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CONTROLLED NUCLEATION AND GROWTH STUDIES IN METAL OXIDE AND ALKOXIDE 
SYSTEMS BY DYNAMIC LASER-LIGHT-SCATTERING METHODS 

C .  H. Byers, R. R. Brunson, M. T. Harris, and D. F. Williams 

ABSTRACT 

A method for studying the dynamics of crystallization by using an 

i n  situ crystallizer in a dynamic laser-light-scattering system has been 

developed at the Oak Ridge National Laboratory. Results for growing 

systems in the size range of 0.005 t o  1 pm may be monitored nondestruc- 

tively using this method. In a series of tests, homogeneous precipitation 

techniques provide reproducible, controlled nucleation and growth of oxides 

such as hematite and silica. The effects of driving force and homogeneous 

and heterogeneous seeding were compared with a theoretical treatment of 

crystal formation and growth. The hydrolysis of tetraethoxysilicate 

(TEOS) in ethanol, - n-butanol, and - tert-butyl alcohol was investigated as 

a function of initial water and ammonia contents. Ethanol concentration, 

particle size, and number concentration were studied as a function of 

time. Preliminary results Indicate that in the presence of excess water 

the growth rate of silica particles 'has a first-order dependence on TEOS 

concentration. 

1. INTRODUCTION 

The fundamental aspects of nucleation and growth kinetics in crystal- 

lization form the basis for the understanding of a broad class of processes 

that are important in energy-related systems. For instance, crystalliza- 

tion and precipitation are a significant part of typical processing sys- 

tems in the nuclear fuel cycle. s * In conventional chemical operations, 

1 



crystallization is a well-known purification method in which more art 

than science is generally utilized. More complete knowledge concerning 

the basic mechanisms associated with nucleation and crystal growth will 

allow improvements in plant design and subsequent manufacturing opera- 

tPons, which will result in better control and greater energy efficiency. 

A central focus in the development of a new generation of ceramics 

for use under extreme conditions has been on gaining additional infor- 

mation about the chemical factors that control the production of powders 

suitable for the tailoring of superior properties. Generally, the base 

materials are precipitated metal oxides, such as silica, which are 

either drawn from natural sources or  obtained synthetically. The latter 

approach leads t o  better, more reproducible properties in the resulting 

ceramic. One o€ the key factors associated with success in this field 

is the production of monodisperse powders in the submicron range. 

Equally importapla: is the ahility to control and characterize the 

material as it is produced. 4 

Much of the chemical engineering literature in the areas of 

nucleation and crystal growth i s  directed at polydisperse systems con- 

sisting of relatively large crystals.536 

has been directed toward these problems. A t  best ,  one may generally 

expect only short-range applicability of predictive correlations. 

Certainly, caution should be exercised in extending the predictions for 

one type of equipment to different, but similar, devices. In proceeding 

from one chemical species t o  another, one cannot rely on data taken on 

the original system. That is, correlations generally apply only to a 

To date, most of the theory 



single chemical system, and one must. repeat experiments for each new 

chemical moiety. 

Improvement in the state of the theory is generally inhibited by 

the complexity of the processes involved in typical crystallization 

phenomena. Normal studies involve complex systems whose growth depends 

on a number of factors, not all of which can be controlled or, in some 

cases, can be identified. The phenomena that control nucleation and 

growth most often occur at the size level of nuclei or small crystals 

(0.003- to 0.1-pm region); yet, as EL result of limitations in methods 

of observing particles, crystal growth is normally observed in the size 

range above 1 pm. Further, because of experimental limitations, popula- 

tions of crystals with a wide size distribution are invariably studied. 

A number of assumptions about popula.tion dynamics are necessary before 

any analysis may be made of this type of experimental data. Thus, a 

better understanding of the fundamer-tals of nucleation and crystal growth 

may be obtained if nucleation and crystallization can be followed during 

nucleation and early growth (0.001 to 1 pm) and the growth o f  mono- 

disperse crystals is studied. The combination of the two aforementioned 

experimental goals will contribute Information that will allow more 

detailed input to the development of an in-depth understanding of 

crystallization. 

The most significant recent contributions to particle sizing in the 

past decade have stemmed from the development of laser-light scattering 

and its applications to the observation of submicron particles .7 

goals that are somewhat different from those in the current study, a 

state-of-the-art laser-light scattering facility has been developed in 

With 
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our l abora tory .8  

l i g h t  i n  a v e s s e l  ( u s u a l l y  a thermal ly  c o n t r o l l e d  qua r t z  cel l ) .  The 

s c a t t e r i n g  is observed wi th  a pho tomul t ip l i e r  tube,  which is placed at 

an angle  (from 6" to almost 180") t o  the i n c i d e n t  l i g h t .  The s c a t t e r e d  

l i g h t  from a seed m a t e r i a l  d i spe r sed  i n  an o therwise  homogeneous medium 

w i l l  con ta in  informat ion  on the  Brownian motion of the p a r t i c l e s ,  which 

a l lows  u s ,  through a p p l i c a t i o n  of t he  S tokes-Eins te in  equa t ion ,  t o  i n f e r  

t h e  average s i z e  of t he  seed material. This  ope ra t ion  i s  performed wi th  

a d i g i t a l  c o r r e l a t o r  i n  which pu l ses  from the  pho tomul t ip l i e r  tube a r e  

c o l l e c t e d  and an a u t o c o r r e l a t i o n  func t ion  is genera ted .  Data are 

c o l l e c t e d  and s t o r e d  i n  a ded ica t ed  computer, which se rves  a number of 

impor tan t  f u n c t i o n s ,  i nc lud ing  d a t a  s t o r a g e ,  d a t a  reduct ion ,  and c o n t r o l  

and programming of experiments.  The e n t i  re process  consumes less than 

1 mln i n  t y p i c a l  a p p l i c a t i o n s  and produces accu ra t e  average s i z e  

measurements from 0.005 t o  1 pm. 

