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I n t r o d u c t i o n  

I t  is well known  t h a t  supercooling and  
supe r sa tu ra t ion  are b roken  b y  ag i ta t ion  of  
liquids, b y  i r rad ia t ion  wi th  super-sonic wave  
or b y  rubb ing  glass wall  of  the  vessel. I t  has 
been repor ted  t h a t  supercooled wa te r  nucle- 
ates  ice unde r  var ious  meehaniea l  or electric 
actions,  t~eprodueibi l i ty  of  these exper iments ,  
however ,  is no t  a lways  good and  the  con- 
clusion is f r equen t ly  doubtful .  We  carr ied out  
somewha t  sys t emat i c  s tudies on nuclea t ion  
of  crysta ls  g iven rise b y  f rac tur ing  of solids or 
b y  mechanica l  shock in var ious  supercooled 
liquids and  supe r sa tu ra t ed  solutions, and  a 
t heo ry  covering these p h e n o m e n a  was pro-  
posed. 

I.  N u c l e a t i o n  g i v e n  r i s e  b y  f r a c t u r i n g  o f  s o l i d  
s u b s t a n c e s  

1.1. Experimental result8 

Self-nucleat ion accompan ied  b y  crystall i-  
za t ion takes  place f r equen t ly  in the  liquids 
shown below (A ~ D) when solids ( table 1) 
immer sed  in t h e m  are f r ac tu red  or in jured  
mechanical ly ,  i f  the  degree of  supercooling 
(A T) or super sa tu ra t ion  (S) is large enough. 

Mechanical methods employed were as follows: 
i) to rub strongly, grind, injure or cut solids with har- 

der ones such as diamond, carborundum, quartz, corun- 
dum, knife, glass and porcelain. Crystallization took 
place much more easily than by rubbing glass wall with 
a glass rod (table 2), and the growth velocity of ionic 
crystals nucleated in this way was larger than that of 
self-nucleated crystals. 

ii) to deform plastically, or tear soft plastics or 
metals, e. g. sudden nucleation occurred in a supersatu- 
rated solution of Na~HPO~ when copper wire immersed 
in it was twisted to the extent of considerable plastic 
deformation. 

The  chance of  nucleat ion increases wi th  
increasing A T as shown in tab le  2, 

Table 1. Solids which give rise to nucleation in liquids 
(A ~ D) when fractured mechanically 

Solids Examples 

ionic solid 
valence crystal 
metal 
molecular crystal 

high polymer 

Liquids 
A) supersaturated 

calcite, fluorite, (glass) 
graphite, red phosphorus, quartz 
Cu, AI, Fe, Sn, Pb, Pt 
soft crystals of substances with low 
molecular weight (paraffin, stearic 
acid etc.) do not nucleate. Sulfur 
frequently nucleates. 
rubber, polyethylene, paper, wool, 
starch 

Na~S0~ �9 10H~O, Na2HP04 �9 12I-I~0 
aqueous solutions 
of ionic com- 
pounds 

B) that of polar or- sucrose 
ganie compounds 

C) supercooled water, acetic acid, nitrobenzene 
polar liquids (satol, thymol and mandelic ester 

do not nucleate) 
D) supercooled benzene, carbon tetrabromide 

nonpolar liquids 

Table 2. Nucleation of supercooled acetic acid (mp 
17 ~ by fracturing of solids (4 + easily nucleate, 

+ rarely nucleate, -- do not) 

Temp. rubbing fracturing of 
~ glass glass paper poly- rubber 

with with ethylene 
glass corundum 

13.8 - + + - + + - 
12.0 - + + - + + + 
8.2 + + +  + +  4 +  4 4  
5.2 4 4  + 4  4 4  4 4  4 4  

1.2. Mechanism o/the nucleation 

The  phenomenon  can no t  be  a t t r i b u t e d  to  
the  effect of  shock, since i t  t akes  place even 
when soft  high po lymer  is e longated quietly.  
I t  does not  occur  when solids are immersed  in 
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liquids after being injured in air. Consequent- 
ly, broken pieces, roughened surface and 
dislocations formed by  the mechanical action 
are not concerned in it. This indicates the 
necessity of the existence of some charac- 
teristic state, which is generated at the 
moment of fracturing and is deactivated in a 
very short time. Soft molecular crystals such 
as paraffin can not nucleate any other 
crystals when injured. In these cases, me- 
chanical action only displaces molecules, but  
neither ruptures nor changes them. Nucle- 
ation presumably needs a more intense 
change, i .e.  rupture of chemical bond and 
the like, as is obvious from the positive eases 
observed. In the eases of harder molecular 
crystals such as sulfur, nucleation takes place 
frequently, since mechanical rupture of mole- 
cules may be possible. 

