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Abstract

Thermodynamically stable AgI clusters were studied in the presence of high- and low-molecular-weight additives: polyethyle
(PEI) and dimethylformamide (DMF), respectively. Clusters containing up to 20 silver iodide pairs, roughly twice as many as in th
without PEI or DMF, have been observed. We show that the mechanism stabilizing these clusters is mixed adsorption with iodide ions a
the AgI–electrolyte interface. We make it plausible that more strongly adsorbing additives give rise to ultralow interfacial tension
AgI–electrolyte interface, with perspectives for “reversible colloids.”
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In this work we address the question of what adso
ing additives do to the properties of stable AgI clusters
the presence of excess iodide ions. We recently sho
that the insoluble salt silver iodide partly emulsifies in
small clusters containing up to 10 AgI pairs if sufficient e
cess iodide ions are present[1]. The mechanism behind th
spontaneous emulsification is that iodide ions adsorb a
interface between solid silver iodide and the aqueous e
trolyte solution, thereby decreasing its interfacial tens
This mechanism is fundamentally different from the me
anism that underlies traditional colloid stability: stability of
colloids in the traditional sense refers to their ability to
main suspended by avoiding aggregation due to attrac
(e.g., van der Waals) components in the potential of m
force between particles[2]. In that case the large interfac
present in these systems represents a large amount o
energy, which is only at a minimum when all the partic
have united into a single large crystal. On the other ha
there is a close analogy with microemulsions, dispers
(on nanometer scales) of immiscible liquids stabilized by
surfactant molecules; these form spontaneously once the
face work for creating droplets becomes on the order of
thermal energy—see, e.g.,[3].
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However, the interfacial tension of the surfactant-loade
oil–water interface in the case of microemulsions usuall
below 0.1 mN/m, while in the systems studied in[1] it was
found that the interfacial tension is roughly 10 mN/m. This
value is an order of magnitude smaller than the interfa
tension of the bare AgI–water interface, being of order 1
mN/m [4]. The larger interfacial tension compared to th
of microemulsions leads to relatively small clusters, as th
size of a cluster must be on the order of

√
kT /4πγ , where

kT is the thermal energy andγ the interfacial tension. Thi
equation follows from the condition that (spherical) clust
of radiusR must form if the work to create them is on th
order of the thermal energy, i.e., 4πR2γ ≈ kT .

The purpose of this work is to investigate the influence
adsorbing materials other than iodide and to study the clu
properties. If more than a single species adsorbs at the
electrolyte interface, interfacial tension is expected to de
crease even further than in the situation with only iodide,
sulting in clusters significantly larger than those found in[1].
Adsorption of these components should still be reversible
thermodynamic equilibrium requires that exchange of ma
ter between clusters occur.

In this paper both high- and low-molecular-weight a
sorbing species are studied. In the next paragraph we s
silver iodide in the presence of polyethyleneimine, P
These polymers are well known to adsorb onto silver iod
and they at least kinetically stabilize silver iodide quant
dots[5]. Next we move toN,N -dimethylformamide (DMF).

http://www.elsevier.com/locate/jcis
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Silver iodide has a high solubility in this solvent and for
complexes containing up to six silver atoms[6].

2. Experimental

2.1. Materials

Samples were prepared using distilled water. Silver
chlorate hydrate, silver nitrate, potassium iodide, po
ethylenimine (50 wt% solution in water,Mw ≈ 2000), and
N,N -dimethylformamide were used without further pur
cation.

2.2. Spectrophotometry

Optical absorption spectra were recorded using a Cary 1
UV–Vis spectrophotometer. The temperature of the solu
was maintained at 25±0.1◦C. Cells with a 1-cm path lengt
were used. The solution in the blank cell contained po
sium iodide and sodium thiosulfate, but no perchlorate
PEI or DMF. Neither perchlorate ions nor PEI (DMF) abso
at the wavelengths observed. Most samples contain ex
silver iodide solid; the absorption data were taken from
liquid phases after the solid was removed by centrifugat
All solutions were kept in a darkened cabinet. The abs
tion was determined at several times after preparation
after the performance of temperature cycles in order to
ify that the systems are thermodynamically stable. Sod
thiosulfate was present in both the sample and the blan
approximately 8× 10−4 M. At this concentration it does no
contribute to the absorption but keeps iodide in the redu
state.