The gene ra l  concept involves  the  s c a t t e r i n g  of laser 

I n  a d d i t i o n ,  t he  c a p a b i l i t y  f o r  qu ick ly  i n f e r r i n g  p a r t i c l e  aspect. 

r a t i o  and s i z e  d i s t r i b u t i o n s  through v a r i a b l e  angle  s t u d i e s  and computer 

manipula t ion  of the  d a t a  by a Provencher a n a l y s i s 9  i s  a v a i l a b l e .  Laser- 

l i g h t  s c a t t e r i n g  provides  an e x c e l l e n t  approach t o  observing c r y s t a l s  i n  

a s i z e  range of cons ide rab le  t h e o r e t i c a l  i n t e r e s t  throughout a t i m e  

scale of i n t e r e s t  without i n t r u d i n g  on the  progress  of t he  process.  

The second area t h a t  i s  c r u c i a l  t o  t h i s  work is the development of 

homogeneous nuc lea t ion .  During the  p a s t  20 y e a r s ,  a group of workers 

at the Clarkson I n s t i t u t e  of Technology, under the  l e a d e r s h i p  of 

P ro fes so r  Egon Ma%ijevic ,  has developed p r e c i p i t a t l o n  and c r y s t a l l i z a -  

t i o n  techniques i n  which a s i n g l e  b u r s t  of n u c l e i  is formed i n  a 



r e a c t o r . l O , l l  

c r y s t a l s .  The nuc lea t ion  process  i s  g e n e r a l l y  achieved by the  c a r e f u l  

h e a t i n g  of a metal s a l t  in an a c i d i c  s o l u t i o n .  Hydrolys is  of t h e  metal 

i o n s  occur s ,  followed by depro tona t ion  and formation of t he  "complex" 

n u c l e i  p recursors .  At a c r i t i c a l  c o n c e n t r a t i o n  these  complexes nuc lea t e  

i n  a s i n g l e  b u r s t ,  a f t e r  which growth of the  crystals  never aga in  a l lows  

t h e  c o n c e n t r a t i o n  t o  become s u f f i c i e n t l y  Large to produce n u c l e i  

Typica l  of such systems is a mixture of fe r r ic  c h l o r i d e  i n  d i l u t e  HC1. 

When hea ted  t o  about 100°C, the  f e r r i c  oxide c r y s t a l s  of uniform s i z e  

are produced. 

The n u c l e a t i o n  i s  followed by the  growth of monodisperse 

Another similar system, the h y d r o l y s i s  of t e t r a e t h o x y s i l i c a t e ,  w a s  

proposed by Van Helden.12 

t h e  homogeneous p r e c i p i t a t i o n  r e a c t i o n ,  which i s  the  c e n t r a l  f e a t u r e  of 

t h e  hydro lys i s  system. Since t h i s  method is f a i r l y  g e n e r a l l y  a p p l i c a b l e  

to the  product ion  of metal oxides ,  it is r e p r e s e n t a t i v e  of a broad class 

of materials which a r e  b a s i c  t o  t h e  making of ceramics. The p recau t ions  

t h a t  must be observed i n  6uch p repa ra t ions  are similar t o  those  requi red  

in l i g h t - s c a t t e r i n g  experiments (i.e, , p u r i t y ,  temperature c o n t r o l  , and 

c l e a n l i n e s s ) .  Thus, t h i s  method of producing c r y s t a l s  under c a r e f u l l y  

c o n t r o l l e d  cond i t ions  provides  an ou t s t and ing  oppor tun i ty  f o r  s tudying  

n u c l e a t i o n  and growth i n  a r e l a t i v e l y  uncomplicated manner. 

In t he  c u r r e n t  I n v e s t i g a t i o n ,  we r e p o r t  on 

2. DYNAMIC LIGHT-SCATTERING THEORY 

L igh t  passing through a medium i s  s c a t t e r e d  and is  a d i r e c t  conse- 

quence of d i e l e c t r i c  f l u c t u a t i o n s  ( h e t e r o g e n e i t i e s )  in t h e  s c a t t e r i n g  

medium. L igh t  s c a t t e r e d  i n  a p e r f e c t l y  homogeneous medium tends  to 

i n t e r f e r e  d e s t r u c t i v e l y  such that. no n e t  s c a t t e r e d  f i e l d  is observed. 
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With proper ly  c o n t r o l l e d  experintents, we can relate the s c a t t e r e d  l i g h t  

s i g n a l  to the  phys ica l  p r o p e r t i e s  t h a t  cause the  f l u c t u a t i o n s  of t h e  

s o l u t i o n  and the  s c a t t e r i n g  d i s p o s i t i o n .  In the ease of c o l l o i d a l  par- 

t i e lcs  suspended i n  a t r a n s p a r e n t  f l u i d ,  Rromian  mofcioo is the phenomenon 

of  i n t e r e s t .  

Brownian motion can be observed i n  p a r t i c l e s  t h a t  are l a r g e  

(d iameter ,  -0 -01 pin) r e l a t i v e  to  the  molecular scale .13-15 

s i t y  of s c a t t e r e d  l i g h t  from a f l u i d  i s  g r e a t l y  enhanced by the a d d i t i o n  

of c o l l o i d a l  (seed)  p a r t i c l e s ,  providing a va luable  a n a l y t i c a l  t o o l  f o r  

assessing s i z e  and shape of p a r t i c l e s .  As is shown h e r e ,  l i g h t - s c a t t e r i n g  

a n a l y s i s  may also be used t o  observe the  dynamics of p a r t i c l e  growth i n  a 

The in ten-  

f l u i d .  

L e t  us cons ider  t h e  par t lc le  motion as being maintained by c o l l i -  

s i o n s  with molecules of the medium and r e t a r d e d  by the effect of viscous 

drag .  The s c a t t e r e d  l i g h t  signal is  modulated by the p a r t i c l e  motion. 

The Brownian inotion of a f ree  p a r t i c l e  (i.ee, no appl ied  f o r c e  f i e l d )  

i s  descr ibed  by the  Langevin equat ion:  l 4  

du 

d t: 
I-. r --p< f A( t )  , 

where 
- 
u = p a r t i c l e  v e l o c i t y  v e c t o r ,  

t = t i m e ,  

f3 = c o e f f i c i e n t  of dynamic f r i c t i o n ,  

- 
A( t> = f l u c t u a t i n g  i n f l u e n c e  of molecular c o l l i s i o n  process  

c h a r a c t e r i s t i c  o f  molecular Brownian motion. 
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For a spherical particle, the coefficient of dynamic friction is given 

hy Stokes Law, as follows: 

f3 = 67taq/m , ( 2 )  

where 

a = particle radius, 

7 = fluid viscosity, 

m = particle mass. 

