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Synopsis 

Light scattering studies on dispersions formed by phase separation of a polymer-solvent-non- 
solvent mixture show that the dispersions comprise charged droplets of the polymer-rich phase. 
The charge number is not large, and data on the electrophoretic-scattering and the dynamic 
scattering in the absence of an external electric field are both consistent with distribution of 
charge among the droplets. Data on the dependence of the static scattering on concentration and 
scattering angle show that the droplets are also disperse in radius. The data are discussed in 
terms of an interaction potential among the charged droplets relating the electrostatic interac- 
tions to the charge number and radius of the droplets, and the ionic strength of the solvent. 

INTRODUCTION 

It is well known that under certain conditions a homogeneous solution of a 
noncrystalline polymer can be caused to separate into two liquid phases, 
differing markedly in concentration and volume.' Under certain cir- 
cumstances, the more concentrated phase may be formed as a reasonably 
stable suspension of small liquid droplets in the more voluminous dilute phase. 
In some cases, it is found that the suspended droplets so formed from an 
uncharged polymer will migrate in an electric field, providing a means for 
electrodeposition from s o l u t i ~ n . ~ * ~  Here, photon correlation light scattering 
experiments are reported for such systems, both in the presence and the 
absence of an external electric field. 

Measurements of both the Rayleigh ratio R(q,  c) and the photon-count 
correlation function g(')(7, q) are discussed below. Here q equals (4n/A) 
sin(8/2), with 8 the scattering angle and A the wavelength of light in the 
scattering medium, 7 is the correlation time interval, and c is the polymer 
concentration (wt/vol). The function g(2)(7, q) is obtained from the photon- 
count rates n ( t )  and n(t  + 7 )  at times t and t + 7,  respectively, m4-6 

where the correlation is averaged over t and ( n )  is the average count rate. 
The Rayleigh ratio is proportional to the average count rate (n), .  
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The suspended concentrated phase comprises droplets of polymer solution 
with concentration p (presumed to be the same in all droplets). With v, the 
number of polymer chains in the cwth droplet, the product Ma = vaM2 
represents the weight-average molecular weight of that droplet where M: is 
the weight-average molecular weight of the polymer. For the entire ensemble, 
the weight-average molecular weight M ,  of the droplets is 

where c and c, are the total concentration and the concentration of droplets 
with molecular weight Ma, respectively. Insofar as the interchange of polymer 
chains among the droplets is slow, the light scattering may be treated as that 
from an ensemble of polymeric components, with M ,  given by eq. (2). 

With neglect of polydispersity among the droplet sizes, the Rayleigh ratio 
for the ensemble described above may be given by4-6 

where K is an optical constant (see below), P(q, c) accounts for intramolecu- 
lar (intraparticle) interference, and S( q, c) accounts for intermolecular (inter- 
particle) interference. Both P( q, c) and W( q, c) are unity for zero q. If c is 
small, then P-'(q,  c) and S-'(q, c )  may each be expanded as a Taylor series 
in c giving the well-known e x p r e s ~ i o n ~ - ~ . ~  

where P ( q )  and 2r2 are the limiting values of P(q, c) and B(c)  for small c, 
respectively, and 

The effects of heterogeneity among the scattering moieties on R(q,  c) are 
considered in the Discussion. 

For any type of solute, P ( q )  may be expressed as4-6*7 

where R,, is the root-mean square radius of gyration of component a and 
w, = c,/c. For the system studied here, P(q)  for the droplet particles should 
be similar to P( q )  for a randomly branched chain. For example, if chains with 
a most-probable distribution of molecular weights are crosslinked at  random 
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(short of gel formation), then5*7’8 

P-’ (q )  = 1 + q2R&,LS/3 (8 )  

exactly. 

monodisperse dense spheres, Q ( q )  is not unity. Thus, for ~pheres ,~ .~ ,”  
For linear flexible chain polymers, Q ( q )  is nearly ~ n i t y . ~ - ~ * ’  However, for 

where the particle pair distribution function go(r) (at infinite dilution) is 
given by 

go(.) = exP[- V ( r ) / W  (11) 

with V ( r )  the interaction energy for spheres with centers separated by 
distance r. For monodisperse spheres, interacting through a hard-core poten- 
tial [V(r )  = 00 for r < 2R and zero other~ise],’~ r2 = 16nR3NA/3M and 

@( X )  = 3(sin X - Xcos X)/X3 (12b) 

By comparison, for such spheres, P(q)  = a’(@). Since P(q, c )  = P(q)  for 
dense spheres at any c, Q( q )  = @(2qR)/a2( qR) in this case, and Q( q )  = P( q )  
for small q. Results obtained with V ( r )  for charged spheres are discussed 
below. 