2.3. Mass determinations

The buoyant masses of the complexes were determ
in a Beckman XL-I analytical ultracentrifuge. The ultracen
trifuge contains a spectrophotometer and the equilibrium op
tical absorption profile was measured at several wavelen
It usually took between 10 and 15 days before equilibr
was established.

3. Results and discussion

3.1. Addition of polyethyleneimine

Our first goal was to check if systems containing o
small excess amounts of either silver or iodide ions in
presence of PEI, as studied by Mulvaney[5], are thermody
namically stable. These systems contain quite monodisp
nanometer-sized particles. We found that they clearly
not thermodynamically stable; the adsorption spectra slo
kept shifting (in a matter of weeks to months) toward
red, pointing to larger and larger particles forming[5]. Only
s

t

.

,

(a)

(b)

Fig. 1. (a) Optical absorption of solutions containing 5 M KI and 1.25 M
AgClO4 (2), plus 5 mM PEI (!); 10 mM PEI (1); 30 mM PEI ( ); 50
mM PEI (P); 100 mM PEI (E). These absorptions were measured rela
to a system without PEI and AgClO4. A quantity of 8× 10−4 M sodium
thiosulfate was present in the systems in order to avoid formation o−

3
[10]. In these systems an excess solid phase is present. The absorptio
were taken from the liquid phases after removing the solid by centrifuga
tion. (b) Same as (a), but now with addition of DMF. Optical absorption
solutions containing 5 M KI and 1.25 M AgClO4 (2), plus 0.05 M DMF
(!); 0.3 M DMF ( ); 0.5 M DMF (E); 0.8 M DMF (�); 1 M DMF (P);
1.5 M DMF (1).

systems with compositions of approximately 0.2–0.3 m
PEI, 0.2 mM AgI, and 0.6 mM excess silver ions showed
markable stability; i.e., no significant red-shift was obser
over several months. However, addition of the compon
in different order revealed no indication that the system c
taining small particles is thermodynamically stable un
those conditions. Indeed, thermodynamic stability imp
that system properties depend only upon the thermodyn
state and not, e.g., on the order in which components
added.

The situation is completely different if large exce
amounts of iodide are present.Fig. 1a shows absorption
spectra of systems containing excess solid AgI after the s
is removed. It is clear that whenthe polymer concentration
increased in a system containing 5 M KI and 1.25 M AgC4



I.Lj. Validzic, W.K. Kegel / Journal of Colloid and Interface Science 275 (2004) 197–203 199

ngly

n
xces

ec-
the
ide
be
ote

e
they
per-
rong

of

and

the
siz

,
ulk
t

pro-
on-
-
he

ion
dial

pec

-
ely.
nd-
ent
nt

, the
sses

ter
ize
the
2

ent

e-

f

arts)
ation
d
F

p-
ses

res-
the
a red shift occurs: absorption takes place at increasi
longer wavelengths compared to the system without PEI[1].
The significant red shift with increasing PEI concentratio
was also observed in a less concentrated system with e
iodide (solution containing 0.57 M KI and 0.012 M AgClO4
plus different PEI concentration from 0.12 to 20 mM; sp
tra not shown). The observed red shift may occur due to
presence of AgI clusters, stabilized with PEI (besides iod
ions), when the polymer concentration increases. It will
shown later that this is indeed the case. At this point we n
that the absorption spectra inFig. 1 are independent of th
order in which the components were added. Moreover,
cannot be distinguished from the original spectra after
forming temperature cycles. These observations are st
proof of thermodynamic stability of the systems.

Our next step is to find out what the size (distribution)
the clusters is. We will follow the strategy pointed out in[1],
i.e., finding the relation between the size of the particles
the wavelength where they absorb, using ultracentrifugation
(UC). In short, for semiconductor particles such as AgI,
band gap energy of an electron–hole pair depends on the
of the particles[7], leading to

(1)
1

λ
= 1

λ0
+ α

R2 ,

whereλ is the absorption wavelength,R is the particle size
λ0 = 420 nm is the value of the wavelength where the b
exciton absorption of AgI is centered[8], andα is a constan
that can be determined by (UC), at least in principle[1].