It is generally assumed that x(t) is a random variable (independent oE u) 
which varies on a much more rapid time scale than u(t). The solution to 

the Langevin equation is a probability distribution since x(t) is a sto- 

chastic variable. Therefore, the solution is a distribution, W(u,t;Zo), 

which specifies the probability of occurrence of velocity at time t, 

given that u = uo at t = to. The constraint that W tend to a Maxwellian 

distribution in T (temperature of flxid) as t + allows us t o  proceed 

with the solution. Since E q .  (1) is linear and of the first order, 

- -  

and 

- -  
m u - uo e-fq c 2xkT(1 - e’28t) 

- I  

W(u,t;uo) = 
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Applying the statistical velocity behavior of a particle in Brownian 

motion yields the particle displacements since 

- -  t -  
f - ro = I u(t)dt , 

0 

where 
- -I 

r - ro = displacement vector, 
I 

r = position vector at time t, 

ro = position vector at t = to. 
-._ 

-1 For times much greater than B , we find14 that 

- 
4Dt W(r,t;ro,uo) = (4nDt)-3/2 exp 

where 

( 5 )  

W = probability of particle suffering a displacement t o  r at 
- -  - -  

time t, given that u = uo and r = ro alt: t = to; 

D = kT/(6naq). (7 )  

The self-diffusion coefficient, D, was identified by Einstein;16 

thus, Eq. (7) is known as the Stokes-Einstein equation. The distribution 

function, W, will be useful in relating the particle motion to the light 

signal fluctuations. 

Both the collection and the analysis of the scattered light signal 

i.n such a manner as t o  relate the signal fluctuations to the motion of 

the suspended particles are primary objectives. The basis for charac- 

terizing these fluctuations is the autocorrelation function (Fig. 1). 
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periodic  s ignal  ( A ) .  
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The a u t o c o r r e l a t i o n  func t ion  of a s i g n a l  is  def ined  as the t i m e  average 

of t he  psoduct of s i g n a l s  (o the rwise  i d e n t i c a l )  d i sp l aced  by time T: 

* 
A ( % )  = a u t o c o r r e l a t i o n  func t ion  z < A ( o )  A ( % ) >  

and 

1 T  

T o  
<A> = t i m e  average of s i g n a l  A = - / A ( t ) d t .  

A u s e f u l  proper ty  of t h i s  func t ion  is  i t s  a b i l i t y  t o  c h a r a c t e r i z e  

the period of f l u c t u a t i o n  of a s i g n a l  ( P i g .  1 ) .  For values of z t h a t  

a r e  s m a l l  compared w i t h  the s i g n a l  period T A ( t )  - A ( t  i- T )  and 

A* - <A2>. For times 't >> 1; A ( t )  and A ( t  -i- T) a r e  not c o r r e l a t e d  

i n  any s p e c i a l  way and A* - <A(o)  A ( T ) >  - <A(o)> <A(%)> = < ~ 2 .  

<A2> i s  uniformly g r e a t e r  than <e2, A* wf1.1. tend t o  decay from i t s  

maximum of <A2> t o  i t s  asymptotic ( T  + -) va lue  of <LO* (F ig .  1 ) .  

s' 

S' 

Since 

The s i g n a l  of i n t e r e s t  i n  our system is the i n t e n s i t y  ( square  of 

el-ectric f i e l d  = E, 1 of tlre s c a t t e r e d  l i g h t .  By a p p l i c a t i o n  of Maxwell's 

equa t ions  t o  our system, it is p o s s i b l e  t o  show t h a t  the  s c a t t e r e d  

e l e c t r i c  f i e l a  s i g n a l  is p ropor t iona l  t 0 1 3  

2 

N _. 
E s ( t )  E 1 exp [ i q  * r j ( t ) ]  , 

j = l  
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where 

- 
4 ’  

n =  

€I= 

h i  = 

p o s i t i o n  v e c t o r  of j t h  p a r t i c l e  at t i m e  t ,  

v e c t o r  d i f f e r e n c e  between i n c i d e n t  and s c a t t e r e d  

propagat ion  v e c t o r s ,  

0 
_I 4 x n  s i n  - 
h i  2 ’  

r e f r a c t i v e  index of the medium, 

s c a t t e r i n g  angle, 

i n c i d e n t  wave l e n g t h  . 
The a u t o c o r r e l a t i o n  func t ion  of t he  s c a t t e r e d  e lec t r ic  f i e l d  is 

p r o p o r t i o n a l  t o  

where t h e  sum j-1, . . . N Is taken over p a r t i c l e s  p re sen t  i n  t h e  

s c a t t e r i n g  volume a t  t i m e  t and t = 0.  

* I 

It is ev iden t  t h a t  As is dependent on [ Y j ( t )  - r j ( o ) ]  - t h e  d f sp lace -  

ment of a p a r t i c l e  i n  t i m e  t. This  provides the  l i n k  to Brownian motion 

theory. I n  o r d e r  to d e a l  mathemat ica l ly  with the  summing of i n d i v i d u a l  

p a r t i c l e  c o n t r i b u t i o n s ,  we must r e s o r t  to  c a l c u l a t i n g  As based on 

p r o p e r t i e s  averaged over  t h e  s c a t t e r i n g  medium and p a r t i c l e  v e l o c i t i e s .  

