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An extensive series of experiments has previously demonstrated that for model sterically 
stabilized dispersions, S-soIvents for the slabilizing chains in free solution represent the limit 
of colloid stability. It has now Iwen shown that by anchoring the stabilizing chains to the 
particle surfaces at many points along the chains, the pattern of ilocculation behavior may 
be profoundly altered. Polystyrene latices stabilized by poly(ethylene o.’tide) have been pre­
pared that are stable in dispersion media with solvency for the stabilizing moieties markedly 
worse than 5-solvents for the chains in free solution. Multi|>oint anchoring in these s\'stems 
results from the hydrogen iMmding between the ether oxygens of the stabilizer and surface 
carboxylic acid groups. The cnhantemenl of steric stabilization is a function of the pH and the 
molecular weight of the stabilizing chains. It originates in the perturbation of the conformation 
of the stabilizing macromolcculcs that renders the free solution properties of ihe chains no 
longer relevant.

I N T R O D U C i l O N

An extensive series of experinienLs (1-5) has 
ihown that for model slerically slabilizccl 
dispersions, jkslrong corrclalion exists between 

point of incipient instiibiiiiy and the cor- 
Kaiponding theta (0)-point for the stabilizinR 
t  ̂ iielies in free solution. This correlation has 
tekui demonstrated for fjoth aqueous and non- 
K|ueous dispersion media, irresijective of 
Whether rtocculation is induced by healing or 

or bv the addition of nonsolvent. At 
si.xty critical flocculation points (cfp’s) 

kave now been correlated with their cor- 
0-points. A quantitative theoretical 

Ascription of steric stabilization has also been 
•fveloped recently (6, 7).

Whether or not stable sterically stabilized 
can be prepared in 0-solvents 

ves remains a moot point. Certainly 
definition the second, and therefore the 

dhtrd (8), virial coefficients of the stabilizing 
les in free solution must vanish in

0-s()lvcnts. As the major component of the 
repulsion in steric stabiliziition originates in 
these two nonideal com})oncnts, any repulsion 
in 6-solvents must necessarily be relativel\- 
small. The fourth and higher virial coeiT.cients 
are, however, non;5ero in 0-solvents: pre­
sumably these nonideal components may be 
suiT.ciently large at high segment densities to 
impart stability in 0-solvents. In addition 
Born repulsion between polymer segments, 
which is disregarded in all theories advanced 
to date, may also contribute to stabilization. 
Unfortunately the e.xperiniental results to 
date lack sufficient precision to establish 
whether or not stable dispersions ma\' be 
prepared in 0-solvents.

Nonetheless it can be staled quite cate­
gorically that there are no previously re­
ported e.xamples of sterically stabilized dis­
persions that e.xhibit stabilit)' in dispersion 
media which are markedl>- worse solvents than 
0-solvents for the chains in free solution. B y 
markedly worse solvency we mean that
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The case of coagulation by shear viscous 
flow is interesting in that respect in that we 
deal with the situation X =  1 which was not 
considered above. The dependence K (g , n) 
=  (g* +  possesses a number of features 
which simplify the solution of Eq. [^1]. The 
details of the solution will be published else­
where. Here we only not^ that the results in 
this case are very similar to those obtained for 
the model K (g , ii) = g -I- /i — 1. An interest­
ing circumstance is that the asymptotic form 
of the size distribution differs from the self- 
preservation form. In this case Cg = 
rather than Cg — X^f(gN) as assumed by 
Swift and Friedlander (10). It is a consequence 
of the divergency of integrals on the left-hitnd 
side of Eq. [23 at a low limit (« =  0).

3. The result [28] is seen to be very close 
to the Friedlander self-preservation hypothesis 
(see Eq. [5 ]) . Substituting Eq. [30 ] into 
ICq. [28 ] we obtain:

= ■VV(X-V).

