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Synopsis 

Dielectric techniques have been implemented to study aqueous colloidal suspensions. A four- 
electrode cell was used in two configurations; the first, a sweep of frequencies using a sequence of 
standard single frequency null-balance measurements, and the second relying on the dielectric 
response to  a Fourier synthesized pseudo random white noise (FSPN) with measurements 
performed using correlation techniques in the time domain. Single frequency measurements, 
which take on the order of 5-10 min per spectrum, were performed on polymer latex standards of 
varying size, latex concentration, and electrolyte concentration and were extended from 0.02 to 
over 500 kHz. It was found that the central relaxation frequency f, was inversely proportional to 
the square of the particle size, consistent with previous experimental results. Experiments were 
performed a t  different particle concentrations and ionic strengths, and the magnitude and 
breadth of the dielectric dispersion was analyzed in terms of current theories. The distribution of 
relaxation times was found to be in general qualitative agreement with those predicted by some 
existing theories. The results indicate that a wide range of conditions exist in terms of latex 
concentration and ionic environment where the rapid and accurate measurement of polymer latex 
particle size and size distribution is feasible. FSPN measurements, which take on the order of 
seconds, were shown to be accurate over a moderate frequency range for model electrical network 
studies but were only partially successful for aqueous suspensions of latex because of high 
frequency limitations in the electronics. Experimental details and difficulties concerning the 
application of this technique are discussed. 

INTRODUCTION 

Technical difficulties have restricted the use of dielectric techniques in 
polymer latex particle size analysis. The premise of much of the research 
regarding dielectric relaxation of colloidal particles is that the central relax- 
ation frequency f, of the dielectric dispersion is dependent on the particle size 
but independent of both volume fraction and electrolyte concentration over a 
wide range.' The original experiments, which indicated that f, was dependent 
on the inverse square of the particle size, were performed on concentrated 
latex suspensions up to 30% by weight,' indicating that the technique is useful 
at extremely high concentrations where conventional techniques fail. The 
dielectric relaxation behavior of monomer droplets, dust, and other impurities 
generally fall out of the frequency range of interest, indicating that the 
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technique would have an advantage over other size determination techniques 
which require dilution, filtration, and various other preparation schemes. 

The dielectric experiments of Schwan et a1.l have raised questions concern- 
ing the effect of particle size, double layer thickness, and latex concentration. 
The study of these has been carried out using conventional techniques such as 
variable gap methods to compensate for electrode polarization which is 
detrimental a t  low freq~encies .~-~ Other methods have been developed with 
the goal of faster measurements and better ways of avoiding electrode polar- 
ization. Differential techniques have been implemented to measure the re- 
sponse of a sample at  measurement and reference frequenciess-l2 using four- 
electrode cells to avoid electrode polarization effects. 

An alternate approach to single frequency methods is to use white noise 
excitation as the input and extract the entire frequency response spectrum 
from the data. The feasibility of such techniques has been dem~nstrated, '~, '~ 
indicating that very rapid measurements on nonaqueous polymer solutions are 
possible. Using a four-electrode cell, Nakamura et al.15 used a Fourier synthe- 
sized pseudo random noise (FSPN) technique to show the feasibility of fast 
measurements on aqueous polymer solutions. We have implemented the 
FSPN technique and a four-electrode cell with the goal of performing rapid 
measurements on latex suspensions. As a first test, model electrical networks 
which exhibit dielectric relaxation were used to demonstrate the applicability 
of FSPN noise generation and associated time-domain correlation techniques. 
However, difficulties with the signal level from our particular electronics 
limited the data we could obtain at  this time. Thus we resorted to a sequence 
of single frequency measurements with the four-electrode cell on latex systems 
of varying size, concentration, and electrolyte concentration in order to 
demonstrate the feasibility of this apparatus for on-line latex size measure- 
ment. 

THEORETICAL BACKGROUND 

Before reviewing theoretical predictions regarding dielectric relaxation of 
colloidal particles, the equations which will be used to fit our experimental 
data in order to  extract the relevant parameters for comparison with theory 
will be presented. For Debye single relaxation the complex dielectric constant 
E* is described by the Debye equation: 

€ *  = €' -jE" = E m  + ( € 0  - €,)/[1 + j (  f / f J  

where E' and E" are the real and imaginary components of the dielectric 
constant, E,, is the low frequency limit of the dielectric constant, E ,  is the 
high frequency limit, and f, is the central relaxation frequency. 

In the case of a symmetrical distribution of relaxation times, a depressed 
semicircle is found for a Cole-Cole plot of E' vs. d ' . l * 1 6  The Cole-Cole 
equation is 

€*  = E m  + ( E O  - c , ) / [ l  + ( j f / fc)"-" ' ]  
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where a ranges from zero for a single relaxation to unity for an infinite 
distribution of relaxations. This equation is entirely empirical and reduces to 
the Debye equation for a = 0. 

Separating eq. (2) into real and imaginary parts gives a relationship3?l6 for 
the experimentally measurable quantities c’ and E”: 

and 

E” = ( € o  - coo)( f / f c ) ’ - “  cos(na/2) 

Equations (3) and (4) reduce to the single Debye relaxation equation for 
a = 0. 

In practice, experimental values of c’ and c” obtained as a function of 
frequency are fitted to eqs. (3) and (4), respectively, using nonlinear regression. 
This gives the parameters cot c,, a, and f,. In this report, E, was fixed at  78, 
which is the dielectric constant of water found at high frequency. The third 
method of fitting the experimental data is the “Cole-Cole fit” of d’ vs. c’ 
using 

c” = -c0/(2 tan2 Q,) + 1/2[c:/tan2 Q, - €,/tan2 Q, 

where Q, = (1 - a)n/2 and 6, is set to zero. This equation was derived by 
separating eq. (2) into imaginary and real parts and eliminating the frequency 
terms. Equation (5) allows one to fit the data in the Cole-Cole form using 
nonlinear regression in order to compare with the results obtained using the c‘ 
and c” data separately. 