* 

Considering a g e n e r l c  p a r t i c l e ,  t h e  normalized a u t o c o r r e l a t i o n  

f u n c t i o n  of the  s c a t t e r e d  f i e l d  is 

(12) 
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where 

W = factor used to predict the occurrence of a particle suffering 

displacement r - ro within time t, given r = ro and u 2 uo at 

Is = 0 [Eq. (6)]; 

_ _  I- - - -  

P = the 1.Xaxwe.llian velocity distribution, which is the factor used 

to predict the probability of a particle having velocity uo at 

2 
t = 0 and is equal to 3 / 2  exp(-m I uo I /2kT); ( 2nmkJ 

N = number of particles in scattering volume - constant. 
Performing the integration over ro and ug and making appropriate 

numerical approximatlons yields14 3 

* 
As 2 .exp(--q2Dt) = exp(-t/Tc) , 

where 

4 = I TI  = 4x11 sin(8/2)/hi, 

D = diffusion coefficient = kT/(6naq), 

zc = characteristic decay time = (q2D)-'. 
* 

Note that A, is a decaying exponential- function of time (Fig. 2 ) .  

Up to this point, our discussion has been restricted to the ideal 

case of manodisperse spherlcal particles; however, we know that no real 

systems are truly monodisperse. Even the widely used latex particles 

have a small ,  but appreciable, spread in size. It is important to con- 

sider the effect that polydispersity has on the data analysis. The 

signal from a polydisperse system contains a summation of exponentials, 

each with its own deeay constant and associated scattering power: lf3 
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r = p a r t i c l e  r a d i u s ,  

f(r) = normalized d i s t r i b u t i o n  of p a r t i c l e  s i z e ,  

P ( q , r )  = Mie s c a t t e r i n g  factor, P -1 §or r << A, 

T T  = decay time f o r  r = pi. 

The exact  s o l u t i o n  r e q u i r e s  i n v e r s i o n  of t h i s  equat ion  t o  y i e l d  f ( r )  

d i r e c t l y ,  an o p e r a t i o n  which is very d i f f i c u l t  to do a c c u r a t e l y  f o r  

complex s i g n a l s .  A s  shown i n  Eq.  ( 1 4 ) ,  because of the  s c a t t e r i n g  power's 

r6 dependence, l a r g e  p a r t i c l e s  are mare e a s i l y  de tec ted  than s m a l l  ones. 

The approach taken by many i n v e s t i g a t o r s  is to analyze  t h e  s i g n a l  

i n  a s impler  manner t h a t  provides  u s e f u l  resu'l.ts. The cumulants method 

i s  the most widely used technique.19-21 

following approximation f o r  t h e  a u t o c o r r e l a t i o n  func t ion:  

This  a n a l y s i s  l eads  t o  t h e  

2 3 * 1L2 t p3 t 
S 2! 3 !  

In(A ) -T t  f - __ + . . , 

(1-5) 
1 1-13 (Ft)2 - 9- - (rt)3 f . . . - 1. 1.12 -rt f - 

r3 2 !  r' 

* 
The form of ln(A,) i s  a polynomial i n  t wt th  t h e  c o e f f i c i e n t s  repre-  

s e n t i n g  d i f f e r e n t  p r o p e r t i e s  o f  t he  l inewidth  d i s t r i b u t i o n .  The l i n e a r  

and q u a d r a t i c  terms are the most s i g n i f i c a n t  and are r e a d i l y  measured i n  

most experiments.  The l i n e a r  t e r m  is t h e  average l inewidth ,  as def ined  

in E q .  (15). Since t h e  s c a t t e r i n g  power of i n d i v i d u a l  p a r t i c l e s  i s  skewed 

h e a v i l y  toward l a r g e  p a r t i c l e s  [ E q .  ( 1 4 ) ] ,  t h i s  "average" r will r e s u l t  

i n  "average" diameters  welghted toward the  l a r g e s t  s p e c i e s  This  average 

l i n e w j d t h  has a more s t r a i g h t f o r w a r d  i n t e r p r e t a t i o n  when a p p l i e d  t o  
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measuring polymer diffusion coefficients l9 

to the Rayleigh regime (particle sLze << wavelength), and the scattered 
intensity is assumed to be proportFona1 to the square of the molecular 

weight. This results in: 

The scattering is restricted 

where 
- 
D, = z average diffusion coefficient, 

Ni = concentration of polymers with Mi, 

Mi = molecular weight, 

Di = diffusion coefficient of polymer with M = Mi. 

The second moment (p2) normalized by the square of the average 

linewidth (p2/F2) provides us with a polydispersity parameter. 

perfect monodisperse suspension, p 2 f i 2  = 0 .  

p2/T2 less than 0.1 are taken as an indication of a narrow distribution. 

It is readily apparent that a quadratic regression analysis of 

For a 

In practice, values of 

* 
ln(As(t)) vs t will provide estimates of 

Einstein relation [Eq. (7)], we obtain the viscosity directly since 

and p2/F2. Using the Stokes- 

2 - 
D = r/2q 

and 

This relationship, which is widely used, forms the basis for the 

size analysis in the current work. In particular, it permits the  crystal 

size to be measured as well as the polydispersity to be estimated. The 

chemistry associated with homogeneous precipitation is reviewed in Sect. 3 .  
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3 .  BACKGROUND ON SILICA CRYSTALLIZATION 

As stated earlier, one of the goals of our program is to observe 

crystallization and precipitation in as fundamental a manner as possible 

within the confines of producing worthwhile results. One means of ensuring 

22,23 simplicity is t o  make monodisperse particles.  Matijevic and co-workers 

have developed homogeneous precipitation as a means of producing mono- 

disperse s o l s .  During the course of h i s  studies, he has made a wide  

variety of metal salts in both amorphous and crystalline forms. Figures 

3 and 4 are electronmicrographs of examples of both forms which we pre- 

pared in our laboratories. Figure 3 shows a chlcomia s o l  which was formed 

by the hydrolysis OE chromic chloride; it is apparently amorphous. On 

the other hand, hematite (Fe203e5H20) produced by similar means has a 

crystalline structure. Using dynamic laser--light scattering, we have 

been able to observe the growth of both of these species. 

Among the reactions in this class are the tetraethoxy metal com- 

pounds, with tetraethoxyorthosilane (TEOS) being the most widely studied 

moiety. The silica produced in the precipitation i s  of interest in the 

mnufaeture of glass and ceramics. TEOS readily hydrolyzes with water 

t o  yield ethanol and silica. 

