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Synopsis 

A method for improving signal resolution in latex particle-size analysis by HDC is presented and 
discussed. Data for the extinction cross section and specific extinction coefficient for polystyrene 
latex standards indicate that improvements in signal resolution can be obtained for the small particle 
end of broad size distributions by using turbidity detection a t  wavelengths less than 254 nm. Data 
are also discussed for the imaginary retractive index of the polystyrene standards obtained from 
comparisons of the extinction cross section results with Mie theory calculations. HDC runs made 
with bimodal and continuous distributions a t  254 and 220 nm wavelength detection are also discussed 
to illustrate the improvements in size distribution resolution which can result. 

INTRODUCTION 

Application of the techniques of packed column chromatography to the size 
analysis of colloidal sols in the submicron range is a relatively recent development. 
The method, developed by Small,'.' involves closed columns packed with non- 
porous beads through which a dilute latex suspension is pumped and is referred 
to as Hydrodynamic Chromatography, or HDC. The name derives from the fact 
that the separation mechanism is a single-phase flow process involving frac- 
tionation as a result of a size-dependent interaction between the stabilized col- 
loidal particles and eluant velocity gradients in the packing interstices. Previous 
publications have presented complete analyses of the convected flow separation 

which describes well the role of the principal parameters in the sepa- 
ration process. Methods for calculating particle size distribution directly from 
the output chromatogram, using variations on the techniques developed for size 
exclusion chromatography, have also been thoroughly d i s c ~ s s e d . ~ ~ ~  In the latter 
two articles, theoretical calculations, based on the Mie theory for light scattering, 
indicated that improvements in HDC signal resolution could result by using 
turbidity detection at wavelengths where the latex particles absorb as well as 
scatter. 

An important practical aspect of the development of HDC is the consideration 
of methods for optimizing resolution. In this article, attention will be directed 
to the light scattering behavior of polystyrene latex particles to show the effects 
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of signal resolution on the separation capabilities of the technique. A companion 
article (part 11) will present a comparison of the column resolution characteristics 
of porous and nonporous packing systems. 

LATEX DETECTION AND SIGNAL RESOLUTION 

Latex detection in HDC is normally carried out turbidimetrically a t  a fixed 
wavelength in the UV range; and, depending on the light scattering characteristics 
of the latex system, the resulting signal will be due to either pure scattering or 
scattering plus absorption. Owing to the relatively small values of AID, 
(wavelength to particle diameter ratio), the signal depends strongly on particle 
diameter as well as concentration and chemistry. This is in contrast to size ex- 
clusion chromatography of dissolved macromolecules, in which differential re- 
fractometry is the currently preferred detection method. Since the output signal 
in this case depends only on concentration and not on molecular size, molecular 
weight analysis from the output chromatogram is greatly simplified.loJ1 The 
extensive use of refractive index monitors is additionally favored by the high 
sensitivity of the detection signal in the range of polymer concentrations normally 
used in size exclusion analysis. 

The use of differential refractometry in HDC has also been reported.8,9J2J3 
Experimental measurements on static systems indicate that the refractive index 
signal will be proportional to the particle suspension weight fraction in the normal 
range of particle sizes encountered in HDC.819 Analysis of the signal detection 
characteristics also indicates that relative signal intensity over the normal particle 
size range (several hundred angstroms to several thousand angstroms diameter) 
is more nearly uniform compared to the turbidity calculation for pure scattering.9 
Since broad continuous particle-size distributions are often the norm in latex 
production, uniform signal resolution over the entire size range is an important 
consideration. Algorithms presented in ref. 9 also demonstrate clearly that the 
highly nonlinear relationship between turbidity and particle size, for a purely 
scattering system, profoundly influences accuracy and numerical stability of the 
calculations for particle size distribution. A major drawback to the use of dif- 
ferential refractometry in HDC however, is the need for increased particle con- 
centrations due to lower instrument sensitivity to particle detection. This often 
leads to column clogging or material balance p r ~ b l e m s . ~ J ~  In addition, com- 
mercially available instruments can change from positive to negative signal 
outputs for different particle sizes as well as give baseline instability with slight 
temperature ~ar ia t i0ns. l~ 

