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ABSTRACT 

Measurements of total absorbance at wavelengths 350-780 nm of 
aqueous dispersions of polymer latex microspheres of diameters 
0.091 ~am, 0.254/~m, 0.325/~m, and 1.10 ~m were used to interpret 
systematic observations of them. Light scattering dissymmetries and 
scattering ratios of dispersions of the 0.091 ~m microspheres were 
measured at varying concentration and path length at 546 nm and 
436 nm. Spectroturbidlmetry and observations were also made in 
binary mixtures of the above particle sizes and in dispersions of  
microspheres with added dye, the sodium salt of methyl red. For ab- 
sorbance due to scattering, Ascat , exceeding 0.04 but not 2, the ab- 
sorbance and its wavelength dependence yield reliable estimates of  
particle size, even though the dissymmetry and the scattering ratio 
do not. Observations of nonabsorbing systems under ordinary illum- 
ination are most reliably interpreted with 0.1 < Ascat < 1, i.e., 
when the systems look translucent to translucent-turbid, even though 
multiple scattering predominates in this range. That the Tyndall 
effect, or a variant of it when absorption is important, is visible im- 
plies that particles smaller than 0.1 vm are present. To estimate 
particle sizes in milky dispersions in which A > 2, it is necessary to 
decrease the path length - or the concentration, if tolerable - so 
that the absorbance falls in that optimal range. Outside this range, 
the literature rules are unreliable. Because observers and illumina- 
tion conditions vary among laboratories, it seems essential that 
model systems such as the microspheres and the dye employed here 
be used to simulate scattering and absorption features of dispersed 
systemg By direct comparisons of model systems to systems of 
interest, observations can be standardized and interpretation of 
appearances can become less subjective. Moreover, combining obser- 

�9 rat/o~s with spoc.~0turbid/metry Wovlde~ a r nmee potent tool 
for estimating sizes simply and quickly. 

INTRODUCTION 

The visual appearance of macroscopically homogeneous 
liquids is often used as a criterion for initially classifying 
them as solutions, micellar solutions, microemulsions, 
macroemulsions, dispersions, etc. (1,2). Simple observations 
can be useful in studying phase behavior, interfacial tension, 
and nonequilibrium of dispersed and colloidal systems. Ob- 
servations can quickly provide qualitative information that 
is valuable in any screening program. And, most important, 
they can indicate directions for more detailed scientific 
investigations. 

Various published rules for estimating particle size in 
nonabsorbing emulsions and microemulsions are shown in 
Table I. In the phenomenon called the Tyndall effect, if a 
nonabsorbing system is illuminated by white light, it appears 
blue by sc~ittering light and 0range-red by transmitted light 

ICurrent address: School of Chemical Engineering, Purdue Univer- 
sity, West Lafayette, IN 47907. 

(3). This effect has been used extensively to detect Rayleigh 
scatterers. These are particles with dimensions much smal- 
ler than the wavelength of the light used; they are generally 
smaller than 0.1 /lm (3). There seems to be no detailed 
account of how the reported rules depend on path length 
of sample, concentration of scatterers, extent of multiple 
scattering, amount  of chromophore absorption, and inten- 
sity of light source. 

To evaluate these rules and devise improved ones, we 
made spectroturbidimetry experiments and visual obser- 

vations on a series of aqueous dispersions of polymer iatex 
microspheres. Such dispersions are excellent model systems 
for testing quantitatively theories, equipment, and proce- 
dures concerning colloidal particles (4). Latex microspheres 
of highly uniform size are commercially available in dia- 
meters ranging from 0.09 to many micrometers. The par- 
ticles can remain in stable suspension for weeks and months, 
although they eventually agglomerate. 