For this purpose we measured the optical absorption
file as a function of wavelength, using UC. For an ideal, n
interacting single-component system, the equilibrium distri
bution obtained is a well-known exponential function of t
buoyant mass of the macromolecule,mb, given by

(2)c(r) = c(r0)exp

(
mbω

2(r2 − r2
0)

2kT

)
,

where c(r) is the sample concentration at radial posit
r, c(r0) is the sample concentration at a reference ra
distancer0, ω is the rotational velocity, andk and T are
Boltzmann’s constant and the absolute temperature, res
tively. The optical absorption profile isA(r) = εlc(r), where
c(r) is given byEq. (2) and ε and l are the (molar) ex
tinction coefficient and the optical path length, respectiv
If several different species are present, they will, depe
ing on their size, absorb at different wavelengths. Differ
wavelengths will pick up different sizes and thus differe
buoyant masses,mb in Eq. (2). As can be seen inFig. 2a,
this is indeed what happens: the longer the wavelength
larger the buoyant mass of the particles. The real ma
of the particles that can be extracted fromFig. 2a corre-
spond to an equivalent number of AgI pairs in the clus
betweenn = 8.4 and 11.9, assuming that clusters of s
n only absorb at a single wavelength. Compared with
AgI nanoparticles without PEI[1], where clusters of 2.8–6.
s

e

-

(a)

(b)

Fig. 2. (a) Equilibrium optical absorption profiles of systems with differ
PEI concentrations and constant concentrations of iodide and silver (5 M KI
and 1.25 M AgClO4) in an ultracentrifuge (ω = 12 krpm), plotted as lnA
versusr2 (seeEq. (2)and the discussion following it in the text). The wav
length-dependent buoyant masses,mb , of the particles that follow from the
slopes of the curves are expressed in units ofn, the equivalent number o
AgI pairs. These numbers aren = 8.4 (365 nm; 10 mM PEI): curve (1) in
the figure,n = 9.6 (375 nm; 10 mM PEI): curve (2),n = 11.9 (380 nm; 10
mM PEI): (3),n = 9.7 (370 nm; 50 mM PEI): (4),n = 10.4 (380 nm; 50
mM PEI): (5), andn = 9.3 (380 nm; 100 mM PEI): (6). Inset: equilibrium
optical absorption profiles of systems with 50 (!) and 100 mM (P) PEI
at 390 nm. The curves are noisy (and seem to consist of two linear p
due to very small absorption on the observed wavelength (see explan
above). The number of AgI pairs calculated from the slopes and indicate
in the figure isn ≈ 20. (b) As (a), but now for systems with different DM
concentrations. The masses in equivalent numbers of AgI pairs are:n = 7.1
(370 nm; 0.05 M DMF): curve (1),n = 8.4 (380 nm; 0.05 M DMF): (2),
n = 6.9 (370 nm; 0.3 M DMF): (3),n = 8.7 (380 nm; 0.3 M DMF): (4),
n = 11.9 (390 nm; 0.3 M DMF): (5),n = 7.2 (370 nm; 0.5 M DMF): (6),
n = 10.1 (380 nm; 0.5 M DMF): (7),n = 8.2 (370 nm; 1.5 M DMF): (8),
andn = 11.6 (380 nm; 1.5 M DMF): (9). Inset: equilibrium optical absor
tion profiles of systems with 0.5 and 1.5 M DMF on 390 nm. The mas
that follow from the slopes aren = 21.9 (390 nm (1); 0.5 M DMF) and
n = 21.2 (390 nm (!); 1.5 M DMF).

were found, it is clear that the clusters are larger in the p
ence of PEI. If the absorption intensity became too small
curves are noisy (inset,Fig. 2a) and it is difficult to extract
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reliable masses, due to a combination of a small optical
length of the cell that was used in the UC measurements
the limited sensitivity of the optical detector of the UC. Ho
ever, the number of AgI pairs obtained from the slope in
inset inFig. 2ais n ≈ 20.