In the following, use is made of an empirical correlation length b( c )  defined 
as 

a R ( q ,  4 
b2(c )  = -31im 

q = o  a q 2  

With the preceding expression, for small c, 

b2( C) = S(0, c ) R ~  + [S(O, C) - 11 d ’( C) (144 

JQ(q.) 
d 2 ( C )  = -3lim- 

q=o aq2 

In the infinite dilution limits, b(0) = R,. For linear flexible chains d ( c )  = 0 
and b( c )  decreases with increasing c (for r2 > O), or b2( c)S-’(0, c )  is expected 
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to be independent of c,  and equal to R;,,,, i.e., plots of Kc/R(q,  c) vs. q2 for 
different c are all parallel.5~7,9 For (monodisperse) dense spheres, d 2 ( c )  = 

3R2/5 = R;, so that b(c)S-'(0, c )  is expected to be independent of c and 
equal to R,, Ls, i.e., the initial tangents of plots of Kc/R(q,  c )  vs. q2 are 
expected to  decrease with increasing c.15 

Both self-beating and reference beam photon correlation light scattering 
e ~ p e r i m e n t s ~ - ~  are used here to determine g(2)(r; q, c) .  In the self-beating 
experiments, g(2)( r ;  q, c )  can usually be expressed as5l6 

where Era = 1, and the y, are conveniently expressed in terms of a scaling 
length a,: 

q2kT 
a ,  = - 

6%.Y, 

with vs the solvent viscosity and T the temperature [for convenience, notation 
for the dependence of r, and y, (or a,) on q and c is suppressed]. For a dilute 
suspension of monodisperse noninteracting spheres of radius R ,  only one term 
appears in eq. (15), with a = R.4-6 With eq. (15), the limiting tangent for 
small r is given by 

1 
2 S = o  d r  

d ln[g(2)(7; q, c )  - 11 
v ( q , c )  = --lim 

For a monodisperse solute, the scaling length a(c) defined by eq. (16) can be 
expressed for qR, << 1 as 

S(0, c )  
a( c )  = a ,  

1 + G(c)[S(O,c)  - 11 

[for S(0, c) # 11, where a ,  is the limiting value of a(c)  for small c and G ( c )  
and S(0, c) are both unity a t  infinite dilution. In many cases, G(c) ,  which 
includes the effects of hydrodynamic interactions, is not f a r  from unity, so 
that  the variation of a(c)  with c is expected to be 

With a reference beam e~periment ,~-~."  

where Cr, = 1 and, for each a, C PUP = 1. The several parameters appearing in 
eq. (20) are discussed below. Here we remark only that Am,, is associated with 
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some uniform motion of the scattering centers. In this study this motion will 
be caused by application of an electric field, and AwaP will be proportional to 
the electrophoretic mobility. Equation (20) allows for a range of ha,,, for the 
contribution to g(2)(7; q, c) attributed to a particular y,. 

EXPERIMENTAL 

Polymers used included polyamides with the structure 

0 
II 

where -X is -COOH (I) or -H (11), polysulfones with the structure 

0 

where -X- is -0- (111) or -C(CH3)2- (IV), and the poly(parabanic 
acid) 

These were obtained from various sources: I, duPont de Nemours (Pyre-ML, 
RC5057); 11, Amoco (AI-1OHL); 111, ICI America, Inc. (Victrex 300P); IV, 
Union Carbide, (Radel5OOO); and V, Exxon (PPA-M, Batch E-59363). 

Solutions were prepared by dissolution of the appropriate weight of poly- 
mer in the solvent or, in some cases, by dilution of a stock solution provided 
by the supplier. The solution was delivered into a stirred nonsolvent to create 
a suspension of the precipitated phase. The polymer solution was added to the 
nonsolvent at a rate of 2-3 mL/s, with rapid mixing. Typically, the polymer 
concentration c in the mixed solvent was 5-8 g/kg. In the suspended phase 
collected by centrifugation, the polymer concentration was about 200 g/kg 
(the supernatant contained no polymer). If prepared with the proper balance 
of agitation and rate of addition, the suspensions were essentially stable over a 
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period of days, see below. In applications involving electrodeposition of the 
suspended concentrated phase, it was found that the presence of an al- 
kylamine often increased the deposition rak2t3  As a consequence, some of the 
preparations studied here contained such an amine. The compositions studied 
are given in Table I. 

Measurements of R(q, c )  were carried out as a function of B using cylin- 
drically symmetric light scattering cells described else~here.~. 12, l3 The de- 
polarized light scattering was small, indicating that multiple scattering is not 
significant in the systems studied. 

A schematic diagram of the light scattering cell used for measurements of 
the electrophoretic mobility is given in Figure 1. The cell is similar to one used 
in prior studies.14 The rectangular section of the cell ( c )  was fabricated from 
rectangular Pyrex-glass tubing (Vitro Dynamics, Inc., Rockaway, NJ), with 
the rectangular section being 0.03 cm thick, 1 cm wide, and 1.4 cm long. The 
f r i t s  ( F )  are designed to prevent gas bubbles originating a t  the platinum 
electrodes from entering the cell. Since bubble formation was not a problem in 
the system studied (see below), the frits were removed in some experiments 
discussed here. 