It should be cinijhasized however that the 
scaling theory has a dilTerent sense. I'he 
regime [2 S ] arises us ii conse<iuence of the 
scaling invariancc of ICc). [2 ] , and the de­
pendence of ^ on the argument ap­
pears indejjendently of the fact that

.APPENDIX

Here we derive the recurrence relations [20] 
and [2 1 ] .  Let us substitute

=  r - ' E  [ A l]
i—0

into Eq. [ 12 ]  and gather the coefficients of 
equal powers of t .  The coefficients of r* on

the left-hand side of Eq. [ 1 2 ]  is of the form:

(* +  g - W .  [A2]

The substitution of Eq. [ A l ]  into the first 
term on the left-hand side of Eq. [ 1 2 ]  yields

n - l

Introducing I' =  k ~  I  vre find the coefficient 
at T*

Z! Z  ^ (g — n)bg-n^bn’̂ ‘ ‘ . [A 3]
»-i /-o

After the substitution of Eq. [ A l ]  into the 
second term it takes the form:

E  E  I (^ ,  n )W n ''r '*+ *+ ''.
n - l

Again, replacing n +  I +  I' =  k, I' = k — p, 
I = p ~  n, we ob ta in  the  coefficient of

E  E  L(g,n)bg>'~”bk.p’'. [A 4]
;j«»l n"I

(iroup ing  lu js . [ . \2 ] - [ A 4 ]  wc o b ta in  to  the 
rela tions [ 2 0 ]  and [ 2 1 ] .
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incipient flocculation would only be evident 
in excess of 10  K  beyond the free solution 
0-temperature. Flory (9) and others (7, 10) 
have stated clearly the reason for this: in 
solvents worse than 6-solvents the stabilizing 
sheaths are self^attracting, i.e., collisions are 
“ sticky,”  and so the particles flocculate. 
Recent calculations have verified the essential 
correctness of this view (7).

We have now found that by using the 
phenomenon of multipoint anchoring of the 
stabilizing moieties lo the particle surface, 
it is possible to prepare lalices ’Lhat display 
stability in dispersion media of considerably 
worse solvency than 6-solvenls for ihe chains 
in free solution. This is possible becuusc the 
anchoring of the mucTomoleculcs at 
points along the chains so changes their con­
formation that ihe free solution properties of 
the chains are no longer rdcvimi. An experi­
mental investigation of this phenomenon, 
which we have termed ‘ 'enhanced sleric 
stabilization”  (6), is now presented.

THEORY
We begin by cslnbJi.shing via a new tiieoreli- 

cal route thal, to a lirst approNimalion, 
^-solvents ftjr the slal)ilizing chains in free 
solution are the limit of colloid stability for 
dispersions sterically stabilized by tails or 
loops. tails and loops we imp!)- linear high 
polymers that are attached to the particle 
surface at one and both ends, respectivels'. We 
will assume that the configurational entrop\' 
of the core particles in the dispersion medium 
may be neglected; this is, of course, a standard 
assumption in colloid stability- theory (e.g., 
in D L \ '0  theory) but it could perhaps in­
troduce some inaccuracy in certain circum­
stances. We shall, of course, take into account 
the configurational entrop)' of the stabilizing 
chains.

We want now the free energy of mixing 
(a 5 m) of randotiily oriented tails or loops, 
whose centers of gravity are fixed in space, with 
solvent molecules. This is readily obtained 
from the theory developed by Flory and

Here is the free energy of mixing of
pure randomly oriented polymer chains, whose 
centers of gravity are fixed in space, with pure 
solvent, and is the free energy of at'
tachment of randomly oriented chains to form 
tails or loops in the absence of solvent mole­
cules. Thus

a5 m =
-\-kTln i In (1 -  V.) +  WiXiifj]. [2]

where iti is the number of solvent molecules, 
is the volume fraction of the polymer 

segments, and Xj the polymer-solvent inter­
action parameter for chains in free solution. 
Note that the tilde is used to denote that the 
quantity refers not to the total system but only 
to that part of the system which is accessible 
lo the stabilizing chains if the particles were 
all fixed in space. This difTerentiation is neces­
sary becausc the I'iory-Jvrigbaum theory (11) 
cannot be applied to the system as a whole: 
those regions of the dispersion medium between 
the coated particles contain a negligibly small 
polymer concentration w'hich violates one of 
the basic requirements for the application of 
the Flory-Krigbaum theor\\ Onl)‘ in the 
spatial regions occupied by the stabilizing 
chains is the segment density function suf­
ficiently large and continuous to justify the 
Flory-Krigbaum approach.

