with separate single silver particles. 
However, after about 2-3 weeks storage in air the 
formation of a white precipitate and a colorless solution 
indicated poor long-term colloidal and chemical sta
bilization of this sample, most probably due to partial 
reoxidation and complex formation of the silver species 
with the amino units. 

Typical TEM micrographs for the stable samples 
stabilized by the cationic polyelectrolytes are shown in 
Figure 3 for silver nanoparticles protected by poly
( diallyldimethyl ammonium chloride), and in Figure 4 
for silver particles in the presence of poly(2-hydroxy-3-
methacryloxypropyltrimethyl ammonium chloride). 
Usually, for these samples a variety of coexisting 
particular shapes are found, that is, spherical and 
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Figure 2. TEM micrograph of silver nanoparticles reduced from 

AgN0 3 by KBH 4 in the presence of poly(dimethylamine-co

epichlorohydrin) (Bar= 105 nm). 

Figure 3. TEM micrograph of silver nanoparticles reduced from 

AgN0 3 by KBH4 in the presence of poly(diallyldimethyl ammonium 

chloride), medium molecular weight (Bar= 400nm). 
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close-to-spherical, somewhat irregular shapes, in addi

tion to nanosized single crystals. For the nanosized single 
crystals rectangular profiles are predominant, in addition 
to some triangular profiles. 

Even though somewhat larger particle shapes are 
initially present, the dispersions were colloidally stable 

for several months with no precipitation occurring. The 
UV-Vis spectroscopic data for the samples are also listed 

in Table I. They were recorded immediately after the 
reduction, and also after 2 h storage in air and ambient 
light. 

The UV-Vis spectra taken immediately after the re

duction show a variation of the plasmon absorption 

band for different types of the protective polymers. A 

peak at about 400-405 nm and a minimum around 
320 nm were found for the poly(diallyldimethyl ammoni

um chloride) and poly(2-hydroxy-3-methacryloxypropyl

trimethyl ammonium chloride) samples. Such UV-Vis 

spectra are typically found for nanosized silver colloids. 

In addition, a peak at about 275 nm shows the existence 
of the Ag4 

2 + species, which is reported to be formed 

during the two-step reduction process by borohy-

Figure 4. TEM micrograph of silver nanoparticles reduced from 

AgNO3 by KBH4 in the presence of poly(2-hydroxy-3-methacryloxy

propyltrimethyl ammonium chloride) (Bar=300nm). 
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drides. 30
•
31 The UV-Vis spectrum for the sample 

involving poly(diallyldimethyl ammonium chloride) is 
depicted in Figure 5a. 

The sample involving the nonionic poly(dimethylami

ne-co-epichlorohydrin) shows a red shift, that is plasmon 
absorption at a higher wavelength. In this case the 

plasmon absorption peak is located at about 418 nm. 
Also in this case an additional weak peak around 280 nm 

was recorded for the freshly prepared sample, showing 
the presence of the Ag4 

2 + species. The largest red shift 

was found for the poly(3-chloro-2-hydroxypropyl-2-
methacryloxyethyldimethyl ammonium chloride), with 

a plasmon absorption band at 422 nm. This sample also 

shows the largest bandwidth (full width at half 
maximum, FWHM) of 90nm (see UV-Vis spectrum 

depicted in Figure 5b). 
The stable samples involving the cationic poly

electrolytes were investigated further, and UV-Vis spectra 
were also recorded after two hours storage in air and 

ambient light. These UV-Vis spectrocopic data are also 
included in Table I. Upon standing a shift to shorter 

wavelengths ("blue shift") and a significant narrowing 

of the absorption plasmon band were observed, as can 
be seen from the representative UV-Vis spectrum for 

silver nanoparticles protected by poly(diallyldimethyl 
ammonium chloride) shown in Figure 5c. 