Except for modifications discussed below, the light scattering method, 
apparatus, data acquisition system, and correlator are described in detail 
e l s e ~ h e r e . ~ ? ' ~ * ' ~  The vertically polarized 514.5 nm line of an argon-ion laser 
was used as the incident beam. In order to conduct reference beam experi- 
ments, a portion of the incident beam was reflected onto a mirror by a thin 
inclined plate (a microscope slide cover slip) placed in the incident beam. This 
beam was then expanded, and a portion of the image directed down the optic 
axis of the detector by the use of another thin inclined plate, so that the 
reflected image was superposed on the image of the scattering cell in the plane 
of the photomultiplier. In reference beam experiments the granite table top on 
which the photometer is mounted was supported pneumatically to minimize 
vibrations. A pulse from the data acquisition system timed to coincide with 
the data acquistion period was used to trigger a circuit to impress voltage V 
on the electrodes in the electrophoretic light scattering cell, see below. 

The photon-count correlation function g(2)( T ,  q )  was determined as5. 12* l3 

where T = kA7, with k an integer and AT the sampling interval, ( n )  is the 
average count rate, T = 212, and M was adjusted so that the total number of 
counts ( n )  TM was about lo6. In most experiments the maximum value lz 
was 32. Values of AT were chosen in successive experiments to permit evalua- 
tion of any curvature in ln[g(2)( 7 ,  q )  - 11 vs. T over the range for g(2)( T ,  q )  - 1 
greater than about 0.001 in self-beating experiments, with a similar criterion 
in reference beam experiments. 

Most of the reference beam experiments were carried out with an apparent 
scattering angle B,,, of 30". Owing to refraction, the actual scattering B is 
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TABLE I 
Emulsion Compositions 

~~ ~ 

Emulsion Polymer" Solvent Nonsolvent Otherb 

I NMP(32) Acetone (68) TEA 
I1 NMP (20) Acetonitrile (80) - 
I1 NMP(9.3) Ethylacetate (90.7) - 

I l l  NMP (18) Acetone (82) - 
IV NMP(35) Acetone (65) TEA 
V DMF(25.7) Acetone (74.3) TEA 

~~ ~ 

aSee text for structures. 
'DMF = dimethyl formamide; NMP = N-methyl pyrrolidone: TEA = triethylamine; (2-4%) 

( ) = wt % of component in solvent/nonsolvent mixture. 

I -  

C I - -  
Fig. 1. Schematic diagram of cell used for electrophoretic light scattering: C = a thin, 

rectangular tube section connected to f r i t s  F by small-bore tubing with electrodes E above the 
f r i t s  (from Ref. 5). 

smaller than BApp, with 

8 = arcsin( n-lsin e,,,) (23) 

where n is the refractive index of the scattering medium; an Abbe refractome- 
ter was used to  determine the latter. Most of the reference beam experiments 
were made with 0 = 20°, or q-' = 170 nm. 
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A constant voltage power supply (Kepco, Model ABC 425M) was used to 
impress a voltage V across the electodes, from which E was determined as 
E = V/d ,  with d the length of the rectangular cell ( c ) .  The voltage was 
applied as a pulse using a circuit triggered by a pulse from the data acquisi- 
tion system used with the light scattering apparatus. Provision was made to 
alternate the polarity of V in successive experiments to avoid net translation 
of the particles. The specific conductance uSP of the dry solvents used in this 
study was low (e.g., about 5 X 9-' cm-' for a typical mixture of 
N-methyl pyrrolidone, acetone, and triethylamine). After being exposed to air 
for several hours (with E = 0), the conductance increased about fourfold, and, 
with V = 100 V, electrolysis occurred at  the electrodes, producing visible 
bubbles. The conductance decreased to original value and the bubble forma- 
tion ceased with prolonged passage of current through the sample (e.g., 10-30 
min). Typically, for the polymer suspensions uSP was three- to  fivefold larger 
than the value for dry solvent, and bubble formation could sometimes be 
observed. 

The viscosity of the mixed solvents were determined at  25°C using a 
calibrated capillary viscometer, and the refractive index of the mixtures were 
measured a t  25°C using an Abbe refractometer. 