To illustrate the possible data evaluation methods, dielectric spectra are 
calculated using eqs. (3) and (4) and plotted in Figures 1 and 2, respectively, 
for c o  = 2000, E, = 0, f, = 1 kHz at  three different values of a; i.e., for a = 0 
(single Debye relaxation), 0.1, and 0.3. In Figure 1, the maximum at  
zero frequency is c o  = 2000, as expected, and the frequency at  half the 
maximum of d is the central relaxation frequency f, and this remains 
constant with increasing a, although the spectrum broadens. The position of 
the peak in c” gives f, in Figure 2, and the d’ spectra also broadens with 
increasing a. The maximum value of c” at  the peak is c0/2 for a = 0 and 
decreases significantly with increasing a. 

Figure 3 contains Cole-Cole plots calculated using eq. (5) for the same a 
values as in Figures 1 and 2. Substantial depression of the semicircle occurs as 
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Fig. 1. Calculated values of Z’ vs. f using z,, = 2000, f, = 1 kHz, and three 
the Cole-Cole distribution parameter a indicated on the plot. 

different values of 

a is increased. “Graphical analysis” using the Cole-Cole equation is used as a 
last resort and gives a rough estimate of the experimental parameters includ- 
ing a.’ To perform this analysis, the center of the depressed semicircle is 
determined and the angle used to determine a is calculated as indicated at  the 
bottom of Figure 3 for the case of a = 0.3. 

Theoretical predictions of dielectric relaxation spectra from colloidal sus- 
pensions are a ~ a i l a b l e . ~ * l ~ - ~ ~  These are based on the assumption that counter- 
ion polarization in an oscillating electric field leads to ionic fluxes causing a 
huge dielectric enhancement. Consistent with the original experimental obser- 
vation, the central component of most theories is that f, is inversely propor- 
tional to the square of the particle radius.’ Several authors have obtained 
explicit expression for the size dependence of f, including Vogel and Pauly,20 

10-1 100 10’ 
f k H z  

Fig. 2. Calculated values of Z” vs. f using co = 2000, f, = 1 kHz, and the same values of (I as 
in Figure 1. 
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w 

Fig. 3. Calculated Cole-Cole plots for the same parameters as in Figure 1. An example of the 
graphical Cole-Cole analysis is shown where Q = 0.3 is estimated from the angle determined from 
the depression of the semicircle as illustrated at the bottom of the figure. 

who derived a rigorous expression for f,: 

f, - 0.433Dt/( TU') (6) 

where a is th.e radius and D+ - 2 X cm'/s is the diffusion coefficient of 
the counterions. The qualitative a2 dependence is predicted by other 
theories,", l8 but the proportionality constants stated in their papers are 
inconsistent with both experimental results and the full dielectric dispersion 
theory. For example, the frequency at which d' attains its maximum as 
predicted by the full theory (cf. Fig. 7 in deLacey and White17) is four times 
greater than that predicted by their approximate equation given by 

(7) f, - D+/(4n2u2) 

Also, the approximate expression 

given by Chew and Sen" does not agree with f, from the peak of c'' predicted 
from their full theory. We will discuss these predictions below, but for now it 
should be noted that, in order to extract reliable values of f,, the entire 
theoretical dielectric dispersion calculated by these two theories must be 
examined, although each of these theories predicts inverse square dependence 
of f ,  on particle diameter. 

A crucial prediction of theory in terms of comparison with the results 
presented in this report is the breadth of the relaxation distribution. Surpris- 
ingly, all comparisons with experiment to date indicate that theory predicts 
spectra which are significantly broader than experiment while, intuitively, one 
would expect polydispersity or interparticle interactions in concentrated sus- 
pensions to have the opposite effect. In this report we have devoted significant 
effort to obtain statistical information on the quality of fit in terms of breadth 
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of the relaxation distribution characterized by a from the Cole-Cole equation, 
One should keep in mind that the distribution parameter a is entirely 
phenomenological and is only used here as a convenient parameter to compare 
with theory. 

Theory also gives predictions of the magnitude of the dielectric constant in 
terms of the normalized dielectric increment defined as 

Grosse and Fosterlg have developed a simplified theory with no adjustable 
parameters which scales A€'/+ to the reduced quantity KCZ where K is the 
inverse Debye screening length and a is the radius. Their results indicate that 
the dielectric increment A€'/+ increases with K U .  Theoretical results17. l9 
indicate that this increase in A€'/+ with KU is due to an increase of excess 
mobile charge in the double layer. 

EXPERIMENTAL 

Materials 

The latex standards were obtained from Seradyne (Indianapolis, IN 46206) 
with a stock concentration of 10% solids and conductivities measured a t  200 
kHz given in Table I. All samples except the 1080 nm latex were synthesized 
using a persulfate initiator and an ionic surfactant such as sodium dodecyl 
sulfate. The 1080 nm sample was prepared with a nonionic initiator, giving it 
a much lower conductivity than the other samples. It was also found to be 
highly agglomerated as a significant fraction of solids settled to the bottom of 
the container within minutes of shaking. Sonication had no effect on the 
dielectric results for any of the samples and all samples reported here, except 
the 1080 nm sample, were found to be stable over a period of days. 

Some samples were diluted approximately 50% with deionized water to give 
the needed sample volume of 25 mL. For experiments with the 721 nm latex 
sample where the wt '% of solids was varied a t  constant conductivity, the 
suspension was successively diluted with a NaCl solution with the same 
conductivity to decrease the weight fraction of solids. 

