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The nucleation and growth of ZnS crystallites precipitated from a chemical reaction between 
ZnClz and Na2S in aqueous solution, are studied with the use of light scattering techniques. 
From the measurements it is found that the initial nuclei have sizes between 5 and 10 nm. 
After nucleation these nuclei start to  aggregate. The average size of the aggregates increases 
exponentially as a function of time. Growth rates are highly dependent on the initial concen- 
trations of Zn and SI being maximum at the stoichiometric concentration. The aggregates 
are fractals with measured Hausdorff fractal dimension of 2.12~0.2. Within experimental 
error the measured growth law together with the fractal dimension of the aggregates are 
in agreement with the results from computer simulations of the Reaction-Limited-Cluster- 
Cluster-Aggregation mechanism (RLCCA). This experiment emphasizes the utility of light 
scattering techniques to  perform in situ studies of nucleation and crystal growth phenomena. 

I. In t roduc t ion  

With the development of sophisticated technologi- 

cal materials for various applications, the control of the 

parameters of the starting products has become increas- 

ingly necessary. Among the severa1 starting products 

parameters that would be desirable to have an adequate 

control, the size distribution and the structure of the 

grains in powders are very important ones, mainly for 

sintering processes. In general, these starting products 

are the result of chemical reactions. Consequently, in- 

formations about the structure and size distribution of 

the grains, obtained in situ during the chemical reac- 

tions, are certainly very useful. 

In addition, a detailed experimental study of nucle- 

ation and kinetics of growth and aggregation of par- 

ticles, can provide data to  check theories and com- 

puter simulations that attempt to  model such complex 

phenomena[l]. 

Light scattering techniques have been successfully 

used to  study phenomena at the solid-liquid interface 

during crystal growth[2J. The non-destructive and in 

situ character of such techniques are of great advan- 

tage. 

Our experiment consists on the study of the light of 

a 25 mW He-Ne laser scattered by crystallites of ZnS 

precipitated during the chemical reaction between Na2S 

and ZnClz in aqueous solution. We use the technique 

of Photon Correlation ~ ~ e c t r o s c o ~ ~  (PCS)[~] to  obtain 

the sizes and growth rates, and Static Light Scattering 

to  obtain the structure of the ~ r~s t a l l i t e s [~ ] .  

11. Exper imenta l  p rocedu re  and discussion 

Our apparatus is schematically shown in Fig. 1. 

This is the standard homodyne configuration used 

in PCS. What is measured is the time autocorrela- 

tion function of the scattered light intensity 

< Iq (t) Iq (t + r )  >, for a particular scattering wavevec- 

tor q = ko - ks, where ko is the wavevector of the 

incident light and ks is the wavevector of the scat- 

tered light. For PCS q = 2kosin(O/2), where O is the 

scattering angle. The experiments are performed with 
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a Brookhavtm Instruments Co. model 2030 correlator 

and a Spectra Physics 25mW He-Ne laser. For diffusing 

particles far from w a l ~ s ~ ~ l ,  the diffusion coefficient ean 

directly be cbbtained from the equation 

COMPUTER '7 
Figure 1: Ligt!t scattering set-up; HW is a half-wave plate; 
Poll and Pol2 are linear polarizers; L1 and L2 are lenses; 
P1=2mm and P2=150pm are pinholes; PMT is the photo- 
multiplier. 

where A and B are constants and D is the diffusion 

coefficient of the particles. If the particles are spherical 

one can obta n their hydrodynamic radius R from the 

well-known Einstein-Stokes relation, 

where kB is Boltzmann's constant, T is the absolute 

temperature m d  r) is the viscosity of the liquid where 

the particles are diffusing. In our case r) is the vis- 

cosity of watrr. Because there is a strong screening 

of the hydrodynamic interactions inside of fractal ob- 

jects, their hjdrodynamic radii are close to  their gyra- 

tion radii. ~ i l t z i u s [ ~ ]  has measured the ratio between 

the hidrodyni~mic radius and the gyration radius for 

fractal silica aggregates, with a monomer size of 7 0 4  

and found thc number 0.72, for aggregates with aver- 

age radius 500A < R < ~ O O O A .  He also found a slight 

dependence 01' the diffusion coefficient with scattering 

wavevector q, for large values of q. In order to obtain 

the correct growth law, our measurements of the size of 

the crystallites as a function of time are performed at 

fixed scattering angle (0 = 70'). 

If there is a distribution of particle sizes, there is a 

distribution of diffusion coefficients, consequently the 

autocorrelation function is not a single exponential. 

One of the methods to analyze such a correlation func- 

tion is the method of cumulant~[~I ,  from which one ob- 

tains an average particle radius and the standard devi- 

ation of the distribution, which is called polidispersity. 

Solutions of Na2S and ZnClz are prepared with 

deionized water and then filtered with a 0.2 pm filter. 

The method of pre~aration of the aqueous solutions and 

the ways to obtain the ZnS crystallites are described by 

Rossetti et al.L7]. We found that 1.5 x 1 0 - ~  M aqueous 

solution of Na26S and 6.6 x 10-3 M aqueous solution 

of ZnC12, mixed in different volume ratios, give sta- 

ble ~ r~s t a l l i t e s [~ ] .  TEM images of ZnS colloids formed 

from solutions at 23OC with excess of Zn or S, show ex- 

tensive aggregation of small ZnS crystallites into loose 

structuresM. 