RESULTS 
Data obtained on R(q ,  c )  obtained with a suspension of polymer I (see 

Table I) and dilutions thereof in composition 1, prepared by adding the 
solvent/nonsolvent mixture to the starting suspension, are shown in Figure 2. 
The correlation length b(c)  defined by eq. (13) was readily determined for 
each c. As shown in Figure 3, b(c)  was in the range 30-40 nm, and the 

Sin 2 ( 8/2 1 
Fig. 2. The ratio c /R(q ,  c) vs. sin20/2 for emulsions of composition 1 (see Table I) for 

polymer concentrations of 0.28, 0.54, and 1.25 g/L from bottom to top. 
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Plots of [ c/R(O, c)]''' vs. c (upper) b ( c )  vs. c (lower) for the data in Figure 2. Fig. 3. 

t 
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00001 1 
b 

6 o  b 
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* 
0 

I 1  

0 1  0 2  0 3  
T s in2(8 /2)  ms 

Fig. 4. The photon count autocomelation function as log(g")( T, q )  - 1) vs. T sin20/2 for 
emulsions of compositions 1 (see Table l), with c (g/L) equal to 40, 4.0, and 1.0 from top to 
bottom, respectively. The constant K is 0, - 0.87, and - 1.69 from top to bottom. The pips 
identify scattering angles: (9) 60"; (6) 90"; (0)  120'. 

limiting value [ c/R(O, c)]'/~( 8 [ c/R(O, c ) ] / ~ 3 c } ' / ~  at infinite dilution was large, 
about 600 mL/g. 

Examples of typical results for g(')(,, q) obtained in self-beating experi- 
ments are shown in Figure 4. The data could be represented by the use of eq. 
(15) with one or two terms for all suspensions studied. The method used to 
determine the r, and y, from data on g(2)(7, q )  is discussed in detail 
elsewhere.13 As shown by the superposition of data on g(2)(7, q )  vs. 7q2 for a 
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- 0 2  t 4 
-0 3 L u u L U u ~ ~ ~ ~ L ~ U d  

I 2 3 4 5 6 
r /ms 

Fig. 5. The function [g")(T, q )  - l]/[g@)(O, q )  - 11 vs. T for an emulsion with composition 5 
(see Table 1) and polymer concentration 8.0 g/L. The symbols designate applied potential E 
equal to zero (0) 69.7 V/cm; (A), and 98.1 V/cm (9). 

range of 8 (see Fig. 4), both a, and r, are independent of 8; the former 
behavior is frequently observed, but the latter is unexpected5, l3 (see below). 
The scattering properties of suspensions changed with time after preparation. 
For the systems studied, the scattering essentially stabilized after a period of 
no more than a few hours, such that further change in the scattering was 
small over a period of several days. Typically, for the freshly prepared 
emulsion the a, tended to be larger than values found subsequently. 

Examples of typical results obtained in reference beam experiments are 
shown in Figures 5 and 6, both for E = 0 and for E > 0. Values of aa and r, 
obtained in the former case agree with those found in self-beating experi- 
ments, as expected. With E > 0, the correlation function became a damped 
cosine function of the correlation time T. In no case was more than one 
frequency component apparent in g(')( 7 , q ) .  

With prolonged imposition of the electric field, a layer of the suspended 
phase appears at  one electrode (usually the anode). With such depleted 
solutions usually only one component was observed. An example of g(2)(7, q )  
for an emulsion prior to electrodeposition and after removal of about 80% of 
the polymer electrodeposition is shown in Figure 6, with entries for ra and a, 
in Table 11. 
As seen in Figures 5 and 6, the function g(')(7, q )  exhibits several maxima, 

occurring for 7 equal to r n ~ ~ ,  with rn an integer and T~ the time corresponding 
to the first maximum for T > 0. The function g(2)(7, q )  is seen to be much 
smaller with E > 0 than for E = 0. The ratio rl/E was found to be indepen- 
dent of E .  

The sample cell was translated vertically with respect to the scattering 
plane to determine whether g(')(7, q )  exhibited any variation, as might occur 
with an appreciable electroosmosis effect." Except near the top of the cell, 
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Fig. 6. The function [g(*)(T, q )  - 1]/[g(2)(0, q )  - 11 vs. T emulsions with composition 1: 

(upper) emulsion with concentration 6.2 g/L, and applied field E equal to zero (0)  or 135.3 V/cm 
(6); (lower) emulsion after depletion by electrodeposition (c  = 0.6 g/L), with E equal to zero (0 )  
or 176.5 V/cm (6). 

TABLE I1 
Parameters from Electrophoretic Light Scattering Studies" 

[g'2'(71) - l l E b  
Emulsion c (g/L) a2 (nm) r2 a, (nm) r, [g'2)(7,],=o 2; iw/2; 

1 6.20 12 0.26 68 0.74 0.32 20 1.06 
le - - 120 1.00 0.16 23 1.09 
2 8.50 0.9 0.20 13 0.80 4.7 - 
3 6.00 0.9- 0.18 12 0.82 0.6 - 
4 8.12 10 0.40 100 0.60 0.40 50 1.05 
5 8.00 6.4 0.38 63 0.62 0.11 50 1.11 
6 5.75 8.7 0.15 150 0.85 0.31 85 1.06 

e 

f 

f 

*Scattering F g l e  of 20'. 