Molecules of high polymers, in contrast 
with paraffin etc., are ruptured on mechani- 
cal fracturing giving rise to rapid nucleation 
in the liquids in contact with them. No 
nucleation, however, is observed on fractur- 
ing soft gel of polyethylene well swelled with 
solvents, because each molecule is mobile in 
it and is not ruptured mechanically. 

Nucleation of this type, in general, is en- 
tirely independent of the chemical and bond 
nature of both the solids and liquids, and of 
the property of forces acting in liquids. I t  
seems also to be independent of the type of 
crystal growth, two~dimensional nucleation 
(water, benzene and acetic acid when A T is 
large) or screw dislocation mechanism 
(Na2SO 4 �9 10H~O and NazHPO 4 �9 12H20 ). 

Free radicals (I.2.1.) and separated electric 
charges which give rise to a strong electric 
field (I.2.2.) may be presumed as the nucleat- 
ing center, because these are generated at the 
moment of rupture of chemical bond and 
have short life and high energy. The follow- 
ing studies, however, deny the presumption. 

1.2.1. Effect o/ /tee radicals: free radicals 
prepared chemically were added to the super- 
saturated solution of Na~HP04, but  no 
nucleation took place in the following cases: 
C1 atom from photodecomposing AgC1, OH 
and HO~ radicals from H20 ~ decomposing on 
a platinum plate, and SO 4- radical f rom per- 
sulfate. 

Irradiation with ~-rays from uranyl salt 
and with fl-rays from 90Sr salt dissolved in 
the liquid was also ineffective, in contrast to 
the formation of bubbles in superheated 
liquids by irradiation in a bubble chamber. 
The swarm of free radicals or of ions gener- 

ated by  irradiation thus can not give rise to 
nucleation of crystals. 

1.2.2. Inadequacy o/ electrostatical expla- 
nation: the effect of electric field on nucleation 
of salol from the supercooled liquid (1) and 
of sulfur from the supersaturated CS 2 solution 
(2) and the like were reported. The repro- 
ducibility, however, is not high and we could 
not find any effect even when the field is 
strong. The explanation of mechanical nucle- 
ation in terms of molecular orientation under 
strong electric field generated momentarily 
does not seem to be reasonable, because non- 
polar benzene easily crystallizes, whereas 
polar salol and thymol do not. The following 
study on carbon tetrabromide, of which 
molecule is spherical and electrically isotrop- 
ie, hence orientation in electric field is impos- 
sible, may give the most definite conclusion. 
A small quanti ty of the liquid was admitted 
in a thin glass tube of 2 mm diameter, since 
it can be only slightly supercooled. The tem- 
perature of self-nucleation (T1) and that  of 
induced nucleation (T2) (when a piece of 
nickel wire immersed in the liquid was rubbed 
with powder of carborundum put  in the tube 
by  moving the piece magnetically) were 
measured in a bath by  cooling very slowly 
(table 3). 

TabIe 3. The effect of ia.~uring Ni on the nucleation 
teraperature of CBr4 (rap = 91.3~ T~ -- T1 ~ 

Volume of spontaneous induced effect of 
liquid (cc) nucleation nucleation injuring 

(T1) (T2) (Te -  T1) 

0.053 89,2 89.6 0.4 
0.044 89.4 90.4 ~ 89.6 1.0 ~ 2.0 
0.032 89,5 89.9 0.4 
0.0083 89,1 89.6 0.5 

The effect of injuring is always positive, 
though not large. Hence, electrical orien- 
tation theory must be abandoned. 

1.2.3. Nucleation accompanying electrolysis: 
Ubbelohde (3) reported that  CuSO4.SH~O 
crystallizes at a copper anode during electro- 
lysis of the solution and it ceases when the 
current density is decreased. I t  does not 
occur at platinum and carbon anodes. The 
problem was re-examined as follows: two 
wire electrodes were connected to an indue 
tion coil or a neon-transformer and were 
introduced into the supersaturated solution 
of Na~HPO~. Rapid nucleation took plaee as 
soon as electrolysis began at the copper 
anode, then, it ceased on repeated electro- 
lysis even when new solution was used. 
Nucleation, however, was observed again if 



220 Kolloid-Zeitschri/t und Zeitschrijt /fir Polymere, Band 244 �9 Heft 1 

another part of the anode was dipped in the g 
solution. No nucleation took place if the 
anode was washed with acid, but the activity 
was recovered when copper turned reddish 
owing to oxidation in air. These facts may be 0.3 
explained as follows : oxide film at the copper 
anode is torn by violent evolution of oxygen 
during electrolysis under high current density, 
giving rise to nucleation as discussed in I, 
and clean copper surface as well as a platinum 
or carbon electrode can nucleate no more. 