In order to carry out the experiments, the solutions 

are mixed in a cylindrical sample glass cell whose di- 

ameter is 4 cm and height 5 cm, with different volume 

ratios and consequently different initial molar concen- 

trations of Zn and S, which we define by the ratio Zn/S. 

This is done in order to  study the growth behaviour of 

the ZnS crystallites as a function of the Zn/S ratio. 

Before we mix the solutions, we perform PCS measure- 

ments in each one of them. Only the solutions with no 

observable time autocorrelation of the scattered light, 

for the whole range of sample times available in the cor- 

relator, are used. This procedure guaranties that the 

solutions are free of any spurious particles. They are 

then mixed without stirring, with the smaller volume 

solution being placed first in the cell. Typically, we 

work with total solution volume of the order of 40 cm3. 

With this procedure we have obtained reproducible re- 

sults. 
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Figure 2: Measured time autocorrelation function of the 
light intensity scattered by ZnS crystallites. 
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Figure 3: Time evolution of the average radius of the ag- 
gregates for Zn/S=4.4. The dots are the experimental 
points and the continuous curve is the fit using < R >= 
RO exp(Ct). 

A typical correlation function of the light scattered 

by the ZnS crystallites is shown in Fig. 2. In Fig. 3 we 

show the time evolution of the average radius of the ZnS 

crystallites for Zn/S=4.4. The measured average radius 

(dots) as a function of time is well fit by an exponential 

function like < R >= R. exp(Ct) (continuous curve), 

where R. and C are constants. The polidispersity in- 

creases as a function of time, indicating that the width 
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of the size distribution increases as the growth proceeds. 

The constant C ,  and consequently the growth rate of 

the crystallites, is highly dependent on the ratio Zn/S. 

In Table 1 we show the data for different Zn/S ratios. 

The maximum time of observation for the longer runs 

is 1700 minutes, hence this imposes a lower limit in tlie 

measurement of C .  If an observable growth is not de- 

tected during 1700 minutes, we write in Table 1 that 

C is smaller than 0.0006 min-l. In particular, for the 

stoichiometric concentration Zn/S = 1, the growth rate 

is so fast that i t  cannot be measured within our time 

resolution of about 1 minute, which is tlie time for accu- 

mulation of a correlation function. The observed trend 

in the data is that for Zn/S = 1 the growth rate is maxi- 

mum. The growth rate decreases as one moves far from 

Zn/S = 1, both decreasing or increasing this ratio, but 

drops faster for decreasing Zn/S ratio. What is proba- 

bly happening is that the excess of Zn or S ions attaches 

to the surface of ZnS crystallites causing a Coulomb re- 

pulsion between them. Due to the electrolyte, there is a 

Debye screening of t,his Coiilomb repulsion and the par- 

ticles can then come closer. As the particles get closer, 

the short range Van der Waals attraction may become 

larger than the Coulomb repulsion and aggregation may 

occur. This is the classical~picture for colloidal aggrega- 

tion proposed by Derjaguin-Landau-Verwey-Overbeck, 

the so-called DLVO model of aggregation[8,g!. The rate 

of aggregation is then determined by the amount of sur- 

face charges in the crystallites and tlie ionic strength of 

the electrolyte. The strong dependence on the growth 

rates obtained as a function of the Zn/S ratio, the ex- 

ponential growth law and the increase in polidispersity, 

suggest that aggregation of the ZnS crystallites, rather 

than growth of single crystals, is occuring. If this sce- 

nario of aggregation is a reasonable one, there should be 

a connection between the growth law and the structure 

of the aggregates. 

Computer simulations of various aggregation mod- 

els indicate a connection between the growth law and 

the fractal dimension of the aggregates. For the pur- 

pose of comparison with our data we wil consider the 

Reaction-Limited-Cluster-Cluster- Aggregation model 
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(RECCA) in three dimensions[l]. In this model, par- 

ticles of initial radius r 0  (monomer radius) are exe- 

cuting Brownian motion. When two monomers col- 

lide they hme a certain probability to  stick together 

and form a 2-particle unit. It can collide with another 

monomer a l d  form a 3-particle unit or collide to  an- 

other 2-particle unit and form a 4-particle unit, and 

so on. By this mechanism it is clear that the average 

size of the aggregates increases in time as well as tlie 

p~lidispersit~y. Depending on the value of the sticking 

probability, different growth laws and fractal dimen- 

sions can be obtained. For a sticking probability equal 

to one (Diff usion-Limited-Cluster-Cluster-Aggregation 

model, DLCICA), computer simulations show that the 

rate of the growth as a function of time is a power law 

and the Hausdorff fractal dimension of the aggregates is 

1.75. For a sticking probability smaller than one (RL- 

CCA model) computer simulations show an exponen- 

cial growth law, with tlie rate of growth highly depen- 

dent on the sticking probability, and a Hausdorff fractal 

dimension oF 2.1L11. This fractal dimension obtained by 

simulation ir; insensitive to the mechanism of transport 

of the particles considered, diffusion or convection for 

example. The dimension is also insensitive to the ac- 

tua1 depend1:nce of the diffusion coefficient with mass 

of the aggregates. In some simulations it was used D 

inversely proportiona1 to the mass of the aggregates, in 

others it wa: taken constant. Both simulations give the 

same fractal dimension as a result. The choice of D 
or the mech-tnism of transport affects only the rate of 

aggregation. 