'Calculated with eq. (26). 
dCalculated with eq. (28) with 7 = 7,. 

'Suspension remaining following removal of most of the polymer from emulsion 1 by elec- 

'Less than 0.05. 

b7, = 2T/S2Zn. 

trodeposition; c less than 1 g/L. 
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any such effect app-ed to be small. In general, data were obtained using the 
middle or lower middle part of the cell. 

Data obtained with several samples are summarized in Table 11; the 
electrophoretic data are expressed in a notation discussed in the next section. 

DISCUSSION 

The suspensions prepared here comprise droplets of concentrated polymer 
solution dispersed in a mixed solvent, with the polymer concentration p in the 
droplet about 200 g/kg. The volume fraction $I of the droplets in the 
suspension is c / p ,  or about 0.03 for most of the suspensions used in electro- 
phoretic scattering. The scattering from the dispersion is much larger than 
that for the solution prior to phase separation. Consequently, as discussed in 
the Introduction, it is concluded that the scattering arises from the droplets 
acting as the scattering particles, with M,  for the droplets much larger than 
M ,  for the polymer chains. 

In the following, we consider first the electrophoretic scattering to estimate 
the effective charge number 2 per droplet-the relation between 9 and the 
actual charge number 2 is discussed below. Aspects of the static light 
scattering are then discussed in terms of the electrostatic interactions among 
the droplets, followed by discussion of the dependence of the dynamic scatter- 
ing on scattering angle. As the electrophoretic data are qualitatively similar 
for all of the emulsions, the discussion will focus on emulsions of polymer 1 in 
the following since the data set on this composition is more complete, and it 
proved to be the most stable suspension. 

Electrophoretic Scattering. Although g(2)( T, q )  is not accurately an ex- 
ponential function of T over the entire span of T studied, over the range of T 
used to study the electrophoretic scattering g(2)( 7, q )  is essentially exponen- 
tial, so that eq. (20) may be expressed in the form 

g(2’ (7,q)  - 1 = A e x p ( - y r ) J W p ( 2 ) c o s ( Q ~ ~ ) c &  0 (24) 

where Q = eE sin 8/3qsX, with e the electron charge, A i s  constant, and y 
and a are related through eq. (16). If the distribution of 2 about its mean is 
symmetric, then eq. (24) may be put in the form 

g(2’( 7, q )  - 1 = A exp( - y~)cos( Q&T)H( Q ~ , T )  (254 

H(Q2J) = JWp(2)cos[Q7(2 - Z n ) ]  
0 

(254 

Thus, in this case the smallest value T~ of 7 for which g(2)(T, q )  - 1 is zero is 
given by 7 = n/2, and T ~ ,  the smallest 7 > 0 for a maximum in g(’)(T, q), 
is given by QZnrl = 2n, providing means to compute Z,, as 

n!? 
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Values of & calculated in this way were in the range 0.5-85, see Table 11. 
Values of a computed from y with eq. (16) are also entered in Table I1 (these 
a are referred to as a, in Table 11.) 

According to eq. (25), for r = r, = 27r/G?& 

g(2)(r1, q )  - 1 = Aexp( -yr,)H( Qgnrl) (27) 

Since H(G?&r) is unity for a system monodisperse in 2, g(2)(r1, q )  should be 
independent of E for a monodisperse system. As seen in Figures 5 and 6, there 
is no r > 0 for which this condition is found for the system studied here,' 
suggesting that the particles exhibit a distribution of 2. Values of gn and 
[g(2)(r1, q )  - l]E/[g'2'(71, q )  - 1]E=o are given in Table II for several sam- 
ples. 

If a Gaussian distribution is assumed for 2 about its mean, then with eq. 
(25), 

where 2, and gn are the weight and number averages of 2 with respect to the 
distribution p ( 2 )  [e.g., see eq. (25c) for &]. Thus, even modest deviation of ' 
2,/Zn from unity can cause a large suppression in s(~ ) ( ; ,  q )  for r > 0. For 
example, g(2)(r1, q )  - 1 is reduced by one fourth if Zw/Zn = 1.07, or to one 
tenth the value in the absence of a field if &/gn = 1.12. Values of 2,/.fn are 
entered in Table I1 as calculated for an assumed Gaussian p ( 2 ) .  On the basis 
of this analysis, it is concluded that the droplets exhibit heterogeneity of 
charge number 2, as might be expected, with the average number gn being 
only modest in magnitude. 

Static Scattering. Based on the evidence that the droplets are charged, we 
first estimate the functions W( q, 0) and r2 in eqs. (9) and (lo), respectively, 
with V( r )  for spheres with identical radius R and charge number Z15: 

KR 

(1 + K R ) ~  
F = F, exp(2~R) 

where F, = Z2LB/R. Here the Debye screening length K - ~  depends on the 
number ni of coions or counterions with charge Zi: 

K 2  = 47lL~EniZ: (30) 

The Bjerrum length L B ,  equal to e2/zKT with z the dielectric constant, is 
about 2.2 nm for the systems studied. 