To calculate the excess chemical potential of 
the solvent in the volume accessible to the 
polymer we need [^(AGm)/^?!!]]?'./’ . This dif­
ferential is easil}’ evaluated if we recall that 
1̂ 5 =  { fi2x )/ {n \  » 2-v), where Wj is the num­
ber of tails or loops and a: is the number of 
lattice sites occupied by each chain, assumed 
to be monodisperse. Consequently, on dif­
ferentiation we have

Ml -
= R T £  In (1 -  V2) +  y. +  [3]

where m i  ̂Is the standard chemical potential of 
the solvent (i.e., the chemical potential of
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pure solvent). N o te  th a t  we have here ignored 
the configurational en tropy  of the core p a r­
ticles and so fo r equilibrium  we m ay  set 
jui =  Mij w here the  absence of th e  tilde denotes 
the system  as a  whole.

F lo ry  (12) has show n th a t  the  requirem ents 
for incip ient noncrysta lline phase separation  
of the  polyTner solu tions are

[_dixi/dvz']T.p ~  0 , 

[_d'Hi/dVi-^r.p =  0 -

w

[ 5 ]

Phenom enologically we m ay  re la te  incipient 
phase separation  to  incip ient flocculation of 
sterically stabilized particles. E quations 
and can then  be used to  iden tify  the
critical flocculation point. T h e  equ ivalen t re­
lationships in this case are

[V T /V r2 L d ^i/d v-^  = 0 , [ 6 ]

= 0, [̂ 7]
where W  is th e  to ta l availab le volum e and 
7 t  is the volum e accessible to  the chains. 

Con\hininj5 E qs, [^3] an d  (^63 yields

1 ' { 1  - i V  -  I =  2Xyv,, [ 8 ]

whereas Eqs. [ 3 ]  C ' l  >

1 / ( 1  - i V - ‘ =  2 x,.

I'lie solution of Eqs. [ 8 ]  and [^9^ lh a l is 
relevant is Xj =  k. T his show s th a t  to  a  first 
approxim ation 0 -solvents, which are  char­
acterized by  Xi =  j ,  are th e  lim it of stab ility  
of particles stabilized by  loops and tails (8 ). 
A ver>- considerable body of experim ental 
K le n c e  (1-5) supprjrts th is theoretical con­
clusion. T h e  conclusion is, however, a t  odds 
tt th  th a t  of H esselink, \ ’rij, and  O verbeek 
(13; who p red ic t s ta b ility  in dispersion media 

rab l) worse th a n  ^-solvents for dis- 
s stabilized by  e ither ta ils  o r loops. The 
for the ir erroneous pred ic tion  has been 

ed o u t elsew here (6 ) b u t briefly i t  resides 
assum ing in  the  calculation  of po lym er com- 

th a t  ail 0 -solvents are a tberm al. 
(14) has asserted  th a t 0-solvents are 

atherm al a t  the  experim entally  inac- 
^ ® b le  tempera’lu re  of abso lu te zero.

T he foregoing discussion im plies th a t  if 
s tab ility  is observed in  solvents m arkedly  
worse th a n  0 -solvents, specific in teractions 
m ay be opera tive between the stabilizing 
chains and th e  partic les so th a t the  chains are 
no longer ta ils o r loops.

E X P E R I M E X T A L

Tw o types of po lystyrene latices w ere p re ­
pared  by  em ulsion pol^Tnerization. T h e  first, 
term ed “ high carboxyl”  latices, were p re­
pared  according to  th e  m ethod of O ttew ill and 
Shaw  (15) a t  elevated  tem peratures (^50® C ), 
using potassium  persu lphate  or hydrogen 
peroxide as the  in itia to r and sodium  dodecyl 
su lphate as the  su rfac tan t. P o ten tiom etric  
titra tions and  electron microscopy established 
th a t  the la tex  particles so prepared  contained 
surface carboxylic acids (ca. one carboxyl 
group per 150-5(X) A*). T he “ low carboxyl” 
latices were prepared  in a  sim ilar fashion bu t 
in itiation  bs‘ potassium  persu lphate was ef­
fected a t  2()-3()®C and  o w g en  was rigorously 
excluded from the system . T h e  com plete 
absence of surface carlx)xyl groups could not 
be established unequivocally for these la ticc 'S  

b u t the  surface concentration  of carbox>l 
groups was sulTiciently small for them  n o t to 
1)0 detec tab le  b>- po ten tiom etric titra tio n . 
Poly(vinyI aceta te ) latices were prei)ared b\- 
the solution jX ) ly m e r iz a t io n  oi v in \l  ace ta te  
in the absence of su rfac tan t (16); no surface 
carboxyl groups could be detected  w ith these 
latices.