For light scattering, the relationship between turbidity T and extinction cross 
section Rext can be written as 

r = NR,,,x (1) 

where N is the number of particles per unit volume and x is the optical path 
length. Calculations in ref. 9, for a range of particle diameters using Mie theory 
to evaluate Rext as a function of imaginary refractive index, show that the signal 
for small particles will be enhanced by absorption while that for the larger par- 
ticles slightly decreases. The first feature suggests better detection of smaller 
particles, while the second feature results in a relative signal for large to small 
particles which is superior to that predicted for refractometry. Since, as indi- 
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cated, lower particle concentrations are possible with turbidimetric detection, 
it would appear to be the preferred method. Thus, a more detailed experimental 
analysis of the wavelength dependence of latex light scattering and its effect on 
HDC signal resolution has been carried out and will be reported in the following 
sections. 

EXPERIMENTAL 

Turbidity measurements were made using a variable-wavelength UV pho- 
tometer. Suspensions of Dow monodisperse polystyrene standards (discussed 
elsewhere?) were used along with polystyrene latex labeled #LS-1166 B (particle 
diameter 1.10 pm, standard deviation 0.006 pm) and one labeled #LS-l117B 
(diameter 794 nm, standard deviation 0.0044 pm). Solutions were diluted to 
various concentration ranges in deionized water. Each sample was referenced 
to deionized water, and optical density was recoxded for wavelengths between 
200 and 350 nm for each concentration. 

Chromatography runs, to be reported, were made using the HDC instrument 
and technique fully described elsewhere. 1~:3 The system consists of three columns 
packed with 20-pm-diam styrene-divinylbenzene copolymer beads, through 
which eluant (deionized water plus surfactant) is pumped at a flow rate of 0.6 
ml/min. The surfactant used was either sodium lauryl sulfate or sodium di- 
hexylsulfosuccinate (aerosol MA) and was added to an ionic strength of 1.0 X 
10-"M. Particle suspensions passed from the columns through a variable- 
wavelength, flow-through detector. 

EXTINCTION DATA FOR POLYSTYRENE 

For the experimental measurement of Rext latex concentrations are generally 
based on gravimetric determinations. Thus, eq. (1) is written as 

where up is the particle volume, (bm is the suspension mass fraction, and p2 and 
plz are the latex sphere and suspension densities, respectively. For a fixed 
particle diameter, the slope of the optical density-weight fraction plot can be 
used with eq. (2) to determine Rext. For the smallest particles (88-nm standard) 
some deviation from linearity was observed at very low concentrations at  220-nm 
wavelength, as shown in Figure 1. The same plot shows that as particle size was 
increased (234 nm in this case), a linear dependence, consistent with eq. (l), re- 
sulted. Nonlinearities could be the result of photometer saturation or multiple 
particle absorption effects and indicate the need for low particle concentrations 
in the HDC analysis. (Column injection samples, to be reported later, were 
limited to 0.005 wt % latex, since an additional dilution by a factor of 10 occurs 
during flow through the columns.:') 

The specific extinction coefficient gives a measure of relative signal intensity 
between various particle populations a t  a given wavelength. The expression 
for the coefficient keXt is 
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PERCENT TOTAL SOLID CONTENT 

Fig. 1. Concentration dependence of the turbidimetric signal for monodisperse 88- and 234-nm 
polvstyrene standards at 220-nm wavelength. 