In Part l .we review briefly the important principles of 
light scattering, spectroturbidimetry, and spectrophoto- 
metry, which form the basis for interpreting visual appear- 
ances. We investigate by spectroturbidimetry the three most 
important scattering regimes, Rayleigh, Rayleigh-Debye- 
Gans, and Mie, by using appropriate monodisperse particle 
sizes, tge~tso examine certain single- and multiple-scatter- 
ing dispersions by light scattering. We use mixtures of 
monodisperse sizes to simulate size distributions, which are 

TABLE I 

Literature Rules for Interpreting Appearance of Dispersions 

(a) Prince (1) 
Appearance Tyndall effect Average particle size (A) 

"Dead white" None > 5000 
"White-gray" Weak 1000-3000 
"Gray-translucent" Strong 100-1400 
"Clear transparent" None <100 

(b) Griffin (2) 

Appearance Average particle size (A) 

"Distinguishable phases" Macroglobules 
"Milky white" > 10000 
"Blue-white" 1000-10000 
"Gray-semitransparent" 500-1000 
"Transparent" <500 
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present in most practical systems. Moreover, we test disper- 
sions with added dye to see how the interpretation of  spec- 
troturbidimetry and visual appearance must be modified 
when there is chromophore absorption in addition to scat- 
tering. Absorbance measurements enable us to evaluate the 
visual observations and analyze their pitfalls. We conclude 
that the previously published rules are not always reliable. 
We suggest new rules and discuss their limitations. The limi- 
tations are fewer if observations are combined with spectro- 
turbidimetry. 

In Part II we outline simple rules, in guide form, for quick 
and careful visual observations of  surfactant systems (5). 
We show that the dispersions of polymer latex microspheres 
are indeed good models of surfactant dispersions. And 
finally we illustrate the usefulness of the guide by report- 
ing observations of  various surfactant systems we examined 
in the course of  studies of  phase behavior, interracial ten- 
sion, and dispersion stability (6-8). 

THEORY 

Absorption and Scattering 

For a parallel light beam of incident intensity l0 and trans- 
mitted intensity I, the transmittance T is defined as I/I0 
and the absorbance A as - logl0T. Usually T< 1, and hence 
A>0. The attenuation of  incident light is due to chromo- 
phore absorption (Aabs) , or scattering (Ascat), or both. 
The specific absorbance dud to chromophore absorption is 
e = Aabs/l c, where c is the molar concentration (mol/L) 
and 1 is the path length (cm). According to the Beer-Lambert 
law, e is independent of the concentration and the state of 
aggregation of the chromophores. Relatively minor devia- 
tions can arise from effects of complex formation or vari- 
ation of solvent polarity (9,10). By contrast, Ascat, which 
measures the total scattering in all directions, depends 
strongly on particle size and may vary with concentratie4. 
In systems in which the chromophores occupy a small vol- 
ume fraction of  the scattering particle or aggregate, the 
scattering and absorption efficiencies of  the particle should 
not affect each other. Therefore, the absorbances due to scat- 
tering and absorption should be additive A/I c = Aabs/l c + 
Ascat/1 c. Hence, by measuring the total absorbance A and 
Aabs the total scattering can be determined by difference. 

Single Scattering 

In single scattering, less than ca. 10% of the incident inten- 
sity is scattered (see next subsection). Thus the sample is 
exposed to virtually the same incident intensity over the 
whole path length, provided of course that chromophore 
absorption is also small. For light wavelength ;k0 (in vacuo) 
the scattering intensity i(O) at a scattering angle 0 depends 
on ),o,0, and the artio m of  the refractive index np of  the 
particle or aggregate relative to the refractive index no of  
the surrounding solvent: m --- rip/n0. For spherical particles 
of diameter d, their dimensionless size is 

a ~- ~ ' d / h  [ l l  

where X = ;k0/n o. 
The scattering intensity and its state of  polarization are 

complex functions of a, Xo, v, m, and the state of polari- 
zation of the incident light (3). Simple limiting cases that 
are important for colloidal sizes (<0.2 pro) are presented 

below. One can use polarized (e.g., vertically, I~, or hori- 
zontally, I H) or unpolarized (I u) incident light and measure 
either the total scattered intensities (iv, iH and iu or i0, 
respectively) or vertical or horizontal components of  the 
scattered light. 