Accordingly, it does not seem possible to 0.2 

explain mechanical nucleation phenomena 
under simple electrostatic theory. An alter- 
native theory will be given in III .  3. 

II. Nucleation induced by mechanical shock 

II .  1. In  supercooled liquids 
Mixture of KCIOs and red phosphorus was weighed 

and  pu t  in an iron tes t  ~ube fixed in supercooled water 
(fig. 1). The powder was brought  into explosion by  
hi t t ing with an  iron rod in the  tube. I f  the  shock of 
explosion is not  strong enough to give rise to ice nuclea- 
tion, the quant i ty  of the  powder was increased unti l  
nucleation took place. 

li I 

J 

F 

V///////////l 
I I I I I I 

5 cm 

Fig. 1. An apparatus  for giving mechanical shock by  
explosion to supercooled water to nucleate ice. C = cool- 
ing mixture,  F = iron tube, fixed and immersed in W, 
W = supercooled water with  a stirrer and a thermo- 

meter, P = powder (KC10~ + red P) 

The necessary strength of shock for nucle- 
ation decreases regularly with increasing 
supercooling (fig. 2). Salol and thymol did not 
crystallize in this way as well as in the case of 
fracturing of solids. The remarkable difference 
in the nucleation behaviour between water 
and these substances is discussed in III .  

0.1 

4- 

I I 

1 2 
aT 

Fig. 2. The amount  (g) of powder necessary to nucleate 
ice by  the  shock of explosion from supercooled water. 
A T = the degree of supercooling, + = nucleate, 

--  ~ do not  nucleate 

11.2. Nucleation induced by shoclc in super- 
saturated solutions 

Drops of supersaturated solutions of Na2HPOa, 
Na~S04 etc. were pu t  in many  pits a t  the  surface of a 
thick iron plate covered with paraffin, and the  effect of 
shock of explosion of powder in an iron cylinder welded 
to the  plate vertically was studied statistically. The rate 
of nucleation was found to be approximately propor- 
t ional to the amount  of the powder employed (fig. 3). 

100 ~ /  

50 

0.0 0.2 0.4 

Fig. 3. The relat ion between nucleation rate (%) of 
supersaturated solutions by  the  shock of explosion and 
the amount  (g) of explosive employed. [ ]  Na2S04 �9 10H~O 

S = 1.42, ~ NasI-IPO4 �9 12H20 S = 3.61, 
@ Na~S~O.~ " 5 tLO S = 1.40 

(S - -  the degree of supersaturation) 

II.3. Nucleation by spraying: nucleation of 
NaeHPOr 12H~O was observed frequently 
when the supersaturated aqueous solution 
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was sprayed strongly in wet air avoiding 
evaporation. I t  can not be attr ibuted to the 
effect of scratching of the wall of the sprayer 
with dust particles in the liquid, since it did 
not occur at  the nozzle. I t  is considered to 
take place when the liquid is fractured. 

IIL Mechanism of nucleation given rise by 
fracturing or by shock 

III .1 .  The state o~ substances when/ractured or 
shocked 

A comparatively intense change such as 
rupture of chemical bond is necessary for the 
nucleation given rise by  fracturing of solids 
as stated in I. The formation of free radicals 
or unsaturated state at the surface of solids 
by mechanical fracturing of solids except 
soft molecular crystals is demonstrated by  
the following facts: Kargin et al. reported 
that  monomers polymerize when metals or 
ionic crystals are crushed in the solution 
[naphthalene gives a negative result (4)], and 
Okuyama et al. observed growth of a solid 
polymer when an aluminium plate is scratch- 
ed with an iron pin in a toluene solution of 
allyl chloride (5). Detonations of explosives 
are initiated by  the chain reaction of free 
radicals generated by  mechanical blow. I t  is 
certain thus that  the electronic state of solids 
is altered remarkably and the electron cloud 
becomes diffuse when the solids are fractured. 