As can be seen inFig. 2a(inset), the curves at the highe
measured wavelengths seem to consist of two linear p
pointing to two different-sized clusters picked up by th
wavelengths. We return to this issue later. We have
measured the optical absorption profiles as a function o
wavelength for 0.57 M KI with different concentrations
PEI. The sizes of the clusters, expressed in number of
pairs are between 7.7 and 10.9. There is no big differenc
masses of the clusters found in 0.57 and 5 M KI, altho
in 0.57 M KI we found no direct indications that clusters
sizes aroundn = 20 exist.

In Fig. 2 rotational velocities were relatively low, up
12 krpm. Around that value, observed particle sizes do
depend on rotational speed, indicating that the centrif
field does not perturb the cluster distributions presen
weak fields (such as under normal gravity). At higher spe
the situation is quite different:Fig. 3shows equilibrium opti-
cal absorption profiles of systems rotated at 15 and 17 k
As can be seen inFig. 3, the buoyant masses (which ha
been extracted from the steepest parts of the curves fo
system observed at 15 krpm) of the complexes are m
larger at these higher rotational velocities than they ar
Fig. 2a, reaching values as large as 121 AgI pairs. This
dicates that particles tend to coagulate due to the incre
rotational velocity. That this scenario applies rather than
size distribution shifting continuously to larger particle siz
has been corroborated by close inspection of the com
absorption profiles at 15 krpm: these profiles can be
described by two linear parts, as shown by the curves de
nated “a” inFig. 3. The two masses extracted from these p
files correspond to the two sizes that are found by sepa
centrifugation experiments at relatively low speeds an
relatively high speeds. At the even higher speed of 17 k
(curves b inFig. 3), the only reliable part in the equilibrium
absorption profile corresponds to the highest mass clus
These effects have not been observed for comparable
tems without PEI.

We now have all the information to extract the size dis
bution of the complexes from the optical absorption spe
following [1]. According toEq. (1), plotting 1/λ−1/λ0 ver-
susn−2/3 ∝ R−2 gives a straight line with a slope related
the value of the constantα. Our results are consistent wi
the value ofα = (0.82± 0.03) × 10−4 nm we found for the
systems without PEI; see[1]. We extract the number of Ag
pairs,n, from the wavelength by writing (again, see[1] for
details)

(3)n(λ) = 4π

3ν
α3/2

(
1

λ
− 1

λ0

)−3/2

,

with ν = 0.07 nm3, the molecular volume of AgI in the the
modynamically stable solidβ (wurtzite) phase.
,

d

-

.
-

Fig. 3. Equilibrium optical absorption profiles of systems with two differ
PEI concentrations and constant concentrations of silver and iodide (5
and 1.25 M AgClO4) in an ultracentrifuge plotted as lnA/ω2 versusr2. The
solutions contain 10 mM PEI,n = 69 (385 nm,!); 100 mM PEI,n = 95
(390 nm,P) and 100 mM PEI,n = 121 (400 nm,1). The three series o
curves represent the profiles of the clusters at 15 (a) and 17 (b) krpm
higher speed the buoyant masses of the complexes clearly are much
(comparemb at 12,000 (Fig. 2a) and 15,000 r.p.m.), indicating that particl
coagulate due to the increased rotational velocity. At the lowest rotationa
speeds, the curves (designated (a)) seem to consist of two linear parts

In Appendix Awe analyze the equilibrium

(4)nAgI(s) + mI− + pPEI� AgnIm−
n+m(PEI)p,

where AgI(s) is the (macroscopic) solid, undissolved ag
gate of silver iodide. This analysis leads to the size distr
tion of the clusters