Since TEOS is insoluble, it is usually dissolved in ethanol or some 

other aliphatic alcohol. Hydrolysis with water alone is very slow indeed; 

thus, it is normal practice to use either an acid or ammonia to act as a 

catalyst. The former encourages the growth of gel structures, while the 

latter is a morphological catalyst producing spherical particles .24 

Stoichiopletl^ically,the reaction proceeds as follows: 



ORNL-PHOTO 6061 -84 

. ... 
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ORNL-PHOTO 0391 -84 

Fig. 4.  H e m a t i t e  particles formed by homogeneous precipitation in 
aqueous solution, 0.07 x 0.02 pm. 



Si-(OC2H5)4 + 2H20 -* Si02 + 4C2HtjOH 

The r e a c t i o n  i s  a c t u a l l y  a h y d r o l y s i s ,  

followed by a condensation s t e p ,  

Si-(OH)b -+ Si02 + 2H20 

Polymerization-type r e a c t i o n s  are a l s o  f e a s i b l e ,  bu t  t hese  do not cause 

p r e c i p i t a t i o n  i n  the  case of a d e f i c i e n c y  of hydroxyl groups to complete 

t h e  r e a c t i o n .  Evidence i n d i c a t e s  t h a t  polymeric s p e c i e s  remain i n  solu- 

t i o n  and a r e  a v a i l a b l e  f o r  f u r t h e r  reac t ion .25  

Four primary chemical f a c t o r s  a f f e c t  t he  k i n e t i c s  of t h e  r e a c t i o n  

and the  u l t i m a t e  s i z e  of the  s o l i d  sphe res  t h a t  are grown. The concen- 

t r a t i o n  of TEOS, t he  type of a l coho l  used as the  s o l v e n t ,  the  i n i t i a l  

water  c o n c e n t r a t i o n ,  and the  amount of ammonia p r e s e n t  a l l  have s ig -  

n i f i c a n t  e f f e c t s  on the  process.  A l l  of t hese  f a c t o r s  have been examined 

i n  vary ing  degrees  of s o p h i s t i c a t i o n  by a number of workers in t h e  area. 

The use of an a l coho l  as the  s o l v e n t  f o r  the  r e a c t i o n  l e a d s  to exchange 

r e a c t i o n s  between t h e  ethoxy groups of the  TEOS and the  alcohol.26 

tendency is reduced as one proceeds from a primary to a secondary a l coho l  

and completely d i sappea r s  when a t e r n a r y  a l coho l  i s  used. The medium 

a l s o  has an e f f e c t  on the b a s i c  h y d r o l y s i s  ra te ,26 wi th  t h e  r e a c t i o n  

being f a s t e s t  i n  primary a l c o h o l s  and s lowes t  i n  t e r n a r y  a l coho l s .  

This  

The two g r e a t e s t  i n f l u e n c e s  on t h e  rate of h y d r o l y s i s ,  and hence on 

t h e  rate of p r e c i p i t a t i o n ,  are the  i n i t i a l  water concen t r a t ion  and the  

c a t a l y s t  concen t r a t ion .  S tobe r ,  Fink, and Bohn24 i n v e s t i g a t e d  these  



20 

influences, plotting final particle size as a function of the concentrations 

of the two species. At a 0.28-mol/L concentration of TEOS in ethanol, a 

maximum particle size of approximately 0.8 gm was produced when the con- 

centrations of both water and ammonia were 7 mol/L each. The condensation 

rate is influenced profoundly by the water concentration, while the ammonia 

primarily affects the morphology. Changing the solvent to a higher- 

molecular-weight or a more branched structure leads to the production 

of larger particles, albeit more slowly. The actual observation of the 

growth of particles has been limited to emulsion polymerization studies. 27 

4. EXPERIMENTAL APPARATUS AND PROCEDURE 

A custom-built dynamic light-scattering spectrometer is the center- 

piece of this experiment. The apparatus (Figs. 5 and 6 )  consists of a 

laser, source optics, a sample enclosure, collection optics, a detector, 

and signal processing equipment. Except for the high-temperature enclosure, 

the specification and assembly of components were based on established 

guidelines. l7 Y l8 

study and was replaced by a quartz spectrophotometer for the current work. 

A 2-W argon-ion laser (Spectra Physics model 165-06) generates a 

vertically polarized beam (A  = 488 nm) that is focused by a 150-mm plano- 

convex lens onto the center of the sample cell. The beam is focused to 

a narrow width (-0.2 mm) in order to maximize the modulation of the 

scattered light (i.e., high signal/noise). The lens axis is adjusted 

so as to be coincident with the source beam by a micropositioner (Newport 

model LP-1). Typically, only low-power ((100-mW) operation is necessary. 

The high-temperature enclosure was designed for another 

The collection optics limit the light reaching the detector to that 

scattered at 90" from a small volume (-0.2 x 0.2 x 0.2 mm). It is 
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impor tan t  t h a t  the  s c a t t e r i n g  volume be kept  s u f f i c i e n t l y  small to ensure  

t h e  coherence of the  l i g h t  reaching  the  d e t e c t o r .  Incoherent  l i g h t  does 

n o t  c o n t r i b u t e  to t he  s i g n a l  due to t he  d e s t r u c t i v e  i n t e r f e r e n c e  of com- 

ponents of d i f f e r e n t  phase. Guide l ines  f o r  t he  s i z i n g  and placement of 

t h e  l imi t ing  a p e r t u r e s  have been reviewed i n  s e v e r a l  ar t ic les .  13 3 17 9 18 

The f i r s t  a p e r t u r e  is a small iris diaphragm (0.68 mm, Ea l ing  No. 22-3305), 

which is loca ted  j u s t  i n  f r o n t  of the  imaging l e n s .  A 100-mm plano-convex 

l e n s  i s  placed approximately 8 i n .  from the  c e n t e r  of the  sample ce l l .  

The f i n a l  a p e r t u r e  is a p r e c i s i o n  a d j u s t a b l e  s l i t  (Oriel No. 7250, 0- to 

3.2-mm opening, 50.1 mm) which is mounted v e r t i c a l l y ,  just i n  f r o n t  of t h e  

d e t e c t o r  and i n  t h e  p lane  of t h e  image formed by the  l e n s .  A l l  of the  

components a r e  pos i t i oned  along the  a x i s  normal to both the  i n c i d e n t  beam 

and the  plane of p o l a r i z a t i o n .  