According to David and Hamann, sulfur 
conducts metallically (6), and specific con- 
ductance of water rises to a value as high as 
1 ohm -4 cm -1 (7) momentarily when shocked 
with explosion waves. Electron cloud of the 
molecules may undergo a severe deformation 
in this way at the moment of shock. Valence 
electrons are non-localized, mixing like free 
electrons in metals and the remaining 
part  of the molecules are positively charged 
momentarily. The system may attain, as a 
whole, a metal-like structure conducting and 
cohering metallically. An analogous state 
will be realized two-dimensionally along the 
fracturing surface of solids (III. 3). Ultra- 
sonic wave accelerates nucleation, decomposes 
high polymers, activates water chemically 
and sometimes gives rise to luminescence (8). 
Je t  stream in liquid also decomposes high 
polymers (9). 

These actions have been considered to be 
originated from an intense mechanical action 
accompanying cavitation. Strong spraying 
similarly exerts a strong local stress on 
liquids. These mechanical means presumably 
give rise to an excited state estimated above, 
if the strength is enough. 

I I I .  2. Relative di/ficulty o/ nucleation 
The relative difficulty of nucleation may 

be determined by variable factors. As for the 
entropy factor, the molecules (or atoms or 
ions) may form crystal nuclei and crystals 
with the highest symmetry by closest packing 
most easily, if the form of the molecule and 
the field of forces acting are spherically 
symmetrical. These substances do not super- 
cool much. Typical examples are carbon 
tetrabromide (see II. 2) and most metals 
which include no covalent bond. As the 
degree of symmetry of molecular form and of 
the force field decreases, that  of the crystal 
also decreases and the probability of nucle- 
ation is diminished, because at least several 
tens molecules must cluster and arrange 
themselves with a characteristic structure to 
form a nucleus. I f  the molecule contains OH 
radical etc. with a directional force field, 
nucleation may be more difficult, especially 
when these radicals are localized in a large 
molecule. High viscosity of hydroxylic liquids 
also makes nucleation slower. Supercooling, 
therefore, increases in the following order: 
metals ~ benzene (the crystal is rhombic) 
< water (hexagonal, but  with an open struc- 
ture) ~ thymol and salol (rhombie , include 
OH radical). 

Nucleation from supersaturated solutions 
can be discussed in an analogous way, al- 
though the problem is more complex than one 
component systems. For examples, easily- 
supersaturatable substances such as Na2SO 4 
�9 10H20 , N%S20a �9 5H20 , Na2HPO 4 �9 12H20 , 
CH3CO~Na �9 3 HeO, sucrose and glucose form 
monoelinic crystals. On the contrary, alkali 
halides composed of simple ions form crystals 
of high symmetry and do not supersaturate 
much, since mere clustering of ions is enough 
to nucleate. 

In the ease of nucleation from aqueous 
solution of ions or hydrophilie substances, it 
may be necessary to dehydrate a part or all 
of hydrated water. I t  is probable that  this 
process and consequently, the energy of aeti- 
rat ion of dehydration determine the rate of 
nucleation and the limit of supersaturation. 
In these eases, strong hydration makes super- 
saturation easy. 

I I I .  3. Mechanism o] nucleation given rise by 
mechanical shoclc or by /racturing o/ 
solids 