Stored Samples 
The blue shift of the absorption plasmon band seemed 

to be completed after a few hours, since a less drastic 

change was found after storage in air and in the dark 
for 7-8 months. The UV-Vis spectroscopic data for the 
samples investigated after this storage time are listed in 

Table I. An example is shown in Figure 5d for silver 

nanoparticles protected by poly(diallyldimethyl ammoni
um chloride), recorded after storage of the diluted sample 

for 7-8 months. Considering the long storage period, 
the differences relative to the UV-Vis spectra obtained 

after two hours are quite small. 
TEM micrographs were therefore taken for these two 

450 500 550 600 

Nanometers 

Figure 5. UV-Vis spectra for silver nanoparticles (a) protected by poly(diallyldimethyl ammonium chloride). recorded immediately after the 

reduction from AgNO 3 by KBH 4 , (b) protected by poly(3-chloro-2-hydroxypropyl-2-methacryloxyethyldimethyl ammonium chloride), recorded 

immediately after the reduction from AgNO 3 by KBH4 , (c) protected by poly(diallyldimethyl ammonium chloride), recorded two hours after the 

reduction from AgNO3 by KBH4 , and (d) protected by poly(diallyldimcthyl ammonium chloride), recorded after storage for 7-8 months. 
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Figure 6. TEM micrograph of silver nanoparticles reduced from 

AgNO3 by KBH4 in the presence of poly(2-hydroxy-3-methacryloxy

propyltrimethyl ammonium chloride), obtained after storage for 7-8 

months (Bar= 75 nm). 

samples after storage and the results given in Table I. In 
both cases the colloidal dispersions were still yellow and 

clear. The TEM micrograph in Figure 6 shows the 
example of silver nanoparticles protected by poly(2-

hydroxy-3-methacryloxypropyltrimethyl ammonium 
chloride). The TEM micrographs reveal a significant 

change of the particle features when compared to those 
taken immediately after the reduction. Many very small 

spherical particles (of about 1-2 nm diameter) are 
mainly found, in coexistence with fewer larger ones. The 

average particle size is drastically reduced, and single 

crystal features are no longer evident. The smallest silver 
clusters typically form a "network', distributed evenly 

throughout the sample, as can be seen from the micro

graph in Figure 6. Since the colloidal dispersions were 

still of the typical yellow color after this long storage 

time, it seems that it is small Ag 0 clusters of a certain 
defined size being stabilized by the matrix. These result 

in the plasmon absorption peak at 398 nm, found for 
both samples. 

DISCUSSION 

Freshly-Prepared Samples 
Several reasons could explain the various particle 

features found by TEM investigations for the freshly

prepared samples protected by the cationic polyelectro

lytes. The different nanoparticle shapes indicate that 

different growth and agglomeration processes are effec

tive, occurring either simultaneously or in consecutive 

steps. Also the observed color change during the col
loid preparation is an indication for multi-step and 

secondary growth and agglomeration processes: imme

diately after the addition of the borohydride solution 
intense yellow silver sols were obtained which turned a 

deep orange within the first seconds after the reduction 

process. Upon standing the silver sols turned yellow 
again, and remained that color during several months 

storage. 
Usually the formation of nanosized single crystals is 

associated with a slower, controlled particle growth or 

"templating effects", whereas the formation of somewhat 

Polym. J., Vol. 32. No. l, 2000 

larger, irregular shapes are often found for faster particle 

growth and agglomeration processes. It is also likely, 
that such irregular shapes are caused by a different 

nucleation species, such as the silver chloride AgCl or 
silver oxide Ag20, which can also be formed during 

preparation. It is known that Ag+ ions are highly 

sensitive towards chloride anions, which are present in 
excess, stemming from the polyelectrolyte counterions. 
This could result in the formation of colloidal silver 

chloride AgCI. A large excess of chloride ions, however, 

could also lead to the formation of a soluble dichloro 
silver complex [AgCI 2r, 32 which could then act as a 

complex counterion for the cationic polyelectrolytes, 

forming ion pairs. Furthermore, the formation of silver 
oxide Ag20 in air has been reported in the literature. 30

•
33 

Thus, a combination of several effects and different 
types of species forming the initial nuclei could be 

involved, and causing the observed variations of particle 

shapes: 
Colloidal Semiconductor Nuclei and Particles. As ex

plained above, it is possible, that in several cases the 

nuclei for particle growth are not Ag 0 clusters, but small 

colloidal AgCl and/or Ag20 clusters/particles. These 
would act either as nucleation sites for the silver 
nanoparticle growth, or being precursors, and in turn 

reduced to Ag 0
• Since the colloidal dispersions remained 

clear during preparation these semiconductor particles 

are most probably present in the colloidal state. Both 

the AgCl and Ag2 0 species can adsorb additional silver 
ions Ag+ on their surface, which then can be reduced to 

Ag0
• 
30 In particular, the irregular and close-to-spherical 

shapes could be due to colloidal AgCl and Ag20 being 
reduced to Ag 0 nanoparticles. 