To perform experiments as a function of ionic strength, the 497 nm sample 
was dialyzed against deionized water for 20 h a t  room temperature and then 

TABLE I 
Seradyne Latex Standards, 10% Solids 

Lot # 
Conductivity o 

(mmho/cm) 

109 
497 
721 

1080" 
1090 

LS1044E 
1A77 
2M4X 
116A 
DL677-21 

0.89 
0.70 
0.55 
0.23 
0.72 

~ _ _ _ _ _ _  

"Synthesized with nonionic initiator; substantial agglomeration was present. 
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Fig. 4. Block diagram of the single frequency null-balance instrument for the test circuit. The 
sine wave was supplied by the Wavetech function generator and the values of R ,  and C, adjust+ 
until zero amplitude was attained on the oscilloscope. 

calculated amounts of a concentrated NaCl solution were added to succes- 
sively increase the ionic strength. 

Methods 

Single Frequency Measurements of Model Electrical Networks 

A block diagram of the setup used to perform the single frequency measure- 
ments on electrical circuits is given in Figure 4 .  A sine wave from the 
Wavetech is sent through the Debye type circuit which is comprised of R,, C,, 
R , ,  and C,, which is then connected to the preamplifier. The balance resis- 
tance R ,  and capacitance cb (General Radio 142-CB; covers the range 
25-1100 pF with a precision of 0.1 pF) are adjusted for a null output on the 
oscilloscope at each frequency and the values of R ,  and cb are recorded. 

The real and imaginary parts of the dielectric constant are related to the 
experimentally measured C, and Rb by 

€‘ = 0Cb/Ep (10) 

and 

where 0 is the “cell” constant in cm and equal to 1 for the electrical circuits 
here, the permittivity constant is c p  = 8.85 X F/cm and Rb,o is the 
balance resistance measured at low frequency (it should approach the value of 
R ,  in Fig. 4) .  

Aqueous Latex Suspensions-Single Frequency Technique 

The setup for the single frequency measurements with the latex sample cell 
is similar to that for the Debye circuit studies. The block diagram is given in 
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Fig. 5. Block diagram of the single frequency null-balance instrument for aqueous suspensions. 
The current electrodes are the dark shaded regions at the top and bottom of the four-electrode 
cell. The sine wave was applied to the upper current electrode and the balance circuit connected 
to the lower current electrode and also to E3. The potential electrodes on the side of the cell are 
marked by El and E2 and are connected to the preamplifier. 

Figure 5. The signal from the wave generator s sent to the upper current 
electrode and the two potential electrodes, ( E l ,  E,) are connected to the 
preamplifier. The lower current electrode is connected to the reference circuit 
( R ,  and C, in parallel) and to the preamplifier ( E3).  R ,  and cb are adjusted 
a t  each frequency to give a null balance of the sine-wave on the oscilloscope. A 
detailed discussion of the modifications made to the instrument to remedy 
problems associated with stray capacitances will be given in the following 
sections. 

The sample conductivity u is related to R ,  by21 

where 1 is the distance between potentiai electrodes (- 1.8 cm) and A is the 
area of the current electrodes (- 6.7 cm2). The ratio of Z/A can be used to 
estimate the cell constant 8, but a more precise method to determine 8 is to 
measure R ,  for NaCl solutions of known conductivity. Our cell was found 
to have a constant, 8 = 0.25 f 0.01 cm-’. This value was constant for all 
experiments presented here because the distance between potential electrodes 
and diameter of the current electrodes was not changed. From the measured 
values R,, E” is calculated using eq. (11). 

For the ideal case where no background capacitance is present, eq. (10) is 
used to calculate E‘. This equation normally has to be corrected for back- 
ground capacitance as will be discussed in the context of eq. (13) below. 

The single frequency experiments should be similar to those on Debye 
circuits in principle, but complications due to stray capacitances contributed 
to further difficulties. We present remedies to the three major problems which 
arose when we studied NaCl “blank” solutions with no latex present, yet 
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found R ,  and C b  varied with frequency. In this test case R,, c, should be 
independent of frequency. The specific problems encountered are as follows: 

1. A resistance-capacitance (RC) time constant from the electronic circuitry 
caused apparent dielectric relaxation in the 100-lo00 kHz range due to 
stray capacitances. 

2. A frequency independent background capacitance was detected. 
3. A deviation of cb at low frequencies was found for solutions of high 

conductivity. 

The elimination of problem 1 above required adjustment of several experi- 
mental factors including the position of the electrodes and type of leads to the 
cell. The sample cell was a cylinder of 2.6 cm diameter similar to the design of 
Schwan and Ferrisz1 with a sample volume of 25 mL. It may be seen in 
schematic in Figure 5. The current electrodes were 2.6 cm in diameter and the 
potential electrodes 0.8 cm diameter. The radial distance from the center of 
the cell to the potential electrodes could be varied as could the distance 
between current electrodes. All components were made out of Plexiglas with 
rubber O-rings on each electrode plug allowing the electrodes to slide freely. 
The electrodes were sandblasted 0.25 mm thick platinum sheet. Platinizing 
with platinum black" seemed to have negligible effect. The best results were 
obtained if the potential electrodes were positioned flush with the inner part 
of the main tubing. Schwan and Ferrisz1 suggest recessing the potential 
electrodes to avoid stray fields but this tends to increase the resistance due to 
the distance from the electrical field to the recessed pickup point. We found 
that positioning the electrodes flush with the edge of the cell tends to reduce 
excess resistive impedance. This impedance accentuates the RC time constant 
associated with the stray capacitance in the leads of the potential electrodes. 

Once the sample cell was configured to reduce the effect of resistive 
impedance, we turned to the problem of lead capacitances on El and E, (Fig. 
5), which also contribute to the annoying RC time constant. Coaxial cables 
were completely unacceptable because of their high capacitance (the BNC 
cables were rated at  30.8 pF/ft and BNC connectors were found to have 
- 70.5 pF each23), thus, low capacitance alligator clips without shielding were 
used. The alligator clips minimized lead capacitances but it was evident that 
there was still an RC time constant affecting the balance in the 100-1OOO 
KHz region for sample resistances on the order of 3-15 kQ. 