Figure 2 shows a plot of kext versus wavelength for the various polystyrenes and 
illustrates clearly that for the 38- and 109-nm standards a strong signal en- 
hancement occurs a t  wavelengths less than 254 nm. The 176- and 357-nm- 
diameter standards show less enhancement below 254-nm wavelength, in line 
with the calculations in ref. 9. Figure 3 more clearly shows the comparison of 
relative weight signal versus particle size for an absorbing (220 nm) and nonab- 
sorbing (254 nm) wavelength (comparison of calculated scattering cross sections 
with measured cross sections at  254 nm in ref. 9 demonstrated pure scattering 
occurs for polystyrene latexes a t  this wavelength). The strong dependence of 
signal intensity with particle size at  254 nm reflects the nature of pure scattering 

WAVELENGTH, nm 

Fig. 2. Experimental dependence of the specific extinction coefficient for polystyrene st.andards 
lrom 88- to 357-nm diam. 
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Fig. 3. Experimental dependence for polystyrene of the specific extinction coefficient on particle 

size for wavelengths of 220 and 254 nm. 

- I 

- 

- 

- 

- 

- 

- 

5 -  

behavior. The difficulty in accurately detecting small numbers of small particles 
a t  this wavelength is indicated, for example, by the ratio of kext values for the 
234- and 38-nm particles of approximately 16. On the other hand, at 220 nm, 
the signal intensity for the small particles increases and the relative kext values 
improve, e.g., the ratio for the 234- to 38-nm signals is now approximately 1.8. 

For the calculation of weight-.averaged size distributions, an ideal detection 
system would show a third power dependence on particle size. A t  a given 
wavelength, the extinction cross section for a series of monodisperse standards 
can be approximated by a power law relation.lS Thus, we can write 

Rext a: DE (4) 

where k is the power law exponent (strictly speaking the turbidity averaged ex- 
ponent.) Figure 4 shows an example of a typical fit of our data to a power law 
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Fig. 4. Experimental extinction cross section vs. particle diameter at 220-nm wavelength-loga- 
rithmic coordinates. 
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relationship; these data are for the 220-nm wavelength. Figure 5 shows the 
wavelength dependence of the power law exponent derived from the slopes of 
the log R,,,-log D, plots. The break which occurs in the curve around 240 nm 
indicates the probable borderline between pure scattering (above 240 nm) and 
combined scattering and absorption. In terms of signal sensitivity, the power 
law exponent of 4 at  254 nm gives a further indication of the relative signal 
problems encountered in the size distribution analyses previously reported? A t  
220 nm, the exponent is roughly 2.7, which indicates possible improvement in 
signal resolution for a broadly distributed polydisperse system. For an ideal 
weight-averaged signal, similar to size-exclusion refractometry, a third power 
dependence on D, is needed and is indicated from these data to occur a t  227 
nm. 

DETERMINATION OF THE IMAGINARY REFRACTIVE INDEX 

The algorithms in ref. 9 for particle size distribution from the HDC chro- 
matogram are based on Mie theory calculations for the turbidity signal. In order 
to analyze size distribution data in the absorbing wavelength range, additional 
data for the imaginary part of the complex refractive index are required. Al- 
ternately, a more empirical approach using eq. (4) directly in the chromatogram 
analysis can be developed. Such an approach has been discussed by Hamielic 
and Singh.16 .In this section the results for extinction cross section will be con- 
verted to values for the complex refractive index. In the next section, these re- 
sults will be applied to HDC chromatographic data for several polydisperse 
systems. 

The general expression for Rex,  from Mie theory can be written15 as 
\ "  

AL 
Rext = - C (2n + 1) Re(a, + b,) 

2 a  (5) 

In eq. (5), the coefficients a, and b, are functions of the refractive index of the 
medium and of the particle, mp, as well as the dimensionless wave number a (= 
rD,/X) and Re represents the real part of the sum. For wavelength regions 
where the particles can absorb radiation as well as scatter, mp, is written as 

m, = ml - im2 

2 
%O 240 280 320 360 

WAVELENGTH, rm 

Fig. 5. Power law exponent of particle diameter for polystyrene a s  function of wavelength for 
particle diameters 88-357 nm. 
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where ml and m2 are, respectively, the real and imaginary parts of the refractive 
index. For nonabsorbing particles, m2 is zero, and it increases as the wavelength 
of an absorption peak is reached. 