T he p rep ara tio n  of the  am phipalh ic  block 
copolym ers of po ly(ethy lene oxide) w ith  po ly ­
sty rene and  po!> (vinyl acetate) has been d e­
scribed previously ( 2 ), as have th e  m easure­
m ents of the  critical flocculation tem peratu res 
and  th e  po ly(ethy lene oxide) \-iscosity average 
m olecular weights.

RESULTS

T he critical flocculation tem peratu re  (eft) 
of various aqueous latices coated w ith well- 
anchored po ly (ethy lene oxidej (PE O ) chains 
was determ ined in 0.39 M  MsSO^. Ail latices



Kio. 1. Plots of the eft versus the ratio of the nominal weight of stabilizer in the bulk phase to the 
weight of latex particles. FEO molccular weight is 10,000 and p H  =  4-65. Curve 1—poIy(vinyl acetate) 
latices; curve 2—“low carlwxyl” [mlyslyrene latices; curve 3—“high carlioxyl” ]>olyslyrene latices; 
curve 4—p0ly(slyrcnf-c{»-acrylk at ifl) latex particles. *

rtocculated on heating , d em onstra ting  th a t the 
latices were en thalp ically  stal)ilizc<l (4). T he 
eft of these latices is delined as th e  m inim um  
tem pera tu re  a t  which llo tcuhnion  was ev ident 
(2 ,3 ).

Shown in Fig. 1 are p lo ts  of the eft versus 
th e  nom inal conecn lra iion  of the  aw p h ip a th ic  
PKO stabilizer, the IMCO chains having a 
viscosit>‘ average m olecular w eight {(Afy)) of
10,(KX). .\lthough  these pl«)ls a re  n o t stric tly  
adsorption  isotherm s, the  adsorplir)n cjf the 
stab ilizer [)resum ably increases m onotonically 
to  a  co n stan t value as the abscissa incrcjtses. 
Sm ooth curves have been draw n through the 
large num ber of ]x)ints th a t  were <leterniined 
for each curve.

F or poly (vinyl aceta te ) latices, th e  eft in­
creased m onolonically w ith  increasing con­
cen tra tion  of stab ilizer (curve 1 ) to  the  lim it­
ing value corresponding to  the  d-ten ipcrature 
(318 K) for free PEO  chains in 0.39 A f M gSOj 
(2, 17). S im ilar results w ere ob ta ined  fo r “ low 
carboxyl”  po lystyrene latices (curve 2). T he 
“ high carboxyl”  latices, how ever, exhibited 
a  defin ite m axim um  (curve 3) in th e ir  eft. The 
m axim um  (in th is  case 338 K ) was significantly 
h igher th a n  th e '5 - te m p era tu re , show ing th a t 
in the v ic in ity  of the  eft i t  is possible to  prepare 
la tices th a t  a re  stab le  in  dispersion m edia 
considerably w’orse th a n  d-solvents. T h is  is the 
phenom enon of enhanced ste ric  stabilization .

N ote th a t the position of the  m axim um  along 
the abscissa axis depends upon the  efficiency 
of the anchor group in a ttach in g  the  PEO to 
the partic le  surface. Beyond th e  m axim um  the 
eft decreascKl to  the  fl-tum perature. Clearly it 
was only a t  th e  lower concentrations of 
stabilixer th a t  enhvvnce<l ste ric  stabiliza.tit)n 
was ohservetl and then only w ith the “high 
carlx)xyl”  latices.

Dispersions th a t exhibited enhanced steric 
slabiliziilion n<jccvilatetl irreversibl}’. Only at 
higher stab ilizer concentrations, when the eft 
was close to  the 0 -tem peratu re, was reversible 
flocculation observed.

I t  w’as suspected  th a t the  existence of en­
hanced steric stab ilization  was associated with 
the  hydrogen (H ) bonding betw een the -O H  
groups in  the  surface carboxyl groups and the 
e ther oxvgen of the  P E O  chains. T o test this 
hypothesis the  e f t’s were determ ined  for a 
P E O  of (Afv) =  10,(XK) a t  th ree  pH  values 
(2.06, 4.65, and  10.6). Some resu lts are shown 
in Fig. 2. A t the  lowest pH  th e  e f t maximum 
was significantly higher th a n  th a t  for pH 
=  4.65. X o  curve is show'n for the  alkaline pH 
because a t  th e  concentra tions of stabilizer cor­
responding to  the m axim um  in the  eft curves, 
the “ high carboxyl”  po lysty rene latices floe- 
cilia ted  a t  ierrjpetatures well below room 
tem peratu re .