To reduce the RC time constant further (to shift this spurious relaxation to 
higher frequencies where it would not affect the results), it  was found that a 
balance of the capacitance between the leads El and E, was necessary. Thus, 
a variable capacitor was connected between El and ground (see Fig. 5). A 
value of Cg = 26.3 + 0.1 pF from E, to ground gave quite a flat response in 
terms of C, vs. f up to f = lo00 kHz, although this value varies with the 
electronics. In Figure 6, R ,  is plotted for three different values of C,, where C, 
is the value of the capacitor on El. I t  is evident that when C, is off by only a 
small amount, €2, tails upward or downward at high frequencies. If C, is too 
low, R ,  decreases and if C, is too high, R ,  increases. The balance capacitance 
C,  is not as sensitive but also can be seen to change by a few picofarads at  
high frequencies if C, is not 26.3 f 0.1 pF. The remaining RC time constant is 
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Fig. 6. Single frequency measurements of the balance resistance R ,  vs. f for a 0.5 mM NaCl 
"blank" solution. Three values of the lead capacitance Cg (see Fig. 5) were chosen including 28 pF 
(o), to 26.3 pF (a), and 23 pF (A). The desired response is the flat response seen for Cg = 26.3 pF. 

shifted to higher frequencies if the sample conductivity is increased (i.e., the 
sample resistance is decreased) as is expected. This is because the stray 
capacitance C,, contributing to a RC time constant, is a t  an approximate 
frequency f, - 1/(2mRbcs), where R b  is related to the conductivity of the 
solution. 

Problem 2 is a minor one because it is a frequency-independent contribution 
to the measured Cb and can be easily compensated. Assuming e' = 78 which is 
the static dielectric constant of water, then c b ,  ideal for water according to eq. 
(10) is 

Cb,idea, = (8.85 x 10-14F/cm) x 78/0.25 cm-' = 27.6 pF (13) 

A typical measured value for c b  a t  high frequencies (- 500 kHz) is say 50 pF, 
giving a value for the background capacitance of 50 - 27.6 = 22.4 pF. Thus all 
measured values of c b  are corrected by subtracting the background capaci- 
tance so that 

€'  = 8( c b  - 22.4 pF)/C, (14) 

The background capacitance generally depends on the length of the BNC 
cables connecting the cell to the reference circuit and also the wiring in the 
reference circuit itself. With a given instrument configuration this calibration 
is good for months and all subsequent data can easily be normalized to c' = 78 
a t  high frequencies. 

Problem 3 was encountered with highly conductive solutions a t  low frequen- 
cies. When working with high concentration NaCl blank solutions, it was 
found that c b  drifted upward or downward a t  low frequencies and this effect 
was magnified as the conductivity increased, even though c b  was independent 
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of conductivity a t  high frequencies. There was no variation in Rb within 
experimental error. Surprisingly the direction of the change in Cb could be 
reversed by adjusting the current electrodes. By trial and error adjustment i t  
was possible to get a relatively flat response of cb with frequency. Unfortu- 
nately, this was rather difficult, so periodically a blank experiment was 
performed with a NaCl solution with the same conductivity and the excess 
capacitance was subtracted. A permanent solution to this problem is being 
sought through an improved cell design. 

Fourier Synthesized Pseudo Random Noise (FSPN) Method 

It has been shown that white noise with a flat power spectrum as the 
impulse excitation has advantages over pulse type  excitation^.'^ Following 
Nakamura et al.,15 we have digitally generated Fourier synthesized pseudo 
random white noise f (  t )  using the random phase approximation: 

where Qk is a random number between 0 and 277. Approximately 512 frequen- 
cies tdk were used and the amplitude function A, was set equal to Unity.'5 
Examination of the power spectrum of the white noise using a Nicolet 444A 
spectrum analyzer indicated that the power was constant over a t  least 2 
orders of magnitude in frequency. Seven different frequency ranges starting 
from approximately 60 Hz and ending at 2 MHz could be programmed 
depending on the frequency range of interest. 

The block diagram of the FSPN instrument for the latex sample cell is 
given in Figure 7. The voltage to current (V/Z) converter is used to process the 
input white noise to the cell and operational amplifiers, while A/D converters 

Correlator 

I I 

-L - 
Fig. 7. Block diagram of the FSPN instrument for latex samples. The setup is the same as 

that shown in Figure 5 except the input signal is processed by a voltage to current convertor V/I  
and the detection scheme consists of A/D converters and a Malvem correlator. 
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are used to process the output signals to the correlator (Malvern K7025). The 
A / D  conversion is done by a dual voltage-to-light ( V / L )  converter (RR131, 
Malvern Instruments, Malvern, U.K.), which consists of two light emitting 
lamps and two photon-counting photomultiplier tubes with associated dis- 
criminator electronics. The output of the preamplifier is amplified with a high 
speed op-amp to improve signal-to-noise. Amplification is difficult because the 
V / L  has a 50 52 input impedance, limiting the sensitivity of the measurement. 
Unfortunately, this problem with our electronics limited the range of data we 
could take using the FSPN technique for latex samples. For the electronic 
circuit tests the same configuration as in Figure 7 is used except the sample 
cell is replaced by a test circuit such as that in Figure 4. In this case the 
operational amplifier on the “pre-amp out” is not needed because the signal is 
made sufficiently strong by choosing proper values of R,. 

For a system exhibiting dielectric relaxation as in eq. (l), the cross-correla- 
tion function on the correlator can be represented by an exponentially decay- 
ing function in the time 25: 

where the relaxation time is related to the central relaxation frequency f, by 

This allows comparison of the FSPN and single frequency methods. 