Best values of m2 for polystyrene can be obtained by fitting eq. (5) to the Rext 
data for various assumed m2. Previous calculations9 have shown that Mie theory 
accurately predicts the scattering cross section, Rscat, for polystyrene. As a 
consequence of the strong functionality of Rext with m2 in the small-particle 
region (Dp  < 176 nm), the determination of the best value was made by com- 
parison between calculated and measured Rext in this size range.14 

Table I lists the m2 values obtained, and Figure 6 shows these data along with 
results reported by Carter et al.17 and Partridge.18 These results clearly show 
that absorption in polystyrene occurs for wavelengths less than 240 nm. The 
data of ref. 17 were obtained from reflectance measurements and indicate ab- 
sorption due to T - T* transitions of the polystyrene aromatic rings. Reflec- 
tance measurements are inherently less accurate than direct absorption mea- 

TABLE I 
Values for the Imaginary Part of the Complex Refractive Index of Polystyrene Latexes 

Wavelength, nm m2 

200 
210 
220 
230 
240 
254 
265 
280 
300 
325 
350 

0.50 
0.59 
0.48 
0.18 
0.04 
0.02 
0.006 
0 
0 
0 
0 

Fig. 6. Comparison 
for polystyrene to the 
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of experimental values for the imaginary part of the 
data of Carter et al.17 and Partridge.ls 
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surements, especially in regions of low absorption (small ma), and would indicate 
false absorption for polystyrene at  wavelengths greater than 254 nm. The data 
of Partridge, however, were obtained from spectrophotometric measurements 
and are similar to those obtained by Bush and Weinreblg for wavelengths be- 
tween 110 and 230 nm. In contrast to the results of Carter, Partridge’s absorp- 
tion spectrum indicates that polystyrene exhibits only very weak absorption 
above 240 nm and is transparent a t  longer wavelengths. Partridge found that 
a t  shorter wavelengths, where absorption is much greater, Carter’s reflectance 
measurements do follow the general shape of the direct absorption curve. Our 
experimental results for the polystyrene latexes agree well with the data of 
Partridge and indicate very weak absorption at  254 nm, while below 240 nm 
polystyrene is a strongly chemical absorbing species. Values for the imaginary 
part of the complex refractive index can be used to compute extinction, ab- 
sorption, and scattering cross sections over the wavelength range of 200-300 nm 
for particle sizes of 380-3570 A. Results of such calculations are presented 
elsewhereI4 and show the same trends in behavior seen in the kext results dis- 
cussed here. 

SIGNAL RESOLUTION AND HDC 

The application of these results to improved HDC resolution was first tested 
by chromatographing a series of mixtures of several different standards through 
the HDC system with detection at 220 and 254 nm. Figure 7 shows the results 
for a 1.00-1.20 weight mixture of the 38- and 176-nm standards. Despite a ratio 
of particle numbers greater than 80:1, onlya small shoulder shows at 254 nm, 
indicating the presence of the 38-nm population. A t  220 nm, the relative peak 
heights (as well as signal intensity) are dramatically improved, indicating clearly 
the bimodal nature of the system. Similar results were seen for a 1.07/1.00 (8.6/1 
by number) biomodal mixture of the 88- and 176-nm standards and a 1.00/7.36 
( 1 . 1 h . O  by number) mixture of the same. The relative signal enhancement in 

1 
ELUTION VOLUME, V ( ml 1 

Fig. 7. Optical density HDC chromatograms for biomodal mixture, 1.00/1.20 by weight, of 38- 
and 176-nm polystyrene standards, at 254- and 220-nm detector wavelength. 
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the latter two cases was less than that shown in Figure 7; however, in both cases 
the biomodal nature of the mixture was more clearly apparent at  220 nm than 
at  254 nm.14 

The ultimate application of improved signal resolution is, of course, for the 
complete size distribution analysis for a polydisperse system. For a continuous 
distribution, the relationship between the measured chromatogram, F (  V ) ,  and 
the true chromatogram, W ( y ) ,  corrected for dispersion, is given 