A metal-like structure is formed of free 
electrons liberated from each molecule and 
positively charged part  of it, as stated in 
II[ .  1, when substances undergo strong 
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m e c h a n i c a l  forces. These  are  e lec t ros t r i c t ed  
to  the  c loses t -packed  s t r u c t u r e  wi th  h igher  
r e g u l a r i t y  b y  a force ana logous  to  meta l l ic  
b o n d  or  cohesion.  T h e  c lus ter  m a y  b e c o m e  a 
c rys ta l  e m b r y o  or  nuc leus  w h e n  m e c h a n i c a l  
inf luence d i sappea r s  a n d  the  electr ical  neu-  
t r a l i t y  o f  molecules  is r ecovered ,  i f  t he  s t r ic t -  
ed s t r u c t u r e  is nea r  to  t h a t  o f  the  crys ta l ,  or  
if  it is eas i ly  c o n v e r t a b l e  to  the  la t ter l ) .  
A c c o r d i n g  to  E v a n s  (10), A T  of  w a t e r  u n d e r  
2000 arm.  is t he  same  as t h a t  u n d e r  1 arm. ,  
hence  it m a y  be  c o n c l u d e d  t h a t  mechan i ca l  
nuc l ea t i on  is no t  g iven  rise b y  d i rec t  com-  
pression,  b u t  b y  the  gene ra t i on  o f  a me ta l -  
like s t ruc tu re .  I f  t he  forces are  w e a k  a n d  A T 
is small,  t h e  e m b r y o  is smal ler  t h a n  the  
cri t ical  nuc leus  a n d  the  a r r a n g e m e n t  o f  
molecules  is incomple te .  I t  is d i s in t eg ra t ed  b y  
molecu la r  m o t i o n  as soon as the  ex t e rna l  
forces pass  a w a y ,  w i t h o u t  g iv ing  rise to  
nuc lea t ion .  N u c l e a t i o n  in supercoo led  l iquids 
g iven  rise b y  f r ac tu r ing  o f  solids m a y  be 
exp la ined  in an  ana logous  w a y :  f r a c t u r e d  
surface  o f  solid excep t  soft  molecu la r  erystMs 
is m o m e n t a r i l y  cove red  wi th  free radicals ,  
a n d  the  labile e lec t rons  a n d  pos i t ive ly  po-  
lar ized p a r t  o f  l iquid  molecules  in c o n t a c t  
w i th  t he  solid sur face  m a y  f o r m  a two-  
d imens iona l  meta l l ic  s t r u c t u r e  a n d  the  resul t -  
ing  s t r i c ted  l aye r  w i th  h igher  r e g u l a r i t y  m a y  
ac t  as t he  nuclei ,  i f  its s t r u c t u r e  is s imilar  to  
t h a t  o f  the  c rys ta l  or  if  i t  is eas i ly  c onve r t a b l e  
to it. E v a n s  (11) showed  in his s tudies  on ice- 
nuc l ea t i on  on organic  c rys ta l s  t h a t  a f rozen  
m o n o - l a y e r  o f  a d s o r b e d  w a t e r  can  nuc lea t e  
ice. I t  m a y  be  considered,  then ,  t h a t  even  a 
m o n o - l a y e r  o f  l iquid  is e n o u g h  to  nuc lea t e  
if an  ~ppropr i~ te  s t r u c t u r e  is g iven.  I t  
is n o t  a mere  e lec t ros ta t i c  o r i e n t a t i on  o f  
molecules .  Since t h e  nuc l ea t i on  o f  this  
t y p e  is a co -ope ra t ive  p h e n o m e n o n ,  mere  
add i t i on  o f  free rad ica ls  a n d  s imple  electro-  
s ta t ic  field s t a t e d  in 1.2 can n o t  g ive  rise 
to  it. As  for  t he  solut ion,  it is possible t h a t  
m e c h a n i c a l  forces d i r ec t ly  s u p p l y  the  e n e r g y  
of  a c t i v a t i o n  neces sa ry  to  d e h y d r a t e  ions 
a n d  hyd roph i l i c  molecules ,  a n d  nuc lea t e  
crystals .  
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Swmmary 
Sudden crystallization takes place frequently in 

supercooled liquids or in supersaturated solutions 
(usually of ionic compounds) when solid substances 

~) In the cases of sam and thymol, the conversion is 
supposed to be difficult. 

immersed in the liquids are cut or fractured mechani- 
cally. Rupture of chemical bonds in the solid is essential 
for the nucleation and the effect disappears momen- 
tarily. Crystallization is also frequently given rise by 
mechanical shock in the above mentioned liquids, and 
may be explained as follows: electrons of the shocked 
molecules become labile and may behave like free elec- 
trons in metals momentarily as demonstrated experi- 
mentally. Generated free radicals and free electrons 
cluster into a metal-like structure and are compressed 
into the closest-packed structure with higher regularity 
by forces analogous to metallic bond. The cluster may 
act as the embryo and the nucleus of the crystal, if its 
structure resembles to that of the crystal or if it is easily 
convertable to the latter. Nucleation in supercooled 
liquids given rise by fracturing of solids is explained in 
an analogous way. Fractured surface of solids is momen- 
tarily covered with free radicals. The labile electrons and 
positively polarized part of liquid molecules in contact 
with the surface may form a two-dimensional metallic 
structure and the resulting compressed layer may act as 
the nucleus, if its structure is appropriate. 

Zusammenfassung 

Pl6tzliche Kristallisation geschieht oft in unterkiihl- 
ten Flfissigkeiten oder in fibers~ttigten L6sungen (ge- 
w6hnlich yon Ionenverbindungen), wenn feste Substan- 
zen, die in die Flfissigkeiten eingetaucht sind, mecha- 
nisch geschnitten oder gebrochen werden. Die Spaltung 
der chemischen Bindungen in den festen Substanzen 
seheint notwendig fiir die Keimbildung zu sein. Pl6tz- 
fiche Kristailisation wird aueh dureh meehanisehe 
Erschiitterung in den Fltissigkeiten hervorgerufen. 
Diese Ph/inomene werden durch Einflul? delokalisierter 
Elektronen auf die Keimbildung erkl~rt. 
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