RESULTS AND DISCUSSION 

Tests with Debye Electronic Circuits 

Single Frequency Measurements 

An essential test of both the single frequency and FSPN dielectric instru- 
ments is the analysis of an idealized sample cell which can be simulated using 
resistors and capacitors. The circuit components used to construct a Debye 
type circuit are shown in Figure 4 and Table 11. These were chosen to cover a 

TABLE I1 
Summary of Results for Test Circuitsa 

Experimental Experimental 
/,(single freq.) fAFSPN)  

(H4 (W 

3918 
21,700 
57,400 

219,000 

24,000 
4350 
1640 
430 

23,000 
4200 
1500 
400 

12,000 
3500 
1365 
403 

~ 

“C, = 1690 pF, R, = 8000 8, and C, = 100 pF for all these circuits. 
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wide range of central relaxation frequencies defined theoretically by 

As was discussed above, the experimental data can be fitted by nonlinear 
regression to three different variations of the Cole-Cole equation [eqs. (3), (4), 
and (5 )  corresponding to c’, E ” ,  and Cole-Cole fits, respectively], all of which 
should give the same result. The results are summarized in Table I1 in terms 
of f, (single freq.) showing good agreement with theoretical values predicted 
by eq. (18) for the test circuits for a range of values of f,. To illustrate the 
consistency of the results, the nonlinear regression results on the first test 
circuit with R, = 3918 Q give (for c’, c”, and Cole-Cole fits, respectively) 
values of f, of 23.1 f 0.3, 22.8 f 0.1, and 23.0 0.1 kHz; values of c o  of 
19,600 f 100, 20,000 5 70, and 19,700 f 100; and values of a of 0.002, 0.012, 
and 0.001. These values of a are zero within experimental error and reflect an 
ideal, narrow Debye distribution of relaxation times as would be expected for 
this model circuit. For this data the three modes of fitting the experimental 
data are equivalent. 

FSPN Measurements on Debye Circuits 

The FSPN schematic, shown in Figure 7, was tested using the test circuits 
in place of the latex cell. The circuit was balanced for a null output a t  high 
frequencies ( -  300 kHz) before taking the cross-correlation function. The 
cross-correlation function was fitted to an exponential relaxation time con- 
stant T ~ ,  and the values are listed in Table 11. To illustrate the range of 
agreement with theory, the value of l/f,, from Table I1 is plotted vs. R, in 
Figure 8 for both single frequency and FSPN techniques. This should yield a 
straight line since C ,  was kept constant in these experiments. A significant 
deviation in fc(FSPN) with increasing frequency is seen starting at about 5000 
Hz. This is due to the high frequency drop-off in performance of our V / l  
converter. In our present electronics, the load R, across the circuit is made 

.01 I/ ’ ”””” ’ ’ .” ’.. ’  ’ 
l o 3  1 o 4  1 o 5  1 o 6  

R,/Ohm 

Fig. 8. Reciprocal f, vs. R, for the single frequency (0)  and FSPN (A) measurements. The 
FSPN results deviate from the predicted inverse proportionality at high frequencies while the 
single frequency results agree over the whole range. 
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Fig. 9. Real dielectric constant C’ and imaginary dielectric constant C ”  for FSPN (open 

symbols) and single frequency (filled symbols) for a test circuit with R, = 57.4 k0, C,  = 1690 pf, 
R, = 8.0 k0, and C, = 100 pf. The inset is a Cole-Cole plot of the FSPN results for R, = 57.4 k 0  
(0) along with single frequency measurements for R, = 57.4 k0 (0) and R, = 3.918 k0 (A) at the 
same values of C,,  R,, and C2 as above. All results superimpose onto a semicircle with a = 0, 
although there is some scatter for the FSPN data. 

rather large in order to get a sufficiently strong signal, and the electronics fail 
at high frequencies for such large voltages. About half a decade in frequency 
on either side of f, is necessary for its determination so we conclude that, 
with our electronics, the FSPN technique is relatively accurate in the range 
50-10,000 Hz. The single frequency measurements are accurate over the whole 
range in Figure 8 because the V/I converter is not used. We found the 
measurable range to be about 20 Hz to over 1 MHz for these electrical circuits. 

To compare the FSPN and single frequency techniques in terms of the 
detailed frequency response, the cross-correlation function results were trans- 
formed using the fast Fourier transform from time to frequency domain. The 
values of c’ and d‘ obtained were scaled by a factor of 338 to take into account 
the gain and other instrument  constant^'^ and are plotted in Figure 9 together 
with the single frequency results. The inset of Figure 9 is a Cole-Cole plot of 
the FSPN measurements and the single frequency measurements. All the 
single frequency Cole-Cole plot results are independent of R,  and form a 
semicircle even though f, itself varies with R,. The semicircular nature of the 
Cole-Cole plot with a - 0 0.001 is indicative of a Debye single relaxation. 
The FSPN results in the inset also superimpose on this semicircle, although 
there is more scatter. 

Latex Measurements 

Single Frequency Measuremnts 

The experimental apparatus shown in Figure 5 was used to determine the 
dielectric response of polymer latex samples. The results will be discussed in 
subsequent sections. 
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Fig. 10. Real part of the dielectric constant (z’ - zm)/+ vs. f (i.e., normalized by the weight 
fraction + with z, = 78) for latex standards with diameters indicated in the legend. The arrows 
indicate the central relaxation frequencies for each particle size. The solid curves are fits to the 
Cole-Cole equation. 

Particle Size Dependence. The dielectric frequency response for Dow 
latex standards with diameters of 109,497, and 1090 nm are plotted in Figures 
10 and 11 along with best fits obtained using nonlinear regression. The data 
was weighted inversely proportional to the error bars shown. The real part E‘ 

in Figure 10 has been normalized and plotted as (6 ’  - cm)/+ in order to 
facilitate comparison of absolute magnitudes, where + is the wt % solids and 
em = 78 is the dielectric constant of water. The imaginary part E” in Figure 11 
is also normalized by dividing by +. The results for the 721 nm standard are 
omitted to avoid confusion due to the overlapping of the data and these 
results are included in the summary in Table I11 and plotted in Figures 12 
and 13. 