(5)cn = be−an2/3/kT ,

wherecn is the (molar) concentration of clusters contain
n AgI pairs and in principle, every possible number of
cess iodide and PEI. In the absence of PEI we showed
the dependence onn of the first term on the rhs ofEq. (5)
is weak[1] compared to the exponential dependence in
second term. The exponential term ofEq. (5) contains the
interfacial free energy of the cluster. In the case of sph
cal clusters with a radiusR we havean2/3 = 4πR2γ , with
γ the interaction free energy per unit area. This quantity
be considered as the macroscopic interfacial tension bet
the excess solid and the electrolyte solution in the li
where that clusters become macroscopically large. The
distribution of the clusters may now be deduced from
absorption spectrum:the relation betweenn andλ is given
by Eq. (3), and the relation betweencn and optical absorp
tion by the Lambert–Beer law. By plotting the (logarithm
the) optical absorption as a function ofn2/3 for three system
with constant concentrations of iodide and silver, but vary
PEI concentrations (10, 50, and 100 mM PEI), the interfa
tension can be estimated. Compared with the system w
out PEI (see Ref.[1]), the interfacial tension decreases. F
5 M KI without PEI the interfacial tension was 9.3 mN/m
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Fig. 4. (a) Concentration of AgI in clusters of sizen, ncn, with cn given
by Eq.(5). The values ofb were determined as explained inAppendix B.
The systems contained 10 (!), 50 (e), and 100 (E) mM PEI, respectively.
As can be seen, the systems contain a significant fraction of silver in
ters withn � 20. (b) As (a), but now the values ofb were determined by
measuring the mass of the excess phase (explained inAppendix B). They
areb = 0.26, 0.22, 0.24, and 0.56 M for the systems containing 0.05!),
0.3 ( ), 1.5 (1), and 0.5 (P) M DMF, respectively.

and in the presence of PEI it is 5.5 mN/m (10 mM PEI),
5.2 mN/m (50 mM PEI), and 4.8 mN/m (100 mM PEI) (the
values ofa/kT are 1.089, 1.032, and 0.951, respectively)
seems that the value ofγ only weakly depends on PEI con
centrations. Judging from the slight systematic deviation
the data from the theoretical lines inFig. 4a, it is concluded
that either the interfacial tension or the value ofb or both
slightly depends onn. With the low interfacial tensions tha
we find, clusters containing up to 20 AgI pairs are form
as can be seen inFig. 4a.

3.2. Addition of dimethylformamide (DMF)

Optical absorption spectra of a system containing 5
KI, 1.25 M AgClO4, and several amounts of added DM
are shown inFig. 1b. Clearly the same trend is observed
with PEI: with the increasing amount of DMF in the sy
tem, a clear red shift occurs; absorption takes place at lo
 r

wavelengths compared to the system without DMF. T
must be caused by AgI clusters stabilized by DMF/exc
iodide. We also found that when the DMF concentrat
increases, the total concentration of silver in solution s
nificantly increases. In the case of systems containing 0.
and 0.8 M DMF, no excess phase is present and all s
(1.25 M) dissolves. When the DMF concentration is ev
further increased, however, excess AgI reappears. This
havior is similar to that of microemulsions, where salt
cosurfactant increases the curvature of the microemulsio
drops, which ultimately expel part of their interiors as
macroscopic excess phase[3].

We performed UC measurements to obtain the optical ab
sorption profile as a function of wavelength (see previ
section for details). The results are presented inFig. 2b. In
fact, the concentration of clusters in solution is too high
ignore interactions between them (see alsoFig. 4bandAp-
pendix B), but clearly no systematic deviations from an e
ponential profile can be observed. As can be seen inFig. 2b,
the larger the wavelength the larger the buoyant mass o
particles, just as in the case with PEI. The sizes of the c
ters as extracted fromFig. 2bcorrespond to between 7.1 an
18 (inset) equivalent number of AgI pairs.

The value ofα = (0.72±0.13)×10−4 nm that we extrac
from the data (in the same way as in the previous sectio
consistent with the value ofα = (0.82± 0.03) × 10−4 nm
found earlier[1]. Using this value inEq. (3)we immediately
obtain the size distribution andextract the interfacial ten
sions. For 5 M KI without DMF the interfacial tension wa
found to be 9.3 mN/m and in the presence of DMF it is 6.
5.6, 5.5, and 5.3 mN/m for the systems containing 0.05, 0
0.5, and 1.5 M DMF, respectively.

In Appendix Bwe describe how the values ofb in Eq. (5)
were obtained. With these values, the cluster size distr
tion, Eq. (5), is now fully determined. InFig. 4bwe plotted
the concentration of AgI pairs in clusters of sizen, ncn. As
can be seen in this figure, the systems contain a significan
fraction of silver in the clusters. Complexes with sizes co
parable to those with PEI form (i.e., up to 20 AgI pairs).