T he influence of the m olecular w eight of the



IB zin g  PEO on enhanced steric stabiliza-
■  is displayed in Fig, 3. The same “ high 

atex was used in all experiments, 
high molecular weight PEO {{M y )  

pQŜ pOO) did not seemingly exhibit a maxi-

riin the eft and no enhanced steric stabiliza- 
was observed with this polymer at this 
However, as the molecular weight was de- 

the maximum in the eft plots ap- 
jU d ; The maximum was small for a PEO 
(M v )  =  96,000 but it increased significant!}- 

the molecular weight decreased. For a

Eof (M v )  =  1540 the enhancement of 
stabilization was so large that the eft 
'the range of the dotted line of Fig. 3 ex- 

KMA the boiling point of the aqueous dis- 
W bb medium and so could not be measured. 
H  data are, however, strongly suggestive of 
p in m u m  in the curve. The eft in this case 
J.reased only very slowly at higher stabilizer 
jiicentrations.
Particles of polystyrene into which 10% 

I^Tic acid had been coj>olvmerizc(l were also 
as the adsorbent for anchored i’ EO. 

Ilfcsc particles were prepared under conditions 
pt normally gave “ low carboxyl” latices.

latices, which also possessed surface 
^)oxyl groups, exhibited enhanced sleric 
Mliiization (curve 4 in Fig. 1). The eft i>eak 
m  however, quite broad.

W E I G H T  R A T I O

I’lC. 2. Effect of pH on the plots of eft versus the 
ratio of the weight of stabilizer to the weight of latex 
particles. PEO molecular weight is 10,000. Curve 
1—pH = 2.06; 2 - p H  = 4.65.

DISCUSSION

The foregoing results are consistent with the 
hypothesis that enhanced steric stabilization 
results from H bonding between the -OH group 
of the surface carboxyl species and the PEO 
ether ox\gens (Fig. 4). In the absence of sur­
face carboxyl groups, e.g., with poly (vinyl 
acctii(e) laliccs, no dcl'initc maximum was ob­
served in the eft plots. .As the bulk stabilizer 
concentration was increased more PEO chains 
were presumabl>- adsorbed; in the plateau 
region the particles were fully coated. Re­
versible tlocculation was then observed close

Fig. 3. Effect of PEO molecular weight on the plots of eft versus the ratio of the weight of stabilizer to 
the weight of late.'c particles at pH == 4.65. ( A / y ) : curve 1—800,000; curve 2—96,000; curve 3—10,000; 
curve 4—1540.
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PARTICLE
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CH.
-CH .

T i g . 4 . Schcmaiic rejjresenlaiion of the hydrogen 
bonding inieraclion Iwtween ihe ether oxygens in ? E 0  
and the surface carhoxvtic acids.

lo  the  0 -U 'mptTiiturc for ihc  stab iliz ing  chains 
in frcL* sohilion. 'Phis is Ihu norm al behavior of 
stcriciiliy stabilized  latices ( 1, 15), as prcdiclw l 
by ihc  aIx)Vf tlu-orelica! discussion. N'otv tha l 
iho c lcc lrosta lic  contrii)Ulion to  s la b ilil\’ is 
ncj'h’j'ibic at llu- hifjli ionic s tr fn ^ ih s  stud ied , as 
was shown previousK ' (4).

K nhanccd sic ric  suil)iii>i;uion wus only ob­
served when, in the  ai)s<.-ncc of surface (.'arbo-wl 
j^roups, the  surface would be incom pletely 
covered. T his suKS‘-‘sls  th a t uniler (hcse condi­
tions the conff»rmalion of the stabilizing; 
rnoictic'S is changed bccausc of the m any 
H-bom lin^j in le racilons between ihe  PEO 
and  the  surface carboxy l groups. Presuniabl}' 
th e  chains in te rac t w ith  the  surface so as lo

ad o p t a  Jess extended conform ation [^the trans­
form ation  (a) to  (b) shown in Fig. 5 ] . As a 
resu lt of th is  f?at conform ation, the  therm o­
dynam ic param ete rs  th a t govern segm ent- 
so lvent and  segm ent-segm ent in teractions are 
no  longer those re levan t to  the  chains in free 
solu tions or to  chains a ttac h ed  to  interfaces 
w ith which they  do n o t in te ra c t strongly.