In the Rayleigh scattering regime, the external field 
induces a dipole that oscillates in phase with the external 
field, which is virtually homogenous over the extent of  the 
scattering particle. Rayleigh scattering occurs when the par- 
ticle size is much smaller than the wavelength and when the 
static polarization is established in a time short compared 
to the period, i.e., when (Ref. 11, p. 75) 

c~ << 1 and ~lrnl << 1 [2] 

Provided Iml < 2 and d < ;VIO, these conditions are satis- 
fied adequately in practice. For particles in this regime, 

iv/l v = 2 K M c/r 2 [3] 

iH/l H = 2 K M c cos28/r 2 14] 
and 

�9 U lu/l 0 = K M c (1+cos28)/r 2 [5] 

where K is an optical constant, K = 27r 2 no 2 (dn/dc)2/(YAX 4 ), 
and M is the molecular weight of the particles, N A is Avo- 
gadro's number, and dn/dc is the specific refractive index 
increment, dn/dc - l i m  (n-n0)/c as c->0 (12). 

Equations 3-5 apply to suspensions so dilute that the 
particles scatter independently of each other. As concentra- 
tion rises, dependent scattering, or interparticle interference, 
becomes important. The following equation can describe 
the concentration dependence (12): 

Kc/R 0 = 1/M + 2Be+ 3Cc2+ �9 �9 �9 [6] 

where R0, the Rayleigh ratio, is defined as 

R# = r a iu/[10 u (1+cos 20)l = r a iv/(210 v) = r 2 ill/(21 H) [7] 

and B and C are the second and third virial coefficients (12). 
If i T is the fraction of  the incident intensity that is scat- 

tered, i.e., 

i T ----- (I o-1)/I 0 = 1 - T = 1(1/I 0 )7 2nr2 issin6d# [8] 
0 

and r is the turbidity r = - l n e  (I/I0) = -lnT, then r = ln(1-i T) 
and r = 2.303Ascat. For single scattering, as explained 
above, i T << 1. It follows that r_~iT and 

R0 = (3116n) I"II [9] 

Thus measuring Ascat / l  for single scattering, the Rayleigh 
ratio can be determined. 

Single scattering from optically isotropic Rayleigh 
spheres is completely polarized for polarized incident light. 
The direction of polarization can differ from that of the 
incident light. With polarized incident light, single scatter- 
ing from anisotropic or nonspherical Rayleigh particles can, 
however, be partially unpolarized (13). A useful measure of 
size, shape, orientation, and extent of multiple scattering is 
the scattering ratio, which is defined as 

pu(O ) =- ill(0 )/iv(0 ) [ 1 O] 

For isotropic Rayleigh spheres Pu (90~ = O, according to 
equations 3 and 4. For nonspherical Rayleigh particles Pu 
(90 ~ > O. For isotropic or spherical particles that are not 
in the Rayleigh regime Pu (90~ >0  in most cases, because 
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the oscillating dipoles are not parallel to the electric vector 
of  the incident light. 

In the Rayleigh-Debye-Gans regime, each volume ele- 
ment  gives Rayleigh scattering and does so independently 
of the other volume elements (Ref. 11, p. 85). The refrac- 
tive index differs little from that of the surrounding medi- 
um and phase shift elm-11 is small, i.e., 

Im-l l  << 1 a n d , l m - l l  << 1 [11] 

Hence ~ can be larger than 1 if Im-11 is sufficiently smaller 
than 1. Because of destructive intraparticle interference, 
the Rayleigh ratio, which is independent of angle in Rayleigh 
scattering, can vary with scattering angle v; when d<;k/2, it 
decreases monotonically over the whole range of angles 0- 
180 ~ (14). A convenient measure of  the angular depen- 

dence is the dissymmetry 

z(o) --= i(0)/i(180~ 1121 

In this regime, z (O)>I .  Dissymmetry measurements and 
tabulated calculations (14) can provide the particle size if 
the particle shape or configuration is known from other evi- 
dence. 