The d e t e c t o r  i s  an end-window pho tomul t ip l i e r  (EM1 No. 9863B350) 

mounted i n  a housing t h a t  provides r a d i o  frequency and magnetic s h i e l d i n g  

( P a c i f i c  model 3262 RF). A s t a b l e  power supply ( P a c i f i c  model 204-03) 

g e n e r a t e s  t h e  2000-V d c  p o t e n t i a l  r equ i r ed  f o r  t h e  pho tomul t ip l i e r  (PMT) . 
A photon s t r i k i n g  t h e  cathode behind the  PMT en t r ance  window causes an 

e l e c t r o n  to be emi t ted .  This  e l e c t r i c a l  s i g n a l  is enhanced by a f a c t o r  

of 10 i n  the  subsequent dynode-multiplier s e c t i o n .  F igure  6 i l l u s t r a t e s  

t h e  na tu re  of the  f l u c t u a t i n g  PMT s i g n a l  (on the  o s c i l l o s c o p e )  and the  

r e s u l t i n g  exponen t i a l  a u t o c o r r e l a t i o n  func t ion .  

6 

The pulse  a m p l i f i e r  d i s c r i m i n a t o r  (PAD, Langley Ford model PD-01) 

c o n v e r t s  the m i l l i a m p  pu l ses  genera ted  by the  PMT t o  TTL pu l ses  (0-5 V ,  dc)  

f o r  use i n  a d i g i t a l  c o r r e l a t o r .  Pu l ses  due to spur ious  e f f e c t s  i n  the  

PMT are a l s o  e l imina ted  by the  PAD. 
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The autocorrelator (Langely Ford model 1096) is a sophisticated 

digital signal processor that can accurately approximate the ideal auto- 

correlation function given by Eq. (8). Details of the electronic and 

mathematical operations are given in the literature .7 ,28 

that can be probed ranges from decay periods of 1 ps to 10 s.  A RS-232 

communications interface between the autocorrelator and a microcomputer 

(Apple IIe) permits automated operation, off-line analysis, and convenient 

data logging. Data and calculated results are stored on magnetic disks. 

The method for preparing an alcosol was developed by S t ~ b e r . ~ ~  

this method, a monodisperse silica sol is formed by the controlled hydro- 

lysis of ethyl orthosilicate [Si(OC2Hg)4, EOS] in an alcohol-ammonia-water 

mixture. TEOS is hydrolyzed in the presence of water, with ammonia 

acting as a catalyst. In a typical preparation, 5.4 mL of concentrated 

NH40H (28% NH3) and 85 mL of absolute ethanol are mixed in a clean flask. 

Then, TEOS is added (3.54 g ) ,  and the resulting reaction mixture is poured 

partially into a flask and partially into a clean quartz spectrophotometer 

cell. 

The time scale 

In 

Observations were made at ambient temperature for the initial experi- 

ments discussed here. The reaction mixture in the cell was placed in its 

holder, and the laser-light-scattering data were acquired continuously for 

the time during which the growth of particles occurred. Generally, this 

was a several-hour period. A bluish-white opalescence, indicating the 

presence of submicron particles, could normally be observed within 15 min. 

For the concentrations noted earlier, a terminal spherical particle 

diameter of 0.1 pm was obtained. 
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The por t ion  of the mixture  t h a t  remained i n  the  f l a s k  was analyzed 

f o r  e t h a n o l ,  using a Tracor 550 gas chromatograph equipped wi th  a flame- 

i o n i z a t i o n  uni t .  A g l a s s  column packed with 1% SPlOOO on 80/10Q Carbopac C 

w a s  used t o  separate the spec ie s  involved i n  the  r eac t ions .  Obviously,  

a c c u r a t e  ana lyses  were nut p o s s i b l e  in t h e  cases where e thano l  w a s  used as 

t h e  so lven t .  

5. RESULTS AND DISCUSSION 

Severa l  obse rva t ions  were made during thLs phase of the s tudy  of the 

c o n t r o l l e d  c r y s t a l l i z a t i o n  of oxide species. They can be s u m a r t z e d  as 

fo l lows:  

1. The e f f e c t s  of water and ammonia concen t r a t ion  on the  growth 

rate of s i l i c a ,  as w e l l  as the  u l t i m a t e  diameter  of  the  p a r t i c l e ,  

were s tud ied  a t  ambient temperature .  

2 .  The e f f e c t  of d i l u t i n g  the r e a c t a n t  Concentrat ion on the u l t i m a t e  

diameter  of the si1 €ea, as determined by l a s e r - l i g h t  s c a t t e r i n g ,  

was measured. 

3 .  The so lven t  was changed as its e f f e c t  on the k i n e t i c s  of the  

r e a c t i o n  and on the  p a r t i c u l a t e  growth was observed. 

I n  the  i n i t i a l  experiments ,  our o b j e c t i v e  was  to explore  the  e f f e c t s  

of the water and ammonia concen t r a t ions  on the  growth rate of s i l i ca  i n  an 

e thano l  so lven t .  Figure 7 shows experimental  r e s u l t s  fo r  two typ-lcal  runs 

i n  the series. The diameter  of the s i l i c a  spheres  i s  given as a func t ion  

of t i m e .  An e lec t ronmicrograph  f o r  one of the runs in t h i s  series ( s e e  

Fig .  8 )  shows some d i s p e r s i t y .  A p a r t i c l e  s i re  d i s t r i b u t i o n ,  taken 

manually from a l a r g e  f i e l d  of t h i s  Fhotograph (Fig. 9) confirms t h a t  

t he re  w a s  d i s p e r s i t y  i n  the 0.03- t u  8.08-pm range. Because of the b a s i c  
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d i f f e r e n c e s  i n  the  means of a s s e s s i n g  p a r t i c l e  s i z e s  between e l e c t r o n  

microscopy and i n  s i t u  l a s e r - l i g h t  s c a t t e r i n g ,  a comparison of the  r e s u l t s  

of the  two methods can only  be q u a l i t a t i v e .  I n  s p i t e  of the  d i f f e r e n c e s ,  

however, the  d iameters  found by s c a y t e r i n g  are wi th in  10% of those found 

by e l e c t r o n  microscopy, which is w e l l  w i th in  t h e  expected range. I n t e n s i t y  

r e s u l t s  were a l s o  taken f o r  each of the runs i n  the  s e r i e s  ( s e e  Fig.  lo ) .  