Negatively-Charged Silver Complexes. The sensitivity 

of the silver species towards chloride, which is present 
in excess from the polyelectrolyte, could cause the 

formation of silver chloride. It could also result in the 
formation of the complex [AgCl2]- anion, 32 which 

can also be formed as a surface complex on the silver 

nanoparticles. Such negatively-charged species should 
interact well with the cationic polyelectrolyte. This type 

of surface complex formation could also be responsible 

for the changes in the particle features and the stabili
zation of the system by the cationic polyelectrolytes 

during longer storage periods. 
Positively-Charged Silver Species. The positively 

charged Ag+ precursor ions have a low tendency to 

interact with the cationic polyelectrolytes, due to 
electrostatic repulsion. Also, it is reported that the 

reduction of AgN0 3 by borohydrides is a two-step 
reduction process, involving the initial formation of the 

Ag4 
2 + cation. This species shows an absorption peak in 

the UV-Vis spectrum at about 275nm. 30
•
31 The initially 

weaker interaction with the protective cationic poly

electrolyte due to electrostatic repulsion can cause the 
somewhat larger average particle sizes (mostly in the 

range of 15 to 40 nm) initially observed for the samples, 
in contrast to the use nonionic protective polymers or 
polyacids as protective matrices. 34 

Thus it is very likely that different silver species and 

surface effects are involved in the particle growth and 

ripening process, and are responsible for the variation 
of the particle shapes. Therefore it is probable that the 

19 



A. B. R. MAYER, S. H. HAUSNER, and J. E. MARK 

larger particles seen by TEM are composites of various 
silver species (Ag+ and Ag0

) which can be initially 
formed, whereas the UV-Vis plasmon absorption stems 
from nanosized zerovalent silver Ag 0

• Therefore the 
observed UV-Vis spectra should not be directly cor
related to the particle sizes as observed by TEM. 

For the nonionic polymer and poly(3-chloro-2-
hydroxypropyl-2-methacryloxyethyldimethyl ammoni
um chloride) a red shift was found in comparison to the 
other cationic polyelectrolytes investigated. Since all 
reduction conditions and solutions were the same for all 
samples, and no correlation with the observed particle 
sizes could be found, the observed shifts of the plasmon 
bands within the samples can be ascribed to the presence 
of the different polymers. Generally, a red shift in the 
UV-Vis spectra can have several reasons: 30

,
33

.
35

-
37 (i) 

matrix effects from the polymer, (ii) oxidation processes, 
and (iii) reduced interactions with nucleophiles (such as 
chloride ions) or adsorption of positively-charged species. 

Since the reductions were already performed in air, 
red shifts due to partial oxidation by ambient oxygen, 
as observed by Henglein 33 for samples prepared in inert 
atmosphere and then exposed to ambient air, cannot be 
expected. Since the partial oxidation of silver nano
particles was found to proceed very rapidly (significant 
changes have been found by Henglein already after 
1.5 min, and further changes came to a halt after about 
20 min) 33 these effects should be already present for the 
samples investigated here "from the beginning". The 
differences in the positions of the plasmon peaks for 
the different samples, and further shifts observed upon 
storage should stem from the different polymers used 
and their influence on ion interactions. 

The positively-charged precursor and nucleation 
species (Ag+, Ag4 

2 +, and adsorbed positive silver ions 
on the formed nanoparticles) can cause both a reduced 
interaction with the cationic polyelectrolytes (due to 
electrostatic repulsion) and an increased interaction/ 
adsorption of nucleophilic species, such as chloride 
ions. This could explain the absorption at the similar, 
lower wavelengths for the poly(diallyldimethyl ammoni
um chloride) and poly(2-hydroxy-3-methacryloxypropyl
trimethyl ammonium chloride) samples. For these ca
tionic polyelectrolytes the positive charge along the 
polymer backbone is only a little hindered, which 
therefore should result in a lower tendency of these 
polymers to initially interact with the positively-charged 
silver species. 