Table 1 - Data of some experimental runs with exponen- 
tiai growth law < R >= R. exp(Ct) for various initial 
concentration ratio of Zn/S. 

Our PCS measurements are in agreement with the 

RLCCA mechanism of aggregation. For this picture to 

be consistent we have to  measure the Hausdorff fractal 

dimension, D13, of the aggregates. 

The fractal dimension of the aggregates can be ob- 

tained by static light scattering measurements. The av- 

erage intensity of the scattered light by the aggregates, 

as a function of the scattering angle, is proportional to 

the structure factor S(q), and < I(q) >= IoS(q) . S(q) 

is the Fourier Transform of the pair correlation func- 

tion g(r) [3]. For fractals S(q) E q-DH; this holds for 

r0 l/q < t ,  where r 0  is the monomer size and E is 

the mean size of the fractal. A more general expression 

for S(q), and then for < I (q)  > can be obtained if one 

assumes thar g(r) decays exponentially like exp(-r/t) 

and the monomers are spheres of radius r 0  14,101, 

where ~ ( D H  - 1) is the gamma function of DH - 1. spherical monomer; for r 0  « l / q  « E (scaling region), 

From this e.tpression we see that for l/q « ro, < < I(q) >K q - D ~  which corresponds to the structure 

T(q) >E q-4 which corresponds t o  the form factor of a factor of a fractal aggregate; for l / q  » E ,  the typical 
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wavelengths are much larger than the average size of 

the aggregates, then < I (q )  > levels off and becomes 

constant. In Fig. 4 it is shown a typical data of the scat- 

tered intensity as a function of the scattering wavevec- 

tor (dots) in a log-log plot, and the fit using Eq. 3 (con- 

t inuou~ curve), with the use of a non-linear least square 

fitting program and with Io, rol DH and J as free pa- 

rameters. Since the use of visible light limits the value 

of 1 /q  to about 30 nm, we do not have much accuracy in 

the determination of ro .  Consequently only a estimated 

value for r. is obtained. From the best fit we obtain for 

a11 experimental runs that ro is within the range from 

5 to  10 nm. For different samples we obtain slightly 

different fractal dimensions. Since no correlation was 

found between this variation and the parameters of the 

experiment for the concentrations used, we take as a 

measured fractal dimension the average over the data 

of 20 different runs. The measured fractal dimension 

for the aggregates is then, 

The exponential growth of the average aggregate 

size and the fractal dimension above are consistent with 

a RLCCA mechanism of aggregation. 

Figure 4: Log-log plot of the scattered intensity as a function 
of the scattering wavevector. The dots are the experimental 
points and the Eq. 3 described in the continuous curve is 
the best fit. From this fit one obtains TO between 5 and 10 
nm, DH = 2 . 0  and E = 320 nm. 

111. Conclusions 

A chemical reaction between ZnC12 and Na2S in 

aqueous solution, both completely soluble in water for 

the concentrations used at room temperature, gives as 

a result ZnS which is highly insoluble in water. Imme- 

diately after the mixing of the solutions, nucleation of 

ZnS crystallites occur due to the high supersaturation 

of ZnS. The available ZnS is consumed in the nucleation 

process resulting in small nuclei of siies estimated to 

be between 5 and 10 nm. These nuclei perform Brow- 

nian motion in the liquid, collide with each other and 

aggregate. The aggregates collide again and stick to- 

gether to form even larger units, and so on. When we 

use non-stoichiometric concentrations, the excess ions 

of Zn or S attach to the surface of the ZnS crystal- 

lites and via double-layer repulsion and Debye screen- 

ing, the sticking probability can be varied. The proc'ess 

of aggregation when the sticking probability is smaller 

than one, is named Reaction-Limited-Cluster-Cluster- 

Aggregation (RLCCA) and was modeled previously by 

computer simulations. From these simulations it was 

obtained an average aggregate radius which grows ex- 

ponentially as a function of the time and a Hausdorff 

fractal dimension of 2.1. 

From our light scattering experiments, performed in 
S.-- 

situ during the chemical reactions, we obtain an expo- 

nential growth law and a Hausdorff fractal dimension of 

2.1% 0.2 for the aggregates. The growth rates are depen- 

dent on the ratio Zn/S and it is maximum for the sto- 

ichiometric concentration, Zn/S=l. These results are 

consistent with the RLCCA mechanism of aggregation. 

The mechanism of aggregation proposed above is con- 

sistent with the TEM images of ZnS colloids reported 

in Ref.[7]. Our experiments demonstrate the utility of 

light scattering techniques to study nucleation, growth 

and aggregation phenomena, during chemical reactions. 
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