Regression fits to the data give the three parameters f,, a, and E,,. The 
values of f,  determined for the 497, 721, and 1090 nm standards using the 

100 lo1 lo2 lo3 
fkHz 

Fig. 11. Imaginary dielectric loss c”/@ normalized by the weight fraction + vs. f for the same 
latex standards as in Figure 10. The solid curves are fits to the Cole-Cole equation. 
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TABLE 111 
Dielectric Results for Latex Standards 

d Regression IJ A€'/+ t c  

(nm) method %Solids (mmho/cm) K U  CY ( x 1 o r 3 )  (kHz) 

109 €' 

€ " 

Cole-Cole 
497 €' 

€I' 

Cole-Cole 
721 €' 

€ ' I  

Cole-Cole 
1080" € '  

f " 

Cole-Cole 
1090 €' 

€" 

Cole-Cole 

10 0.89 18.1 0.27 f 0.04 
0.25 f 0.1 
0.34b 

4 0.28 46.2 0.15 f 0.01 
0.16 0.01 
0.12 f 0.01 

6 0.33 72.8 0.09 f 0.005 
0.1 * 0.01 
0.08 f 0.005 

6 0.14 71.0 0.05 f 0.005 
0.05 k 0.02 
0.08 f .03 

6 0.43 125.6 0.13 f 0.02 
0.15 f 0.02 
0.08b 

4.6 f 0.2 
3.2 f .4 
4.9b 

39 5 3 
43 5 2 
40 f 2 
55 f 3 
63 + 2 
56 f 2 

163 ? 8 
104 * 5 
119 * 10 
52 5 10 
47 ? 10 
37b 

56 ? 7 

SOb 
100 * 26 

1.85 f 0.2 
2.0 f 0.1 
2.0 f 0.1 
1.22 k 0.1 
1.06 k 0.05 
1.2 f .I 
0.2 f 0.01 
0.24 f 0.02 
0.27 f 0.03 
0.54 f 0.1 
0.76 f 0.2 
0.52b 

"This sample was agglomerated and the results are not plotted in Figure 10. 
bFitting using nonlinear regression of the data with the Cole-Cole analysis was not possible 

because the semicircle was deformed significantly. Approximate results from the graphical 
Cole-Cole method are given instead. 

three different fitting methods are consistent within experimental error deter- 
mined from the covariance matrix. We feel that the raw E' data is the most 
accurate so these fitting results are possibly more reliable. The Cole-Cole fit 
[eq. (5)] is a two parameter regression fit giving only co  and a. The third 
parameter, f,, is found by examining the data and choosing the frequency 
corresponding to the apex of the semicircle. 

The results for the smallest diameter latex were not consistent with the 
other samples in many aspects. The peak in 6'' corresponded to f, = 100 5 26 
kHz (Fig. 11) while, for E', f, = 56 7 kHz (Fig. 10). The values of E" are very 

w 

f k H z  
Fig. 12. Real dielectric constant z' vs. f for the d = 721 nm latex standard at  the weight 

fractions indicated. The solid curves are fits to the Cole-Cole equation. 
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Imaginary dielectric constant z’’ vs. f for the 721 nm standard at 
The solid curves are fits to the Cole-Cole equation. 

the weight fractions 

small and are not reliable because of conductivity drifts which is possibly why 
the critical frequencies do not agree. The values of a were also significantly 
higher than for the other samples. 

The values of c0 are reported as a dielectric increment defined as be’/+ = 
(c0 - em)/+, which allows comparison of absolute magnitudes. I t  is evident 
that A€‘/+ generally increases with diameter in Table 111. 

In some cases the graphical Cole-Cole analysis’3l6 was used instead of 
fitting directly to the Cole-Cole equation (5). These results are reported in 
Table I11 for the 109 and 1090 nm samples and are considered “lower quality” 
because of inaccuracy in E”. The results for the 1080 nm sample deviated 
systematically giving small values of f,, indicating larger apparent particle 
sizes due to aggregation as was discussed previously. Surprisingly enough, the 
fits of E’ and E” for the 1080 nm sample to eqs. (3) and (4), respectively, were 
quite good for this agglomerated latex. The small values of a indicate a 
narrow distribution of relaxation times. The aggregates are quite large, caus- 
ing an increase in the values of E’ at  low frequencies (note that in Table I11 
A€‘/+ is very large), without really changing the shape of the curve at  higher 
frequencies, giving rise to an apparently narrow distribution. Still, f ,  is 
shifted to smaller values because of the larger c0. 

Solids Concentration Dependence. The real and imaginary dielectric 
constants are plotted in Figures 12 and 13, respectively, for wt % solids from 
2.32% to 6.0% of the 721 nm standard, showing a strong dependence of 
magnitude on concentration. Scaling by dividing by the volume fraction 
reduces the data into one set, as was reported previously,7*’os ’’ as indicated by 
the dielectric increment A€‘/+ = (c0 - c m ) / +  reported in Table IV. The 
values of f, and a are listed in Table IV and are also constant within 
experimental error with no difference in parameters obtained from the nonlin- 
ear regression fits to the E‘, E ” ,  and Cole-Cole data. A representative Cole-Cole 
plot for 4.5% solids is given in Figure 14 along with the fit to eq. (5). It is 
evident that the data agree well, especially in the high frequency region on the 
left-hand side of the plot. 
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TABLE IV 
Weight Fraction Dependence, 721 nm Latex" 

Regression Acl /+  fc 
% Solids method a ( x (kHz1 

2.32 c' 0.1 f 0.01 61 & 6 1.4 f 0.2 
z" 0.11 * 0.02 62 f 4 1.6 f 0.2 

1.4 k 0.2 

c" 0.08 f 0.01 52 k 2 1.4 f 0.1 
Cole-Cole 0.09 f 0.01 54 f 2 1.4 f 0.2 

z" 0.09 * 0.02 51 f 4 1.4 k 0.1 
Cole-Cole 0.09 f 0.005 51 f 5 1.3 f 0.1 

6.0 z' 0.09 f 0.005 55 f 3 1.2 * 0.1 

Cole-Cole 0.08 f 0.05 57 & 2 1.2 f 0.1 

Cole-Cole 0.06 & 0.005 55 f 3 
3.56 € I  0.1 f 0.01 58 f 3 1.2 & 0.1 

4.5 z' 0.1 * 0.006 56 f 2 1.2 f 0.06 

c" 0.1 + 0.01 63 f 2 1.06 + 0.05 

= 74, 3.4 mM NaCI. 