I f  the p a r t i c l e s  are monodispersed, one can e v e n t u a l l y  compute the  number 

of particles i n  the  mixture  from i n t e n s i t y  r e s u l t s  and hence assess the  

t i m e  dependency of growth i n  the  nunber of particles i n  the  d i s p e r s i o n .  

The s tudy  is obviously l i m i t e d  to  d l l u t e  systems i n  which mul t ip l e  s ca t -  

t e r i n g  does not s i g n i f i c a n t l y  c o n t r t b u t e  to  the  s c a t t e r e d  s i g n a l .  

The e f f e c t  of d i l u t i n g  the  t o t a l l y  r eac t ed  s i l i ca  suspensions on the  

s i z e  of particles,  whlch i s  computed by the  l a s e r - l i g h t - s c a t t e r i n g  exper i -  

ment, was i n v e s t i g a t e d .  D i l u t i o n  of the  suspension wlth anhydrous e thanol  

l e d  t o  a s u b s t a a t l a l  increase i n  the observed average p a r t i c l e  diameter  as 

a f u n c t i o n  of d i l u t i o n  ( see  Fig. 1 1 ) .  The 12% inc rease  i n  diameter  is 

s i g n i f i c a n t  exper imenta l ly  and l ed  to o t h e r  d i l u t i o n  s t u d i e s ,  f i r s t  with 

e t h a n o l  s a t u r a t e d  wi th  ammonia (2 .5 - M) and then with e thanol  conta in ing  

ammonia a t  a concen t r a t ion  equal  to t h a t  of the o r i g i n a l  solution. 

I n c r e a s i n g  the  ammonia concen t r a t ion  i n  the  s o l u t i o n  appeared to decrease  

d i ame te r s ,  while a s t eady  ammonia ecncen t r a t ion  gave cons t an t  diameter  

r e s u l t s .  Since the  va lue  computed by the  program f o r  the  dtameter  is 

dependent on the  v i s c o s i t y  and the  r e f r a c t i v e  index o f  the  medium, it 

appears  reasonable  t o  assume t h a t  a v a r i a t f o n  of phys ica l  p r o p e r t i e s  could 

account  f o r  the  r e s u l t s  repor ted  i n  Fig.  11. 
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Fig. 1 1 .  D i l u t i o n  of s i l ica  suspensions with ethanol and NH3-ethanol. 
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As a p a r t  of t h i s  program, some scoping s t u d i e s  were undertaken t o  

assess t h e  e f f e c t s  of the t h r e e  p a r t i c i p a n t s  i n  t h e  r e a c t i o n  on t h e  u l t i -  

mate s i z e  of the p a r t i c l e s .  The r e s u l t s  are summarized i n  Table 1. The 

o b j e c t i v e  of these s t u d i e s  was to  grow p a r t i c l e s  in t h e  s i z e  range of 

i n t e r e s t  f o r  t h e  equipment that i s  a v a l l a h l e  (0.02 t o  0.5 pm). 

I n s u f f i c i e n t  d a t a  were taken t o  a l l o w  an assessment of t h e  e f f e c t  of 

TEOS concent ra t ion .  The inf luei iee  of t h e  o t h e r  two s p e c i e s  was t o  produce 

l a r g e r  particles when e i t h e r  was h c r e a s e d .  Hydrolysis  w a s  very slow i n  

t h e  absence of the c a t a l y s t .  

i n  t he  1- to 2-pm s i z e  range by using a higher  concent ra t ion  of TEOS; i n  

t h a t  ca se ,  t h e r e  was a maximum s i z e  beyond which h igher  water 

StoberZ4 showed t h a t  one could make p a r t i c l e s  

Table 1. E f f e c t s  of i n i t i a l  r e a c t a n t  concent ra t ions  
on u l t l m a t e  diameter  of t he  p a r t i c l e s  

0.135 0.816 1 e66 0.12 

0.176 0.800 1.7 0.12 

0.176 0.2 

0.176 0 -80 

0.176 2.00 

1.7 

1.7 

1.66 

0.03 

0.120 

0.175 

0.176 2 .oo 
0.176 2 .oo 

0.99 

1.66 

0.09 

0.175 

0.176 2.00 2.54 0.35 
_._.. -_... 
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concentrations resulted in the prodxtion of smaller particles, presumably 

as a result of a higher initial population of nuclei. In each study, an 

increased ammonia concentration resulted in faster reactions and larger 

nuclei. Ultimately, the initial solution became saturated with ammonia. 

In addition to the reactants and catalyst, the solvent appears t o  

have a significant effect on the behavior of the system. A series of runs 

in which all the conditions of the reaction were Identical, except for the 

solvent used, was performed with ethanol, - n-butanol, and I_ tert-butyl alcohol. 

The results of these experiments are shown in Fig. 12. The ultimate size 

of the particles was found to increase with increasing molecular weight 

and with the progression from normal to tertiary alcohols. In fact, the 

particles grew so large in the _I tert-butyl alcohol case that sedimentation 

of the particles substantially undecmined the experiment. Since roughly 

the same amount of material was converted to silica in each experiment, 

many more nuclei must be formed i n  ethanol than in the butanols. It is 

possible that steric factors are responsible for some of this effect. 

Certainly, further invesrigatlon along these lines is warranted. 

The kinetics of the reaction may be followed by monitoring the water 

content and the amount of ethanol produced during the process, as well as 

the mass of particles precipitated. Since relatively small amounts of 

ethanol are formed, it I s  important to use a different alcohol as the 

solvent. It has been shown that the ethoxy group exchanges slowly with 

all but the tertiary alcohols. 27 

hol as the solvent for the kinetic etudies. The ethanol produced in a run 

is monitored with a gas chromatograph; hence, the use of a higher-molecular- 

weight alcohol was advantageous. Figure 13 is a typical electronmicrograph 

Tkeref ore, we selected -XI tert-butyl alco- 
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of silica produced in tert-butyl alcohol. The photograph agrees with the 

diameter size as determined by laser-light scattering and the polydisper- 

sity results, indicating an excellent medium for monodispersed studies. 