T h a t th e  change in  conform ation due to 
m ultipo in t anchoring can be significant is 
illu stra ted  b y  the  following approx im ate cal­
cu lation . P o ten tiom etric  t itra tio n  studies sug­
gested  th a t  th e re  was one carboxyl g roup per, 
say, 20() A-. For a  PEO  of m olecular weight 
1 0 ,0 ()(), the  area occupied b\- the  m acromole­
cule on the  surface is approx im ate ly  5000 A*. 
H ence, each chain could in te ra c t w ith  25 
carbo\> l groui)s. 'I'his would on the  average 
lower the m olecular weight of ihc  PEO  between 
anchor po in ts to  only  2 (K), i.e., pentam er 
( -C'H j( 'H  X) -) groups. C'learly even interaction 
with only hall' of the surface carboxyl groups 
(as occurs a t pH  =  4.65) would significantly 
change the  conform ation of the  PEO chains 
to  one w ith onl\- a  small nvmiber of segments 
between anchor points.

'I'he foregoing discussion suggests th a t if 
the surface carbf»xyl groujw  were deprotonated, 
the II bonding could not occur. T h u s  latices 
exhibiting enhanced ste ric  s tab iliza tion  would 
be con^•e^ted in to  latices exhib iting  incom* 
pJete surface co \’erage [[transform ation (b) to

F i g . s. Schematic representation of the effect of multipoint anchoring on the polymer conformation; 
(a) incomplete surface coverai^ and no interaction of PEO with the surface; (b) as in (a) but with a flat 
con/orjnalion due to sur/ace interactions; (c) compiele surface coverage with little surface interaction 
allowed.
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(a) in Fig. 5 J. Lalices with incomplele PEO 
surface coverage were shown previously (2) 
to flocculate at lower temperatures. This ex­
plains why latices exhibiting enhanced steric 
stabilization flocculated when the pH of the 
dispersion medium was made alkaline. More­
over, it explains the increase in the eft maxi­
mum when the pH was lowered from 4.65 to 
2.06. The surface carboxyl groups have a 
piva corresponding to a bulk pH of 4.6 {15, 
18). Thus at pH =  4.65 only about half the 
surface groups would be protonated. Lowering 
the pH to 2.06 results in increased protonation 
of the surface carboxyl groups. The increased 
interaction of these groups with the PEO 
chains p<^rturbs the conformation of the 
stabilizing chains even more than at pH =  4.65. 
jAn even greater cfl maximum is thus observed.
, The decrease in the eft values beyond the 
|®\im uni is presumably associated wilh the 
llBi-ascd adsorption of the unchoreil PKO 
iftjiiiis (jn ihe [>arlicle surface. 'I'hc U[>shot of 
^ i l  is that to accuniniodale further stabilizer 
I^Mrplion, the adsorbed chains must adopt a 
W M  vertically oriented conformalion [see 
f:) in Mg. 5 J  rather than a Hal one. .Moreover 
^  anchor polymers may well cover man}- of 
ib i surface carbox\i groups. ll is scarceh’ 

ising ihal under these conditions high 
® l o \ y l  latices flocculate rever.sibl)’ near to 
fci 0-point for chains in free solution.
I The influence of the PEO molecular weight
■  the enhancement of steric stabilization was 
inAcd. \'er_v high molecular weight chains 
( m  not significantly influenced by inter- 
iMms with the surface, j)resumabl>' because 
i i t  of the segments are distant from the 
itf.Lce and are not alTected by surface inter- 

Conversel>' for very low molecular 
hl^lht chains almost all the segnients are 
JlBturbed as the calculation presented above

t i This accentuates the enhancement of 
stabilizatibn.

The experiment on the poly(st}Tene-fy- 
to lic  acid) particles confirms the importance 
f  surface carboxyl groups. The very broad 
ioliserved for this latex probabl}' arises from

the projection of the polyacid chains into 
solution.

The preceding discussion provides a qualita­
tive picture of the likely origin of enhanced 
steric stabilization. It  is necessary to consider 
rftore closely why the eft at the maximum is 
greater than the 5-temperature for the chains 
in free solution. It is not knoA\Ti as yet whether 
the eft’s observed near the maximum cor­
relate strongly with the d-temperatures of the 
perturbed chains. However, in view of the 
strong correlations reported previously (1-5), 
this seems likely and we will adopt this assump­
tion in the following discussion.