(&'-&)*I 0-2/@ 
Fig. 14. Cole-Cole plots of the imaginary c"/+ vs. the real (c' - cm)/+ dielectric constants 

normalized to the volume fraction 9 for the 721 nm latex standard at a weight fraction of 4.5%. 

Ionic Strength Dependence. After dialysis, successive amounts of a con- 
centrated NaCl solution were added to increase the ionic strength of the 497 
nm latex suspension. The values of KU in Table V were calculated assuming a 
monovalent electrolyte. For the lowest conductivity solution the electrolytic 
species is not known because of the dialysis procedure. Dialysis seemed to 
change the latex surface properties slightly3 because f, increased from 2 kHz 
(cf. Table 111) before dialysis to around 4 f 1 kHz after dialysis, independent 
of conductivity. Cole-Cole fits were made using the graphical method and the 
results are shown in Figure 15. Regression fits of the separate E' and E" data 

TABLE V 
Ionic Strength Dependence 497 nm Latex at  4% Solids 

u (mmho/cm) K C I  a A€'/+ f, (kHz) 

0.04 17.5 0.40 f 0.08 10,300 3 + I  
0.14 32.7 0.28 f 0.08 17,300 5 f 1  
0.31 48.6 0.03 f 0.05 22,100 4.5 f 1 
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Fig. 15. Cole-Cole plots of z" vs. z' for the d = 497 nm standard at  a weight fraction of 48 
and conductivities of 0.04 mmho/cm (A), 0.14 mmho/cm ( X), and 0.31 mmho/cm (0). 

were not successful due to the poor quality of the data. The results of the 
graphical fits in Table V indicate that while f, remains relatively constant, as 
was seen previ~us ly ,~ ,~  BE'/+ and a are strongly dependent on c ~ n d u c t i v i t y ~ ~ ~  
with a increasing with decreasing ionic strength, indicating a broader distribu- 
tion of relaxations. The magnitude of the dielectric increment At'/+ increases 
substantially with ionic strength. This will be discussed in more detail in the 
next section. 

Discussion of Single Frequency Latex Results 

Central Relaxation Frequency f,. Experimental and predicted values of 
f,  from the literature and this report are plotted vs. diameter in Figure 16, 
indicating our results are essentially identical to those of Schwan et aL1, who 
covered a large range of particle sizes and took care to prevent agglomeration. 
One experimental data point deviates from the rest." Amphoteric latex was 
studied in this case under conditions where the fixed surface charge was 
positive while all other reported samples had negative surface charges. Whether 
the positive charge contributes to a shift in f, to lower values is not known. 
Theoretical predictions of f, taken from Figure 7 of dehcey and White,17 
Figure 4 of Chew and Sen," and Figure 3 of Grosse and Foster,lg and the 
expression given as eq. (6) in this report, derived by Vogel and Pauly,20 are 
also plotted in Figure 16. All of the theories can be represented by the solid 
line in Figure 16 because they all lead to l/a2 dependence of f, and yield 
essentially the same predictions over the particle range studied. Reasonable 
agreement with experiment is seen between experiment and theory for both 
the slope ( l / a 2  dependence) and absolute magnitude of f, (within 30%). 

Breadth of Dielectric Relaxation. Another important experimental vari- 
able is the breadth of the distribution of relaxation frequencies characterized 



2438 SAUER ET AL. 

1000 f 

. 0 1  . 1  1 1 0  

diarneter/brn 

Fig. 16. Central relaxation frequency f, vs. diameter for experimental data from this report 
(H), Schwan et al.’ (O), Ballario et al? (A), Lim and Franses7 (s), and Myers” (A). Theoretical 
results are from Vogel and Paulym (A), deLacey and White17 (O), Chew and Sen’* (0), and Grosse 
and Fosterlg ( + ). All the theoretical predictions may be represented by the solid line. The dashed 
line is drawn through the experimental data of Schwan et al.’ 

by a. Values of a are close to 0.12 0.03 (Tables I11 and IV) for the d = 497, 
721, and 1090 nm samples, irrespective of the method of fitting and increase to 
0.27 0.04 for the 109 nm sample. Lim and Franses7 also reported small a 
values between 0.02 and 0.1 for a d = 2000 nm latex sample, Bellario et al.2-3 
reported a = 0.15 for d = 91 nm, Springer et a1.6 reported a = 0.15 for 
d = 444 nm and stated that it decreased as the conductivity was increased. 
For smaller diameter standards, a increased to values greater than 0.15.’,3*7 

A Cole-Cole analysis of the theoretical predictions of deLacey and White17 
indicate that a is a strong function of Ka. Simulations of the theoretical 
equations of deLacy and White for three particle diameters were carried out 
and the resulting “data” analysed for f,, and a. By performing nonlinear 
regression on the values of e r r  via eq. (4) for three diameters including d = 229 
nm (KU = 13), d = 416 nm (KU = 23), and d = lo00 nm (Ka = 56), gives 
a = 0.34, a = 0.21, and a = 0.14, respectively. The agreement of the value of 
a found with the experimental trend in Table I11 as a function of KU is 
remarkable and to our knowledge this point has not been discussed before in 
terms of the breadth of the relaxation as predicted by theory. The theoretical 
spectra are not completely symmetric and the fit to c’ is slightly worse than 
the fit to z’’ discussed above. 