In comparison, the poly(dimethylamine-co-epichloro
hydrin) sample shows a red shift of more than 10 nm 
for the freshly prepared sample. Since in this case no 
additional excess of nucleophilic species (chloride ions) 
is present, the effect is likely due to both a matrix effect 
of the polymer and the increased adsorption of posi
tively-charged silver species on existing nanoparticles. 
The amino units of the polymer can interact with the 
silver species by complex formation. This should re
sult in a stronger interaction with the polymer, which 
could also displace adsorbed anions (e.g., the nitrate 
counterions from the AgNO 3 precursor). 38 Indeed the 
change to colorless in the course of storage indicated the 
reoxidation for this sample. 

The largest red shift was found for the poly(3-chloro-

20 

2-hydroxypropyl-2-methacryloxyethyldimethyl ammoni
um chloride) sample. In contrast to the two other cationic 
polyelectrolytes investigated, in this case the positively
charged region in the polymer is sterically more hindered, 
as can be seen from the structure shown in Figure 1. 
Therefore, the electrostatic repulsion towards the silver 
species should be less pronounced and allow an increased 
interaction with the polyelectrolyte. This would also 
correlate well with the smaller average particle size found 
for this sample (which is about 14nm in contrast to the 
25-100 nm for those from the other cationic poly
electrolytes investigated). This could be ascribed to a 
better initial interaction (and thus stabilization) of the 
silver-containing particles. Also, the larger bandwidth 
observed in this case indicates a more pronounced 
interaction of the polyelectrolyte matrix with the silver 
species. 22

•
36 The additional positively-charged field 

surrounding the silver species could then result in an 
additional red shift in this case. 

After 2 h storage a blue shift of the plasmon band 
was observed for the samples involving the cationic 
polyelectrolytes. Generally such blue shifts can be 
ascribed to the following effects: 22

·
30

•
35

•
36 (i) the adsorp

tion of nucleophiles and the associated accumulation of 
electrons on the silver particles and (ii) a decrease in 
particle size (which is, however, often associated by a 
broadening of the bandwidth). 36 

A surface effect stemming from adsorbed nucleophiles 
is likely, due to the presence of a large quantity of 
negatively charged counterions, both from the silver 
precursor (nitrate NO 3 -) and the cationic poly
electrolytes (chloride c1- counterions). Also, after com
pletion of the reduction, there is no longer any ad
sorption of positively-charged silver species (they are 
completely reduced), and the adsorption of the nega
tively-charged counterions can become predominant. 
These counter anions can adsorb on the nanoparticle 
surface, resulting in a negative surface charge or the 
formation of surface complexes. A negative surface 
charge of, for instance, gold and silver colloids due to 
adsorption of anions has been frequently observed in 
the literature, 38 and has been ascribed to "super 
equivalent" specific adsorption, overcompensating the 
positive charge on the metal particles. Also, Henglein 
has reported that anions which form complexes or in
soluble salts with silver ions are especially strongly 
adsorbed on silver particles. 39 This negative surface 
charge may also be responsible for the stabilization of 
the colloids by the cationic polyelectrolytes, by provid
ing improved interaction with the positively charged 
polyelectrolyte. Even after storage for 7-8 months the 
dispersions are of a yellow color with no trace of pre
cipitation. Figure 7 shows a schematic illustration of 
a particle with adsorbed layers of positive and negative 
ions, and subsequent interaction with positively-charged 
components of a polyelectrolyte. 

According to the literature, such observed blue shifts 
can also be ascribed to surface effects stemming from 
adsorbed silver clusters on the particles. Thus, an in
itial red shift can occur with the withdrawal of electron 
density from adsorbed (positively-charged) silver ions. 
The transfer of electron density from adsorbed silver 
metal particles to colloidal silver oxide (which can 
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Figure 7. Schematic illustration of a nanoparticle with adsorbed 
layers of positive and negative ions, resulting in a negative surface 
charge due to "overcompensation", and subsequent interaction with 
cationic components of the polyelectrolytes, due to electrostatic 
attraction. 

occur during the formation of small silver particles on 
the surface of Ag2O), or the dissolution of the silver 
oxide support during an autocatalytic redox process, 
can then subsequently cause a blue shift during 
reaction. 30 