In ending this section we note that we also perform
cryo-electron-microscopy measurements on our sam
(not shown). We indeed observed clusters with sizes of
to several nanometers, but it has not been possible to
sure the sizes more accurately, probably because of the hig
concentration of silver in solution: 1.25 M. The sizes of
clusters are in that case smaller than or equal to the dista
between them. It is worth mentioning, however, that the p
ticles were observed to coagulate on the (charged) ca
surface of the sample holder, which may have applicat
in, e.g., catalysis.

4. Concluding remarks

In this work we showed that ifadsorbing species othe
than iodide (or, more generally, potential-determining io
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are present, AgI clusters roughly twice as large as th
without additives form. In addition, the whole distribution
clusters shifts (vertically inFig. 4) toward (up to 1000 times
higher concentrations. The larger clusters form becaus
interfacial tension of AgI electrolyte is reduced by roughl
factor of 2 compared to the situation without additives (ot
than iodide—see Ref.[1]), as prescribed byEq. (5). The shift
of the whole distribution is quantified by a larger prefa
tor, b, in Eq. (5). These observations constitute a proof
principle that even larger clusters can be formed if the
sion of the AgI-electrolyte interface is further reduced. T
may be realized by more strongly adsorbing species tha
ones studied here. We also mention that in order to ob
a narrow size distribution of clusters around a value of,
several nanometers, the simplest possible scenario req
the interfacial tension to quadratically depend on the
of the clusters[9]. The quadratic well should have a min
mum corresponding to a size of several nanometers. Th
the case in microemulsions[3]. Such an elastic contributio
may in principle be realized if adsorbing species interact
ther by attraction or by repulsion, as in surfactant system

Appendix A. Multichemical equilibrium and cluster
size distribution

Clusters of silver iodide stabilized by PEI (polyethyle
imine) or by DMF–water mixture in the presence of exc
I− are in equilibrium with a solid phase of AgI described

(A.1)nAgI(s) + mI− + pQ � AgnIn+mQp,

where AgI(s) is the (macroscopic) solid, undissolved ag
gate of silver iodide, I− is the iodide ion,Q is PEI or DMF,
and AgnIn+mQp is a cluster containingn silver iodide pairs,
m excess iodide ions, andp molecules of PEI or DMF.

Thermodynamic equilibrium implies that
∑
i

νiµi = 0,

whereνi andµi are the stoichiometric coefficients and t
chemical potentials of the componentsi, respectively. The
chemical potentials of the soluble species depend on con
tration. Fori = Q andi = I− we write the chemical potentia
asµi = µ0

i +kT ln(fici), whereµ0
i is the standard chemic

potential,ci the concentration ofi relative to the “standar
concentration”c0 = 1 M, andfi is the activity coefficient
Similarly, for AgnIn+mQp we write the chemical potentia
as

(A.2)µn,m,p = µ0
n,m,p + kT lnxn,m,p,

where the subscript (n,m,p) refers to the cluster Agn
In+mQp. The logarithmic term in the above equation n
contains the mole fractionxn,m,p instead of the (molar) con
centration. We neglect deviations from ideal behaviour of
clusters, although the concentrations of species in solu
are not small. In dispersion, the clusters are surrounde
electrolyte solution and PEI or DMF rather than being p
of a lattice. This gives rise to an interfacial free energy te
s

-

in the standard chemical potential of a cluster. We therefor
write

(A.3)µ0
n,m,p = nµ0∞ + mµins

I− (n) + pµins
Q (n) + an2/3.

This equation can be considered as the reversible wo
building a (n,m,p) cluster involving four steps:

1. Formation ofn pairs of bulk AgI—the first term on th
rhs ofEq. (3);

2. Addition ofm excess iodide molecules to the cluste
the second term;

3. Addition of p excess Q (PEI or DMF) molecules
the cluster, this contributespµins

Q (n), with µins
Q (n) the

chemical potential of PEI (or DMF) as part of a clust
4. Surface terman2/3: this term takes into account the i

teractions of a (n,m,p) cluster with the electrolyte (af
ter being removed from the bulk excess solid).