If neither the conditions (2) nor (11) are satisfied, the 
scattering is called Mie scattering after Mie's theory, which 
applies to spheres at any value of m and a. In this regime. 
the scattering intensity is concentrated mainly at small for- 
ward angles and can have maxima and minima as angle in- 
creases. The turbidity can increase or decrease and have 
maxima and minima as size increases or as wavelength de- 
creases (15,16). 

The wavelength dependence of scattering by dispersion 
of particles can be represented by the exponent  g defined 
from r r g, i.e., 

g =-- - dlogr/dlogh o [ 13 ] 

The value of g is a sensitive indicator of the value of the di- 
mensionless size a if the refractive index ratio m is known. 
It is also important for relating spectroturbidimetry to 
appearance because it determines the scattering colors. In 
the Rayleigh regime, the dependence of the turbidity on 
the wavelength is the strongest (3). 

241r3 c m2--1 Mn~ 
r = ( )2 _ _  [141 

N A m2+2 p~h: 

Because no and m vary a little with wavelength, g can be 
slightly larger than 4. In the Rayleigh-Debye-Gans regime, 
the exponent  g is less than 4 and decreases with decreasing 
wavelength. In the Mie scattering regime, g is smaller than 4 
and can be negative. The smaller the value of Im-ll, the 
larger the range of a in which the turbidity increases with 
increasing size, i.e., g is positive (15,16). It is useful to esti- 
mate g and determine roughly the scattering regime by plot- 
ting AX~ and AX~ versus ;k0. For Rayleigh scattering, the 
product Ascat~k~ is constant or increases slowly. A value of 
g less than 4 indicates that some or all particles in the dis- 
persion are not Rayleigh scatterers. According to published 
calculations, if g ranges from 2 to 4 and m < 1.3, then a is 
less than 2.5 (15). Mie scattering is implied when g < 2. 
By analogy to the dissymmetry, which measures the depar- 
ture of scattering from the Rayleigh limit, the particle dis- 
sipation factor is defined as 

Q~ r/r o [151 

where r and ro are the turbidities in the presence and ab- 
sence, respectively, of intraparticle interference. Chromo- 
phore absorption can depend much more strongly than 
scattering on wavelength. Whereas the product AscatX40 can 
increase only slightly with decreasing wavelength, AabsX~ 
can increase substantially (recall that the total absorbance 
A = Ascat + Aabs). Hence, when AX40 increases strongly 
with decreasing wavelength, Aab s must be significant. 

Spectroturbidimetry, plots of A or A;k~ or AX~ versus 
2,0, is not as sensitive an indication of sizes as are measure- 
ments of the scattering intensity versus angle. In the visible 
wavelength range, 800-350 nm, the scattering parameter 
0t(=--nd/X) varies less than does the angular scattering para- 
meter  (Trd/X) sin(0/2) in the angular range 30-150 ~ which 
is commonly scanned. Spectroturbidimetry, however, is 
affected much less by multiple scattering, i.e., when A > 
0.04, as explained in the next section. Hence, when A < 
0.04, measurements of the angular dependence are undoubt- 
edly superior; when A > 0.04, spectroturbidimetry is pre- 
ferable. 

Multiple Scattering 

As the turbidity r increases, an increasing fraction of scat- 
tered light is scattered repeatedly before it reaches the 
detector. Dispersed particles are exposed to both the atten- 
uated incident beam and to the scattered light. If the specif- 
ic turbidity r / c  is independent of concentration, multiple 
scattering is almost certainly insignificant (11). However, 
r / c  can depend on concentration because of interparticle 
interactions (12), even when single scattering prevails. If 
T/ 1 is independent of the path length 1 at a fixed concen- 
tration, then multiple scattering is unimportant.  Thus the 
length-dependence criterion is more reliable than the con- 
centration-dependence criterion. Van de Hulst suggests 
using the turbidity as the criterion: if r < 0.1 (A ~ 0.04), 
single scattering prevails; if 0.04 < Ascat < 0.13, a correc- 
tion for multiple scattering is needed; and if Ascat > 0 . 1 3 ,  

multiple scattering dominates (11). 
Multiple scattering redistributes in space the singly 

scattered light. The angular dependence of multiply scattered 
light becomes more  uniform with increasing extent  of mul- 
tiple scattering (17). In the Rayleigh-Debye-Gans regime, 
the dissymmetry (Equation 12) increases. Moreover, the 
degree of depolarization increases as multiple scattering 
gains in importance (18). The scattering ratio Pu (90~ 
approaches 1, from below or from above, as in certain cases 
of Mie scattering. This means that the scattering light is 
mainly unpolarized. 