Stored Samples 
As mentioned, the observed blue shift during storage 

could furthermore be associated with a decrease of the 
particle size of the samples during aging. It should be 
noted that after 7-8 months storage as diluted dis
persions for the two samples involving the cationic 
poly(diallyldimethyl ammonium chloride) and poly(2-
hydroxy-3-methacryloxypropyl-trimethyl ammonium 
chloride), the plasmon absorption band located at the 
same wavelength, 398 nm was found. Figure 5d shows 
the respective UV-Vis spectrum for the poly(diallyldi
methyl ammonium chloride) sample after long-term 
storage. This wavelength is typical for very small silver 
particles,30 ·

33
·
40 .4 1 and could point to the same silver 

species finally stabilized by the polyelectrolytes. 
Indeed the measurement of merely the small clusters 

excluding the coexisting larger ones (which could involve 
AgCl or Ag2O) give an average particle size of about 
1.6nm for both the poly(diallyldimethyl ammonium 
chloride) and the poly(2-hydroxy-3-methacryloxypropyl
trimethyl ammonium chloride) samples. An enlarged 
TEM micrograph showing a section with the small 
spherical nanoparticles is presented in Figure 8 for the 
poly(diallyldimethyl ammonium chloride) sample. This 
particle size stemming from the most frequent particle 
size and surrounded by the same type of polymer matrix 
(both are cationic polyelectrolytes with chloride counter 
anions and less sterically-hindered positive charges) could 
be responsible for the identical plasmon absorptions 
found after this long storage time. 

These results differ from observations made for gold 
nanoparticles protected by cationic polyelectrolytes and 
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Figure 8. TEM micrograph of silver nanoparticles reduced from 
AgNO 3 by KBH 4 in the presence of poly(diallyldimethyl ammonium 
chloride), high molecular weight, obtained after storage for 7-8 
months (Bar= 35 nm). 

stored under similar conditions for several months. 18 In 
these cases not only the UV-Vis spectra changed very 
little, but also the TEM pictures revealed only slight 
increases of the average particle diameters (which could 
be expected from "regular" aging effects and Ostwald 
ripening during such long storage times of several 
months). However, in these cases the initial formation 
of nanocomposites involving gold ions was not as 
favored, and the resulting gold nanoparticles are also 
less subject to dissolution due to complex formation. 
Thus the long-term storage effects of cationic poly
electrolytes seem to depend strongly on various factors, 
such as the metal type and its associated chemistry, and 
the preparation conditions. 

Several effects could contribute to the observed drastic 
decrease of particle sizes observed here for the silver 
samples. Obviously some "dissolution" processes took 
place. The findings ressemble observations made by 
Nedeljkovic and Patel for AgBr/Ag nanocomposite 
particles.42 In their investigations the TEM micrographs 
showed both larger and smaller irregular particles, and 
the larger particles have been assigned to AgBr/Ag 
nanocomposites. Upon addition of ammonia, which 
can dissolve silver bromide by complex formation, only 
small silver particles possessing diameters of 5 nm or less 
have been found by TEM. The color of these sols showed 
the characteristic yellow for silver nanoparticles. Thus, 
the larger particles, being composites incorporating 
AgCl and Ag2 O could be dissolved by complex formation 
involving either the excess of chloride counterions or 
the ammonium groups (both stemming from the poly
electrolyte ). This could mean that during the long-term 
storage certain cluster sizes are stabilized by the cationic 
polyelectrolytes. 

CONCLUSIONS 

Cationic polyelectrolytes are interesting candidates for 
the stabilization of colloidal silver nanoparticles. Due to 
the interplay of positive and negative charges, a variety 
of nanoparticle shapes can be obtained. Further op
timization could result in the exclusive formation and 
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stabilization of particular nanoparticle features, and the 

use of cationic polyelectrolytes might be thus suitable for 
obtaining unusual particle shapes or nanosized silver 

single crystals. It is also probable that the use of cationic 
polyelectrolytes can result in the long-term stabilization 
of small, defined silver clusters. 

The optical properties of the metal-polymer systems 
are strongly influenced by the polymeric matrix and 

surface effects. Such surface effects may be also highly 
important for the long-term stabilization of small silver 
clusters. 

For future investigations, additional polyelectrolytes 

should be considered, especially those containing counter 
ions other than chloride, to further explore the role and 

effect of the counter ions, and to fully understand the 

interplay of positive and negative charges during 

nanoparticle generation, growth, and stabilization. 
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