The specific conductance K~~ provides a measure of the ionic radius K - ,  if it 
is assumed that conduction occurs as a result of monovalent counterions and 
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coions, so that 

with A the molar conductance. Thus, for the ('dry" solvent, K - '  = 15 nm (ion 
concentration of 0.4 mmol/L), using the typical value16 A = 100 
i 2 - l  cm2 mol-'; for a typical suspension, K- '  = 30 nm on the same basis. 
Since the nature of the diffusing coions and counterions contributing to K~~ is 
unknown (see below), it is possible that A could deviate from the "typical" 
value cited, but should be in the range 10-200 S2-l cm2 mol-' in any c a d 6  
(see below). 

The product K R appears in the relation between the true charge Z and the 
apparent charge 9 determined in electrophoretic light scattering'': 

where u is a function with values between 1 and 1.5.".'7 With a, = 70 nm 
taken as R ,  and K - '  = 15 nm, K R  5 4.67 and Z = 5.679. I t  may be noted that 
a distribution of R will lead to a distribution of 2 according to eq. (32) even if 
Z (or Z / R )  is constant. 

With the use of eq. (29), r2 may be determined by numerical evaluation of 
eq. (10) for monodisperse, charged, impenetrable spheres to obtain a result of 
the form 

where rJH) = 16mR3NA/3M is the result for zero charge. Alternatively, I'JH) 
= 4/p, or rJH) = 20 mL/g for the dispersed droplets. The function y2(Fo, K R )  
is discussed in the Appendix. For large K R ,  y2 tends to zero, and for small K R ,  
( K R ) ~ ~ ~  is a function of F alone:'8 

lim ( K R ) ~ ~ ,  = 3F/8p( F )  (344 
rR=O 

where eq. (34b) is an empirical representation of numerical values of p( F ) .  For 
intermediate K R ,  y2 cannot be expressed in terms of F alone. In general, over a 
limited variation of the parameters K, R and 2, one can write 

For the nominal values R = a = 70 nm, K - '  = 15 nm, and 2 = 20 reported 
for sample I ,  y 2  = 1.0, a = 1.8, b = 1.8, and c = 0.8. If 
( a  [Kc /R(C ,  O ] ' / 2 / a ~ ) / [ K c / R ( c ,  0] ' /2)  at infinite dilution is accepted as r2, 
then r2 = 600 mL/g, and y2 = 29. The discrepancy between the latter esti- 
mate of y, and the calculated value (l.O), is too large to attribute to errors in 
R ,  K, or 2. Other contributing factors to the discrepancy including the effects 
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of heterogeneity of R and Z,  and the variation of these parameters with c, are 
discussed in the following. 

With heterogeneity in R or Z ,  the second virial coefficient b e c ~ m e s ~ , ~  

2rNA 
r2, LS = - c 1 BijMiMjwiwi 

M w  i j 

Bij  = ( MiM,)-' l m r 2  [ 1 - exp( - V,,( r ) / K T ) ]  dr (37) 
0 

For a monodisperse system, V,,(r) is given by eq. (29), and eq. (33) for r2 is 
recovered. The potential for spheres heterodisperse in R and Z has been 
dis~ussed,'~ but is too complex for out limited purpose. Rather, to investigate 
the effects of heterogeneity on r2, Ls, two simplifications are adopted: (1) the 
surface potential on all spheres is taken to be independent of R ,  so that Z / R  
is constant, and (2) the convenient approximation Bi, = (BiiB,,)'I2 is used. 
The latter leads to reasonable approximations to I;(,HL)s for hard spheres, for 
example. Further, with the assumption of constant Z / R  for all particles, 
inspection of eq. (33) showns that Bii can be expressed in the form 

8 
B . . =  - . Rg[l + (Ro /Ri ) ' I2  

3Mf 

where the constants v and R ,  depend on K and the assumed Z / R .  With these 
simplifications, evaluation of eq. (36) gives 

where c = (3 - 2 v ) / 2 ,  and use is made of the relation Mw = 4 ~ N , R ? ~ , p / 3  
obtained on the assumption that the density p of the polymer in the droplets 
is independent of their size. Here, R,,, is calculated from 

R:,) = CRqwi (40) 

and uLs is calculated with eqs. (6) and (8) with the assumption that ai = R i ,  
to give 

aLs = R&/R?3) (41) 

By comparison, with the assumption made, r2(,HL)S is given by eq. (39) with R ,  
equal to zero. If the distribution of R follows a log-normal function," then 
R ( , )  a exp[(a + 2)p2/2], so that 

With the log-normal distribution, R w / R ,  = R ( l ) / R ( - l )  = expp2. For Z / R  = 
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114/70 = 1.63 nm-', eq. (38) applies with Y = 7/6 and R, = 31 nm. Use of 
eq. (42) and these parameters gives R J R ,  = 2.36 to force agreement between 
calculated and observed values of F2, Ls. 