The problem of deducing the particle size from the angu- 
lar dependence of multiple scattering is difficult to intrac- 
table when particle sizes are distributed. Only if there is 
strong evidence that the particles are of uniform size and 
shape is it worth the computational effort  to match calcu- 
lations to multiple-scattering data in order to estimate par- 
ticle size. On the other hand, multiple scattering will affect 
the turbidity per unit path length r~ 1 and its wavelength 
dependence much less than it does the angular dependence. 
The reason is as follows. If the incident beam is very thin 
and parallel and if the distance between the sample and the 
detector is very large, little scattered or rescattered light 
reaches the detector. The turbidity is then strictly propor- 
tional to the path length. The incident beam, however, may 
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have some divergence and it certainly has a finite cross- 
section. The light scattered at small angles in the cone of 
acceptance that  the detector  subtends the sample enhances 
the measured transmitted intensity and thus introduces an 
error in the measured absorbance. The error is of course 
larger, the larger the angle of  acceptance (19,20). 

For  small 0t, corresponding to Rayleigh and Rayleigh- 
Debye-Gans scattering, the angular distribution of  scattered 
light is quite uniform. The fraction of  the total  scattered 
light which reaches the detector  is then about equal to f, 
the fraction (in steradians divided by 4n) of  the solid angle 
subtended by the detector  at the center of  the sample. If 
only the angle-of-acceptance error is considered, the mea- 
sured absorbance A* is 

A* = -Iogio lO -A (l-f) § f [16} 

where A is the true absorbance. 
For the typical absorbance range 0-2 of a commercial 

spectrophotometer  and a typical solid angle fraction f = 
�9 0.004, the relative error  in A is less than 7.3%; when A < 

1 and f = 0.004, the error is less than 1.6%. Consequently, 
at A < 2 and f < 0.004 in Rayleigh and Rayleigh-Debye- 
Gans scattering the turbidi ty  is affected by less than 7.3% 
at all wavelengths. The error in the wavelength exponent  g, 
which is a "f ingerprint"  of the particle-size distribution, is 
small and often tolerable. The farther the detector  is placed 
from the sample, the smaller the error and the larger the 
absorbance range that  can be interpreted in terms of  the 
single-scattering theory. 

In Mie scattering, most  of the scattered light is concen- 
trated at small angles. The fraction of the total  scattering 
which reaches the detector  is much larger than f. The angle- 
of-acceptance error is larger for Mie scattering than for Ray- 
leigh-Debye-Gans scattering and can be impor tant  even 
when A < 0.2. As A increases with decreasing wavelength, 
the asymmetry in the angular distribution of single scatter- 
ing increases, as in some impor tant  cases of  Mie scattering. 
The error in the absorbance may decrease, however, as the 
extent  of multiple scattering increases. Thus the relative 
error in absorbance depends little on the wavelength, and 
the wavelength dependence yields a size distribution "finger- 
print"  which is almost identical to  that  when single scatter- 
ing prevails. 

MATERIALS AND PROCEDURES 

The microspheres used are characterized in Table II. The as- 
received, ~ 1 0  wt % latex, dispersions of sizes 0.091, 0.254, 
0.325, and 1.10/am were diluted to stock dispersions of  
concentrations 500-1500 ppm, which were subsequently 
diluted further. The concentrations of  the samples examined 
were known accurately on a relative but  not  on an absolute 
basis. The dependence of  absorbance on size and concen- 
trat ion gave no indication that  any significant aggregation 
of microspheres occurred before the measurements. All 
measured absorbances at 780-400 nm were due to scatter- 
ing. All samples were diluted with an aqueous solution of  
0.21 wt % sodium dodecylsulfate (SDS). The absorbance 
arising f rom the surfactant was less than 0.001 cm -1 at all 
wavelengths and hence was neglected. The surfactant im- 
proved substantially the stabili ty of  the dispersions of  the 
0.091 /am microspheres; no visible particles were observed 
in such dispersions over more than a month.  On standing, 