In eq. (7), G( V,y) is the normalized instrument spreading function for the particle 
size with mean retention volume y ,  and the integral is evaluated over the chro- 
matogram limb V1 to Vz. The conversion of W(y) to the total number of a given 
particle size, NT(Y) ,  is given by the integrated form of eq. (1): 

Solution of eqs. (7) and (8) requires an approximation for the spreading function 
G (  V,y), along with sufficient input data to calculate Rext from Mie theory. A 
complete discussion of various techniques for solving eqs. (7) and (8) is given in 
ref. 9. The modified Ishige, Lee, and Hamielic method discussed in ref. 9 was 
used to analyze several HDC runs at  254 and 220 nm detector wavelengths. 
Briefly, the algorithm is an iterative method which starts with a first estimate 
of W ( y )  obtained from the polydisperse chromatogram assuming no axial dis- 
persion. Equation (7) is then solved numerically, using data from the chro- 
matograms for the various monodisperse standards to approximate G (  V,y) 
yielding a computed chromatogram F* (V).  Subsequent iterations correct W(y) 
according to the error between the computed and measured chromatograms. 
The correction is given by 

where j refers to the level of iteration. The quantity LY is a weighting coefficient 
taken from the actual contributions to Fi+k of the neighboring particle sizes 
within f 2 u  of the elution volume of interest, where c is the standard deviation 

P 
I 

DIFFERENCE IN ELUTION TIME, min 
Fig. 8. Experimental (-) and calculated (+) chromatogram for 2D2 latex with 29%,38 nm standard 

at 254 nm detector wavelength. 
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or second moment of the chromatogram. The number of symmetric terms, n, 
about Fi+k is chosen according to the spread in the chrornat~gram.~ 

As an illustration of the role of signal wavelength on resolution, results are 
shown in Figures 8-10 for several HDC runs. A polydisperse polystyrene latex 
(labeled 2D2), to which 29% by number of a 38-nm-diam Dow standard was 
added, was chromatographed under standard conditions in both cases, except 
for the choice of detector wavelength. Figures 8 and 9 show, respectively, the 
chromatogram fit and comparison between the normalized chromatographic 
size distribution and that measured by electron microscopy. These data are 
similar to results shown earlierg and indicated that a t  254 nm, despite a close 
chromatogram fit, a marked mismatch between calculated and measured size 
distribution occurs in the small particle region. For the same system, chroma- 
tographed under identical conditions, except for the detector signal which was 
220 nm, a similar close fit of the chromatogram resulted. Figure 10 shows, 
however, a marked improvement in the size distribution calculation. 

The algorithm for the analysis uses a linear equation for the In Dp-V rela- 
tionship, the slope of which is used in the size distribution normali~ation.~ In 
actual fact, for particles less than 50 nm in diameter, the In D,-V calibration 
curve begins to approach the origin in a nonlinear fashion.14 Details of a power 
law curve fitting method for the non-linear portion of the calibration curve are 

- 
0 

I I I I I 
33 

PARTICLE DIAMETER, A ( x  10') 

Fig. 9. Calculated particle size distribution (solid curve) and measured distribution (histogram) 
from Fig. 8. 

Fig. 10. Calculated particle size distribution (solid curve) and measured distribution (histogram) 
for latex of Fig. 8 run at 220 nm detector wavelength. 
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given in ref. 14. Since the 38-nm particle calibration point falls in the nonlinear 
region, one might expect improved accuracy in the size distribution analysis from 
such an approach. However, the agreement between calculated and measured 
size distributions, for both wavelengths, turned out to be less than that shown 
here for the linear calibration assumption. This points to the added sensitivity 
of the calculation to the calibration curve slope in the small particle region. 
Nonetheless, the relative improvement in the size distribution calculation at  220 
nm as compared to 254 nm, seen here, also re~u1ted.l~ 

The net conclusion of these results is that signal wavelength can play an im- 
portant role in optimizing the resolution of HDC size analysis, particularly if one 
is dealing with a broad size distribution. Algorithms developed previously, in 
combination with complex refractive index measurements for the latex in 
question, can be used to evaluate optimum wavelength for a given system. 
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