Grosse and F o ~ t e r ’ ~  report that the best fit to their theory gives a = 0.42 
and is independent of KU. Vogel and Pauly20 have considered higher order 
terms in the density expansion for relatively large values of K a .  Reanalyzing 
results in Figure 3 of their paper by the graphical Cole-Cole method indicates 
that including these terms lowers a roughly from 0.33 to 0.19 by diminishing 
the low frequency tail which occurs at large scales of c’. The Cole-Cole 
equation does not fit their predictions well because of a slight lack of 
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symmetry at all frequencies.’O Values of a tending towards zero are obtained 
(i.e., 0.0 < a < 0.2) if one disregards the low frequency tails in their Cole-Cole 
plots. On the other hand, experiment agrees exceedingly well with the 
Cole-Cole equation (see Fig. 14 and Ref. 6) especially in the high frequency 
region. 

Coming to the ionic strength data obtained for the 497 nm standard (Table 
V), the trend was that a increased as the ionic strength was lowered, as was 
reported This is also consistent with an increase in K U ,  leading 
to a decrease in a. 

Dielectric Increment, Ad / +. Grosse and Fosterlg have developed a 
simplified theory with no adjustable parameters which scales A€’/+ and f, to 
the reduced quantity K U ,  where K is the inverse Debye screening length and a 
is the latex radius. They have shown good agreement between their predic- 
tions of A€’/+ and experiment. Our data (Tables III-IV) also show good 
agreement with their predictions, but our results are generally 10-40% lower 
in magnitude, except for the 1090 nm standard which is almost an order of 
magnitude lower. 

Several rigorous theories are available which take into account the effect of 
the surface zeta potential 5..17,18,20 This is a measurable quantity but the 
values experimentally determined are much lower than the values needed to 
theoretically fit experimental data for the dielectric increment.l0$ l2 Another 
inconsistency arises because an increase in l would also theoretically produce 
an increase in However, experimental determination of 126,27 indi- 
cates that it is strongly dependent on the particle size and ionic strength, and 
actually decreases with increasing ionic strength. This is in contradiction to 
experimental r e s ~ l t s ~ . ~  including our own, which indicate that At’/+ increases 
with ionic strength. Thus, the decrease in excess mobile charge in the double 
layer,17 as the ionic strength increases (or K U  decreases), causes A€’/+ to 
decrease and this effect dominates any influence of the zeta potential, l.5 

FSPN Measurements 

Figure 7 is the block diagram of the instrument used for the FSPN 
measurements. Because the measurement is a differential one, the cell is 
balanced a high frequencies ( -  300 kHz) before taking the cross-correlation 
function. The signal is generally weak and the voltage is controlled by the 
sample conductivity, with higher conductivities giving lower voltages. FSPN 
experiments on the latex samples were not successful because dielectric mea- 
surements are inherently insensitive at low frequencies, a small change in 
sample capacitance at  low frequencies leads to an imperceptible change in 
signal voltage. Because of the limitation in our electronics, the voltage to light 
converter, which acts as an A / D  converter, is not sensitive to amplitudes less 
than - 10 mV, leading to a flat voltage response at low frequencies and 
almost no correlation. Efforts to boost this signal with a heavier load on the 
cell gave poor performance at  high frequencies. Thus we cannot report 
consistent results with the FSPN technique at  this time. Improvements in the 
FSPN electronics are progressing and the results will appear in a forthcoming 
paper. 
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Summary of Latex Results 

Using a four-electrode cell to avoid electrode polarization, single frequency 
measurements were performed in the range 0.05 kHz < f < 500 kHz on latex 
standards of varying size, latex concentration, and electrolyte concentration. 
Our data taken for 2-10% solids was in agreement with previous results 
obtained at concentrations up to 30%, indicating that the central relaxation 
frequency f, is inversely proportional to the square of the diameter. The 
absolute magnitude of the dielectric constant as a function of size, volume 
fraction, and ionic strength was found to agree with the theory of Grosse and 
Foster.lg An important experimental variable affecting the distribution of 
dielectric relaxation times is the inverse screening length K times the particle 
radius a. For the higher K a  values, Cole-Cole distribution parameters deter- 
mined from nonlinear regression fits were relatively narrow (a = 0.15 & 0.02, 
a = 0.09 & 0.01, and a = 0.13 f 0.04, for d = 497 nm ( K U  = 46.2), d = 721 
nm ( K U  = 72.8), and d = 1090 nm ( K U  = 125.6) latex standards, respectively). 
The relaxation distribution increased substantially to a = 0.27 _+ 0.04 for the 
109 nm latex standard ( K U  = 18.1). Analysis of a from 6'' predictions gener- 
ated by the theory of deLacy and White17 gave a = 0.34, (Y = 0.21, and 
a = 0.14, for d = 229 nm ( K a  = 13), d = 416 nm ( K U  = 23), and d = 1000 nm 
( K U  = 56), respectively. These results qualitatively explain the trend in the 
experimental data with the distribution narrowing significantly a t  higher 
values of K U .  The variation from a = 0.4 0.08 ( K U  = 17.5) a t  low ionic 
strength to a = 0.03 & 0.05 ( K U  = 48.6) a t  higher ionic strength for the 497 
nm latex standard again supports the trend of decreasing a with increas 
ing K U .  

The results of this work demonstrate the feasibility of dielectric spec- 
troscopy as a rapid analysis tool for particle size determination in polymer 
latices. The single frequency method requires 5-10 min per measurement 
while the FSPN technique requires only a few seconds. Both methods are 
amenable to  on-line measurement. Experiments applying this instrument to 
experimental reactors on-line are in progress. 
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