the further diluted dispersions of 0.325 /am and 1.10/am 
microspheres flocculated and settled faster than the stock 
dispersions. Moreover, after months,  a crystalloidal precipi- 
tate was seen. This precipitate was visually and microscop- 
ically similar to the precipitate observed when only SDS 
was present. We believe that  the precipitate arises from SDS 
hydrolysis. For  these reasons, different concentrations of 
dispersions of  the same particle size were tested the same 
day and all samples were tested within ten days after dilu- 
tion. 

Cary 14 and Cary 15 spectrophotometers  were used. 
Their impor tant  features were identical. The solid angle 
fraction f subtended by the detector  at the sample was less 
than 0.004. Specific absorbances A/  1 measured at 1 cm 
path length were used to calculate absorbances at other  
path lengths at  which the effects of  mult iple scattering on 
absorbance were unimpor tant  and hence A was proport ion-  
al to 1. A SOFICA light scattering photogoniodiffusometer  
42000, Model 701, was used to measure dissymmetries and 
scattering ratios. 

The water-soluble dye used was the sodium salt of 
methyl red (Eastman Kodak Co.). The aqueous solut ions  
ranged in color from yellow to red, depending on concen- 
tration and path length. 

For  visual observations, cylindrical vials of internal di- 
ameter 2 cm were used. They were filled to 6-cm depth so 
that  observations could be made at two different path 
lengths. Smaller vials of diameter 1 cm were also used ; they 
were filled to 2 cm. Observations were made with normal 
laboratory illumination with a fluorescent light source. 
Many of the 2-cm vials were photographed against a black 
background using Kodak EPT 4 ASA 50 film and a matched 
"s 3200 K lamp. An ultraviolet (UV) filter was used 
in the camera. Among photographs with different exposure 
times, the one with colors and translucency closest to the 
visual appearance under the same il lumination source was 
chosen. The exposure time was normally 1/15 sec. 

The light reaching the eye is a mixture of  light scattered 
from the sample at different scattering angles and that  
t ransmitted through the sample; the proport ions depend on 
the relative position of  light source, sample, and observer. 
For  this reason, in tables of  observations below we use the 
entry color of  scattered on transmitted light. Only if one 
uses high intensity illumination, a collimated incident beam, 
and a dark background, and observes a narrow range of  
scattering angles can one observe solely the scattered light. 

RESULTS AND DISCUSSION 

Dispersions of Microspheres of One Size 

We measured the absorbance spectra of the following dis- 
persions: 0.091 /am: 21 ,120 ,  and 1300 ppm; 0.254/am: 18 
and 48 ppm; 0.325 gtm: 70 and 900 ppm; and 1.10/am: 
4.6, 18, and 65 ppm. 

With each size of microspheres, the specific absorbance 
A/c was at all wavelengths independent of concentrat ion 
within the experimental  accuracy. Since the absolute un- 
certainty in absorbance was about the same in all measure- 
ments, the relative uncertainty was higher, the lower the 
absorbance. With the 0.091 /am microspheres, the maxi- 
mum variation of  A/c with concentration was 5% for ab- 
sorbances 0.02-2; with the 0.254 /am microspheres, the 
specific absorbances at 48 ppm were ca. 10% lower than 
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FIG. 1A. Absorbance of dispersions of polymer latex mierospberes. 