As seen below, the dispersion of R discussed above appears to be reasonable 
in terms of the observed dependence of b( c) on c. However, for completeness, 
we estimate the magnitude of the variation of molecular weight M ,  or 
average radius R8) that could correspond to the observed dependence of 
R( c, 0)  on c by use of the expression 

a In c/R( c, 0)  a In R(3) + 2r2, LSC = -3  
8 lnc a lnc  1 + 2r2,.,c 

For the range of c studied with emulsion 1, a lnc/R(c,O) = 0.5 and 
2r2, Ls~ / ( l  + 2 r2, Lsc) = 0.15 based on the computed r2, Ls' For K R  = 3, 
d In r2, Ls/8 ln2, Ls /8  ln R = - 0.52, making use of eq. (38). Combination of 
these parameters gives d ln(R3)w/d lnc = -0.27, or a 10% decrease in the 
average dimension over the range of c studied. 

The function W( q, 0) appearing in the correlating length b( c) for low c may 
be evaluated for a monodisperse system using V(r )  given by eq. (29), with the 
result 

W(q,O) = 1 - $R2q2[1 - u(F,,KR)] + . . .  (44) 

For large K R ,  w << 1, giving the well-known result for impenetrable spheres 
[see eq. (12)]. For small K R ,  w >> 1 and ( K R ) ~  w is a function of F alone: 

$ ( F )  =: 16.56p1/'(F) 

where p( F) is given by eq. (34b) (see Appendix). With 
(44), the correlation length b(c)  for low c is given by 

3 1 
b2(c )  = -R2 

5 1 + (3 + 2 4 r Z c  

(433) 

use of eqs. (6), (14), and 

Since w > 0, according to eq. (46), b( c) is expected to decrease with increasing 
c, in contrast with the experimental result for emulsion 1, for which b(c) is 
about constant over the range of c studied. For example, with R = 70 nm, 
K - ~  = 15 nm, and 2 = 20, w = 2.6. The effects of heterogeneity of R and 2 
may account for the discrepancy. A full treatment of this is beyond our scope, 
but a simplified model can reveal the qualitative nature of the effect. Thus, for 
small q and c, 



LIGHT SCATTERING ON POLYMER EMULSIONS 1393 

where W is an average of w .  For uncharged impenetrable spheres ( W  = 0 and 
r2, LS = ~J,HL)S), 

bl = R3-q3)/R& (48) 

For the log-normal distribution of R used above in the discussion of r2, Ls, 

b, 2: 0.20, and the dependence of b(c) on c should be suppressed. The 
situation is apparently similar for the charged droplets since b(c) is essen- 
tially independent of c. For this same distribution, b, = expP2, or 2.36 for the 
/3 used above. Consequently, b(c)  is expected to be nearly equal to uLs, as 
observed for this system. 

Dependence of the Dynamic Scattering on Angle. Finally, an unusual 
feature of the data on g(2)(r, q )  obtained with E = 0 may be noted in Figure 
4,  namely, for c = 6.2 g/L, the data could be fitted by eq. (15) with a = 1,2 ,  
but r, and r2 = 1 - rl, did not depend on q as is usually expected if the sizes 
are large enough that P(q)  < 1. Thus, if the r, are attributed to “compo- 
nents,” then with the use of Eqs. (3), (7)) and (18), 

CM 1 
( 1  + -blq2R2[1 5 + 2r2,Lsc(l - ( 3  - 2W)b2)]-’))  

a 

where K ,  is a normalization constant and 

In these expressions, W, and Y 2 , a  represent interaction parameters suitably 
averaged over the species present. Thus, for example, with two “components,” 
rl /r2 is expected to vary with q according to eq. (50) unless qR << 1 .  An 
explanation for the unusual iFdependence of the observed rJr2 on q may be 
related to the dispersion in 2 encountered above. In a theoretical studyz1 of 
g(2)(r, q )  for droplets monodisperse in radius R,  but with n/2 spheres per 
unit volume, each bearing charge number Z + 6 ,  and another n/2 spheres 
each bearing charge 2 - 6, i t  was found that [g@)(r, q )  - 1 ] 1 / 2  comprised two 
exponential terms, with 

Here, I is a measure of the strength of the electrostatic interaction.21 With eq. 
(52), r l /r2 is independent of q,  and, as n is made small, r, tends to unity. 
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Furthermore, as n tends to zero, y2 tends to yl. This behavior is qualitatively 
similar to the variation of g(2)(T, q )  with q and c found for emulsion 1, 
suggesting that the origin of the observed behavior may involve effects of 
charge distribution among the droplets. The electrophoretic light scattering 
data discussed above are consistent with this postulate of a distribution of 
charge among the droplets. On dilution, g(2)(T) - 1 becomes nearly exponen- 
tial, as would be expected with eqs. (52)-(54) with decreasing n. 
Remarks on Emulsion Electrodeposition. The formation of a useful 

coating through electrodeposition of polymer from an emulsion depends on 
several factors including: the electric charge on the suspended droplets; the 
stability of the emulsion; the electrical current during the electrodeposition; 
the stability of the layer formed during electrodeposition; and the integrity of 
the final dry coating. Several of these factors may be addressed for the 
emulsions studied here. 