The critical flocculation temperature (Tc) 
is obtained by setting AGr ( =  A//r — T A 5r) 
s'O, where is the free energy of close ap­
proach of two sterically stabilized particles. 
'Fhus for model sterically stabilized PEO 
lattices (2-5)

7’c  = 6 =  A//II A.S'«.

iCxperimentally it w;is found that dispersions 
that exhibile<l enhanced steric stabilization 
llocculated irreversibly. This suggests that in 
order to induce flocculation it is necessary to 
break some H-bonding interactions, iiond 
breakage converts the particles into a system 
with incomplete surface coverage, which has 
been shown previous!}’ to result In irreversible 
flocculation (2). Therefore, we ma>‘ write

A //ii “I" (w . \ a 'A /?hyd7V ---------------- ;---- ------, [10]
.^A^Al '̂IlVD

where .Va is Avogadro’s constant, n the number 
of H bonds formed in the interaction zone, and 
A //h y d  and A*Shvd are the molar enthalp}' 
and entropy changes associated wilh H-bond; 
ing. I f  we consider the H-bonding terms as 
perturbations of A H r and A5r, we can use the 
binomial theorem to transform Eq. [ 10 ]  into

Tc^d- \ -
AH HYD

AHn

n \ / ^ ‘Shyd\
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w here te rm s higher than  the  firs t are neglccted 
an d  6 refers to  chains in free solution.

W e have show n p rev iousl\' (4) th a t  A //u  
an d  A 5r a re  bo th  positive. In tu itiv e ly  both 
^^H Y D  and should  be negative. P ro­
vided  th a t IAjS'HyD/A*^R| >
E q. [1 1 ]  p red ic ts  eft values larger th a n  d. In  
agreem ent w ith the preceding discussion en­
hanced steric stabiliziition should . therefore 
resu lt from  the  significant decrease in con­
figurational en tropy  th a t H -bonding  in ter­
actions im pose on ihe stabilizing  chains. M ore­
over, Eq. [ 1 1 3  p redic ts a  m axim um  in the eft 
as n increases to  a  m axim um  an d  then  de­
creases to  near zero. I t  also suggests th a t as

A.S’i i »  (»/A'A)AiSiivi)

for high m olecular weight chains, surface in te r­
actions should not i)ertu rb  Ihe eft greatl>’ in 
th is  case; ci)nversel\' a large increase in eft 
should be evident fr>r low-mtjlecular-weighl 
ch rin s, as obse.ved experim enlally .

T h e  foregoing discussion hinges on the a.s- 
sum ption  th a t surface carboxylic acids can 
H bond w ith ether oxygens. I’im eniel and 
.McClellan (19) in theircla.ssic book on H -bond­
ing lisl carboxylic acids and ethers as well 
recognized H -bonding acids and  bases, rc- 
s[>eclively. T hey  also assert tha t the  properties 
of any  com bination of these com pounds will 
be alTected b>‘ H-b<jnd form ation. T he oc­
currence of strong  H -bonding between the 
e ther oxygens of PEO  and the carbox} ! groups 
of po l\'(acry lic  acid) is ev iden t from  the 
m utual p rec ip ita tion  of the  two polym ers from 
aqueous solutions a t su itab ly  acid pH  (20-22). 
T here  seems little  d o u b t th a t  the  H-bonding 
postu la ted  to explain enhanced steric stab iliza­
tion can occur.

COXCIASIONS

These experim ents show  th a t b\- anchoring 
the  stab ilizing  m oieties a t  a large num ber of 
po in ts along the  chain, the p a tte rn  of floccula­
tion behavior of sterically  stabilized dispersions 
m ay be profoundly  altered . N o longer are 
6-solvents for the chains in free solution th e

lim it of colloid s tab ility . In stead  
ma\- be observed in solvents of 
worse solvency for the  stabilizing  chains 
0-solvents. T h is is because th e  mull 
anchoring so pertu rb s the  polym er 
tion th a t th e  therm odynam ic param eters 
govern the  chains in free solution are no! 
relevant. For PEO  chains m ultipo in t! 
m ay be achieved th rough H -bonding u 
actions between the e ther oxygen of 
stabilizing chains and  surface carboxyl jpy 
However, i t  ought to  p rove possible to  8 R 
polyfunctional m acrom olecules, e.g., j» ly ( l  
alcohol), a t  m an\' po in ts  along the ir ^  
thus they  should also im p art enhanced |  
stab ilization .
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