t hose  a t  18 p p m  a t  all wavelengths .  Since some  crys ta l lo idal  
par t ic les  which  could  c o n t r i b u t e  to  the  scat~tering were seen 
in the  l o w - c o n c e n t r a t i o n  sample ,  i t  is n o t  ce r ta in  t h a t  the  
d i sc repancy  is s ignif icant .  Wi th  the  0 . 3 2 5 / a m  microspheres ,  
t he  specif ic  abso rbances  at  900  p p m  were s imilar ly 10-20% 
smal ler  t han  at  70  ppm.  With  t h e  1.10 /am mic rospheres ,  
the  specif ic  a b s o r b a n c e  also decreased  b y  1 to  8% f rom 4 .6  
to  18 p p m  and  b y  an  add i t iona l  -2 to  7% f r o m  18 to  65 
ppm.  We r e p o r t  spec t r a  of  the  specific abso rbances  a t  on ly  
one  c o n c e n t r a t i o n  for  each size - 1300  p p m  for  the  0 .091 
pro, 48  p p m  for  the  0 . 2 5 4 / a m ,  70  p p m  for  the  0 . 3 2 5 / a m ,  
and  18 p p m  for  the  1 .10 / am mic rosphe re s  - s ince the  spec- 
t ra  at  t he  o t h e r  c o n c e n t r a t i o n s  had  t he  same shape.  

Because the  s p e c t r u m  of  specific a b s o r b a n c e  was t he  
same w h e t h e r  or  n o t  there  was mul t ip le  sca t ter ing,  we con-  
c luded  t h a t  the  ef fec ts  of  mul t ip le  sca t te r ing  and  angle of  
a c c e p t a n c e  on  a b s o r b a n c e  were  negligible in our  appara tus ,  
for  abso rbances  up  to  2 and  for  par t ic le  sizes up  to  1 . 1 / a m  
at  least. Hence  in these  ranges the  a b s o r b a n c e  is p r o p o r t i o n -  
al to  the  pa th  length ,  w i th  dev ia t ions  smal ler  t h a n  20%. F o r  
par t ic les  having refract ive  i n d e x  ra t ios  relat ively to w a t e r  
smal ler  t h a n  1.2, t h a t  of  the  p o l y s t y r e n e  spheres  used,  t he  
sca t t e r ing  is less c o n c e n t r a t e d  in f o rwa rd  angles. Thus  we 
feel t h a t  sizes larger  t han  1.1 p m  can be  real iably  p r o b e d  b y  

TABLE 1I 

Features of Polymer Latex Microspheres Used 

Nominal Standard 
diameter a deviation Latex 

Sample ~ m )  ' ~ m )  material m b 

dno/h o a = ndno/h o 

k 0 =780 nm h 0 =400 nm h 0 =780 nm h o =400 nm 

1 0.091 0.0058 PS c 1.20 
2 0.254 0.0025 PS d 1.20 
3 0.325 unavailable PMMA e 1.13 
4 1.10 0.0059 PS c 1.20 

0.155 0.30 0.48 0.94 
0.43 0.85 1.35 1.67 
0.56 1.08 1.76 3.39  
1.88 3.67 5.91 11.53 

aValues, provided by the manufacturer, were almost certainly determined by electron microscopy. 
b Refractive index of polymer particle relative to water, m --= np/n 0 : it depends slightly on wavelength (21). 
Cpolystyrene, from Dow Diagnostics: 0.091 ;ira, lot #2F5R; 1.10/~m lot #2F8R. 
dpolystyrene, carboxylate-modified surface, from Dow Diagnostics, lot #6H3K. 
epoly (methyl methacrylate), from Polysciences, Inc. 

TABLE III 

Effect of Increasing Absorbanee, Le., of Extent of Multiple 
Scattering, on Light Scattered from Polymer 0.091 lain Mierospheres 

Concentration k 0 = 546 nm (green) k o = 436 nm (blue) 
(ppm) A a Z(45) b Z(30) b Pu c A a Z(45) b Z(30) b Pu c 

2.06 0.0012 1.32 1.50 0.022 0.0029 1.40 1.60 0.022 
3.2 0.0018 0.0044 1,57 
4.9 0.0021 1.26 1.43 0.025 0.0069 1.39 1.56 0.024 
5.5 0.0031 0.0077 1,58 

10.8 0.0061 0.0152 1,52 
13.8 0.0080 1,27 1.37 0.022 0.0195 1.39 1.48 0.027 
20.5 0.0120 0.0288 1,52 
51.0 0.029 1.25 1.35 0.035 0.072 1.37 1.50 1.05 