Figure 14 shows the size and ethanol production data for one of the 

experiments in the series. The ethanol formed in the final analysis 

accounted for all of the groups associated with the original TEOS. Both 

the ethanol concentration and the volume of the single particles are 

plotted on the same time axis. The volume was based on the measured 

diameter, with the assumption that the suspension was monodispersed and 

that the number of particles in the mixture was constant and well distri- 

buted. 

is the SiO2, which leads to the conclusion that the condensation reaction 

is slower than the hydrolysis. Partial hydrolysis may occur in this reac- 

tion, thereby complicating the use of the ethanol concentration as a 

straightforward basis on which to determine the kinetics of the reaction. 

First-order kinetics were tested, assuming that the ammonia concentration 

was constant and that the amount of water present was sufficient to be 

considered approximately constant. Assumptions were also made that the 

silica production was directly related to ethanol production and that the 

reaction went to completion. Figure 15 illustrates this simplified view 

of the reaction. The results for times greater than 3 h are considered 

less reliable because of the settling of particles. The experimental data 

appear to fit first-order kinetics almost quantitatively, especially when 

one considers the basis on which the graph was produced. However, we 

conclude that m r e  information is needed in order to elucidate the mechanism. 

The development of means for measuring the silica concentration as well as 

the water concentration will be important in future experiments. 

Figure 14 indicated that the ethanol is more rapidly produced than 



37 

cx) 
0
 

0
0

 

0
 

0
 

4
 

W
 

cu 
F
 

F
 

d
 

0
 

6
 

n
 

C
 

*
.
I
 

E 

IE 
i!= W

 

w 



38 



39 

6 .  COXCLUSTONS 

The combination of homogeneous nucl.eation and i n  s i t u  c r y s t a l l i z a t i o n  

i n  a l a s e r - l i g h t - s c a t t e r i n g  system provides a convenient way of observ ing  

c o n t r o l l e d  p r e c i p i t a t i o n  and c r y s t a l l i z a t i o n  i n  the  0.005- t o  1-pm region .  

The r e s u l t i n g  informat ion  w i l l  provi.de i n s i g h t  i n t o  the  b a s i c  mechanisms 

a s s o c i a t e d  wi th  c r y s t a l l i z a t i o n .  

The p r e c i p i t a t i o n  of s i l i ca  from TEOS provides an e x c e l l e n t  model 

system wi th  which t o  work. The informat ion  ga the red  on s i l i ca  is  of both 

fundamental importance and p r a c t i c a l  i n t e r e s t  i n  t he  production of glasses 

and advanced ceramics. P re l imina ry  r e s u l t s  wi th  the  system show t h a t  mono- 

d i s p e r s e  par t ic les  are formed, wi th  growth being c o n t r o l l e d  by the  reac- 

t a n t s ,  t he  c a t a l y s t ,  and t h e  medium i n  which the  r e a c t i o n  occurs .  The 

format ion  ra te  of t he  s i l i c a  a p p e a r s  t o  be f i r s t  o r d e r  wi th  r e s p e c t  t o  

TEOS concen t r a t ion .  

Observa t ion  of systems i n  the 0.001- t o  0.005-pm region  wi th  l i g h t  

s c a t t e r i n g  w i l l  be f e a s i b l e  i f  smalI s c a t t e r i n g  ang le s  are used. 

7. NOMENCLATURE 

A( t) - a r b i t r a r y  s i g n a l ;  continuous f u n c t i o n  of t i m e  

A( t) - f l u c t u a t i n g  i n f l u e n c e  of molecular c o l l i s i o n s  on p a r t i c l e  motion 
- 

A*( IG) - time-domain a u t o c o r r e l a t i o n  func t ion  of A( t) (he terodyne)  

A*( o) - f requency-domain s c a t t e r l n g  r e s u l t s  

D - s e l f - d i f f u s i o n  c o e f f i c i e n t  = k T / ( 6 ~ a q )  

Es(t) - s c a t t e r e d  e lec t r ic  f f e l d  

K - a r b l t r a r y  c o n s t a n t  

M - molecular weight 
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N - number of p a r t i c l e s  i n  s c a t t e r i n g  volume 

Ni - concen t r a t ion  of polymer wi th  molecular  weight Mi 

P ( q , r )  - Mie s c a t t e r i n g  f a c t o r  

P(uo)  - p r o b a b i l i t y  of occurrence of v e l o c i t y  & 
T - temperature  ( a b s o l u t e )  

W(x,y;z) - p r o b a b i l i t y  of occurrence of x and y, g iven  z 

a - p a r t i c l e  r a d i u s  

dp  - par t ic le  diameter  

f ( e - )  - normal d i s t r i b u t i o n  of par t ic les  

k - Boltzmann's cons t an t  

m - p a r t i c l e  mass 

n - r e f r a c t i v e  index of the medium 

q - s c a t t e r e d  f i e l d  vec to r  = vector d i f f e r e n c e  bPtween i n c i d e n t  
- 

and s c a t t e r e d  propagnt lon v e c t o r s  

- 
r - p o s i t i o n  vec to r  

t - t i m e  

u - v e l o c i t y  v e c t o r  
- 

Greek J.,etters ----- 

fl - c o e f f i c i e n t  of dynamic f r i c t i o n  N (6nav)/m 

I? - l i newid th  (Hz), half-width a t  ha l f -he igh t  of  frequency-domaln 

2 a u t o c o r r e l a t i o n  func t ion  - q D (heterodyne case) or 

- 2q2D (homodyne) 

q - shea r  v i s c o s i t y  

0 - s c a t t e r i n g  angle  

h - wavelength of l i g h t  

pn - moment o f  d i s t r i b u t i o n ,  o rde r  n 
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z - time increment 

zc - characteristic decay rime of autocorrelation function 

Subscripts I 

i - incident condition or  compound index 

j - summation index, over jth condition, interval particle, or 

compound 

o - initial or original condition 

s - scattered condition 
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