Combining the above equations leads to the size distr
tion of clusters of category (n,m,p)

(A.4)cn,m,p = ν−1
S

(
fQcQe

	µins
Q (n))p

× (
fI−cI−e

	µins
I− (n))m

e−an2/3/kT .

In this equation,cn,m,p = xn,m,p/νS is the (molar) con-
centration of the clusters of category (n,m,p) andνS is the
(molar) volume of the solvent (for water,ν−1

S ≈ 55.56 M).
We have defined	µins

i (n) = (µ0
i − µins

i (n))/kT as the dif-
ference in chemical potential between (a mole of)i = iodide,
PEI, or DMF in solution and in a cluster. This term takes i
account that upon formation of an (n,m,p) cluster,m iodide
ions andp molecules of Q are transferred from solution
the solid cluster.

In general, the cluster composition may depend on
size, but as no information regarding such dependenc
available, we pragmatically write the size distribution as

(A.5)cn = be−an2/3/kT ,

where the “prefactor”b depends on cluster composition, a
therefore on the iodide and Q (PEI or DMF) concentrat
in solution. The dependence ofb onn is a priori more com-
plicated than in the system without PEI or DMF[1], but is
still expected to be weak compared to the exponential d
pendence, i.e., the second term on the rhs ofEq. (A.5).

Appendix B. Data analysis

The values ofa in Eq. (A.5)were obtained as describe
in the main text. The values ofb cannot simply be extracte
from the absorption spectrum, since the absolute optical a
sorption of the clusters is not precisely known. Absorpt
spectra of the samples were measured relative to sam
without silver and PEI or DMF, but these samples still h
a composition slightly different from that of the electroly
in which the clusters are dispersed. In Ref.[1], the values of
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b were obtained from the solubilities of silver in the aqueo
phase. However, for the systems with PEI, these solubil
could not be determined. Therefore, the values ofb were ex-
tracted from the intercepts of plots of the lnA versusn2/3,
seeEq. (5). The value of the molar extinction coefficie
of the clusters was assumed the same as reported in[1].
For the systems with 10, 50, and 100 mM PEI, the in
cepts(ln(εlb)) are 3.2, 3.8, and 3.9. This leads to values
b = 2.5× 10−4, 4.5× 10−4, and 4.9× 10−4, respectively.

For the systems with dimethylformamide (DMF), the v
ues of b were obtained from the solubilities of silver
determined from the masses of the (dry) excess phases
suming that all silver is dispersed in the form of clust
(i.e., the number of free silver ions is much smaller th
the amount of silver in the clusters), the solubility of s
ver is given bycAg = ∑∞

n=1 ncn = b
∑∞

n=1 ne−an2/3/kT . In
principle the values ofb can now be extracted from th
equation using the solubilitiescAg as well as the values o∑∞

n=1 ne−an2/3/kT that were calculated numerically.
The concentrations of silver in the solutions arecAg =

0.43, 0.48, 1.25, and 0.57 M for the systems with 0.
0.3, 0.5, and 1.5 M DMF, respectively. The values∑∞

n=1 ne−an2/3/kT are 1.66, 2.13, 2.25, and 2.38 for the v
ues ofa that correspond to 0.05, 0.3, 0.5, and 1.5 M DM
This leads to values ofb = 0.26,0.22,0.56, and 0.24, re
spectively.

Comparing the values of the intercepts of plots of lnA

versusn2/3 (seeEq. (5)) being equal to ln(εlb), i.e., 3.93,
3.55, 3.69, and 4.02 for systems containing 0.05, 0.3,
and 1.5 M DMF with those ofb immediately gives an or
-

der of magnitude estimate of the molar extinction coe
cient of the clusters. This value is 102–103 l/mol cm. This
is a small value compared to the system without adsor
species other than iodide[1], where it was found to be o
the order of 105 l/mol cm. Although we do not rule out tha
adsorbing species alter the extinction coefficient of the par
ticles, we believe that the main cause for the apparent s
value lies in the model. Either the value ofb or the cluster
interfacial tension or both may depend on cluster size, w
Lambert–Beer’s law is not expected to apply in the conc
tration range of clusters being roughly 102–103 times larger
than in[1].
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