The use of reagents with low conductivity provides for low electrical current 
(i.e., low power consumption). Comparison of K~~ for the solvents and the 
emulsion shows that most, if not nearly all, of the power consumption is 
extraneous to the formation of a polymer layer during electrodeposition. 
Indeed, a layer could be formed below a porous frit isolated from the 
electrode, showing that polymer reactions a t  the electrode are not essential. 
This feature is probably important in the formation of a relatively thick layer. 
The charge on the droplets may inhibit their coalescence in the layer. Thus, 
the material in a layer will slowly disperse on suppression of the applied field. 
The power consumption in forming the layer (less the extraneous power 
consumed in small ion transport) may be best considered as that required to 
charge a capacitor comprising the charged droplets and their counterions in 
an electrically neutral milieu. In this model the useful current decreases to 
zero as formation of the layer is completed by depletion of the polymer 
available in the emulsion. The power consumption P per unit electrode area 
a t  time t may be expressed as 

aw aiaw 
at at az p=-=-- (55) 

where W is the work (per unit area) required to bring a droplet to the surface 
layer and 1 is the thickness of the layer. As a first approximation, the 
principal contribution to a W/al is taken to arise from the difference in free 
energy of droplets closely spaced in the layer as compared with droplets in the 
dispersion. Thus, 

aw/az = [ v( I,) - B( z,)]/2R3 

where I, and I ,  are the average center-to-center distances of the droplets in 
the layer and in the dispersed phase, respectively, and V ( r )  is given by eq. 
(29). The distance 1 ,  should be about equal to 2R + K K ~  = 2R, and 1, = 
R ( 4 ~ / 3 $ ) ' / ~ .  With eq. (55), a W/al should increase as the solution is depleted 
and V(Z,) approaches zero, and in consequence the deposition rate al/at 
should decrease. Further, the parameters influencing d W/al are tbose affect- 
ing V( r ) ;  e.g., K ,  LB, 2, and K R .  Thus, for large I, ,  d W/al= ( LBZ2/2R4)kT. 
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The origin of the charge on the droplets is obscure. Possibilities include the 
adsorption of adventitious ions introduced via impurities on glassware, in 
solvents, etc., the adsorption of ions created by reaction of the solvents or the 
polymer with water, carbon dioxide, or oxygen adsorbed from the atmosphere, 
or tribologic effects among the droplets during mixing.22 The observation that 
K~~ is similar for the solvents and the solutions implicates either adventitious 
ions or reaction products from the solvents. The low level of ions involved (ca. 
1 mmol/L based on K ~ ~ )  is consistent with such a source. It appears, however, 
that different compositions result in different 2, despite more or less similar 
methods of dispersion preparation, suggesting tribologic effects may also be 
important. 

A liquid nature for the droplets may be important to the integrity of the 
final coating. With time, the droplets may coalesce through discharge of their 
charge, leading to a liquid layer rich in polymer. The coating may then be 
formed by exposure to nonsolvent, causing the polymer to precipitate as a 
dense layer. 

APPENDIX 
The functions y2 and w involve integrals of the type 

zexp2z 
F = F o -  

(1 + z y  

Thus, with the use of eqs. (9), (lo), (ll), and (29), 

As z tends to  zero, z"Zn(Fo, z )  tends to a limiting value that depends only on F 

3 F  
limz3Z3(F,,z)  = -- 
2-0 8 B ( F )  

5 
limz5Z5(F,, z )  = - . 
2-0 32 

(57) 

Use of eqs. (58) and (59) give eqs. (34a) and (45a) of the text, respectively. Inspection of numerical 
values of J . ( F )  and B(F)  provide the estimates given as eqs. (34b) and (45b) of the text, 
respectively. With increasing 18, neither Z3(Fo, K R )  or Z5(Fo, K R )  can be expressed as functions 
of F alone, making yz and w functions of both F, and c R .  Plots of ( ~ K R ) ~ & ( & , ,  K R ) / ~ F ,  and 
( ~ K R ) ~ Z , ( & ,  uR)/5&, vs. K R  are shown in figure 7. 
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Fig. 7. The functions ( ~ I C R ) ~ I , ( F , K R ) / ~ ~  vs. r R  for the indicated values of F,: (upper) 
n = 3; (lower) n = 5. 
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