315 0.12 1.22 1.29 0.09 0.295 1-17 1.20 0.18 
315 0.18 1.11 1.21 0.11 0.445 1.16 1.25 0.24 

aTotal absorbance due to scattering: calculated from the specific absorbance A/lc, measured by a spectrophoto- 
meter, and the radius of the scattering cell (1.2 cm in most cases). 
bDissymmetry Z (0) =-- i (0)/i(180 -- 0): i is scattered intensity and 0 is scattering angle. 
CScattering ratio Pu (90~ =- iH(90)/iv(90): iH and i V are total scattered intensities for horizontally and verti- 
cally polarized incident light. 

JAOCS, vol. 60, no. 5 (May' 1983) 
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TABLE IV 

Effect of Multiple Scattering on Apparent 
Particle Diameter Calculated from Dissymmetries 

k0 (nm) Z(45) a D/k b D0zm)C 

546 1.32 0.22 0.088 
546 1.22 0.19 0.078 
546 1.11 0.14 0.057 
436 1.40 0.24 0.078 
436 1.37 0.23 0.076 
436 1 16 0.16 0.052 

aFrom Table IlL 
bFrom tables in Kratochvil (14). 
CNominal sphere diameter was 0.091/lm. 

4 C ~ O  k I I 1 = 

"..1- \ 
4~ 3000 + ~  

o 

2000 

~[ IO00 

800 

80 

60 

40 

20 

700 600 500 400 300 
Xo (nm) 

' r~  V I S I B L E  

FIG. lB. Wavelength dependence test of specific absorbances of 
Figure 1A. 
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FIG. 1C. Alternate wavelength dependence test of specific absorb- 
ances of Figure 1A. 

the wavelength dependence of  the absorbance measured 
with commercial spectrophotometers of the sort we em- 
ployed. 

In Figure 1A, we show the absorbance for the four sizes 
studied. The specific absorbance of the smallest micro- 
spheres, d = 0.091/am, was the smallest and depended most 
strongly on wavelength. For these microspheres, the dimen- 
sionless size parameter (~ ranged from 0.48 to 0.94 (Table 
II); hence the product am ranged from 0.58 to 1.05. Be- 
cause the conditions (2) for Rayleigh scattering did not 
hold strictly, (or not  at all for am = 1.05), we expected that 
the measured wavelength exponent g would be smaller than 
4. Kratochvil (14) gives values of the particle dissipation 
factor Q, Equation 15, as 1/1.099 for d/~ = 0.15 and 
1/1.409 for d/~. = 0.30. We could, therefore, explain for the 
0.091/am microspheres a decrease of ca. 25% of the prod- 
uct AX 4 with decreasing wavelength, but in fact we did not 
observe it; the product A~ 4 versus X0 was constant, i.e., 
g = 4 (Fig. 1B). Probably the increase of  the refractive in- 
dex ratio with decreasing wavelength compensated the 
decrease in A (16). 

We measured light scattering from dispersions of 0.091 
/am microspheres at increasing concentration and path length 
in order to examine the effect of  multiple scattering. The 
results are shown in Table III. At the green and blue wave- 
lengths, the dissymmetry was virtually concentration- 
independent up to absorbances of ca. 0.03, above which it 
started dropping. At the concentration of 3.25 ppm, the 
variation of  the dissymmetry and the scattering ratio with 
path length indicates that the observed decrease in dissym- 
metry and increase in scattering ratio were related to the 
absorbance, i.e., to the extent of multiple scattering, and 
not to concentration dependence of  scattering. We drew the 
same conclusion by comparing results at the same concen- 
tration and path length but at a second wavelength at which 
the absorbance was different (the 51.0 ppm entry). 

Evidently, multiple scattering leads to a more uniform 
angular dependence of  scattering intensity than does single 
scattering, in agreement with published calculations (17). 
The scattering ratio at 90 ~ Equation 10, which is another 
sensitive indicator of  multiple scattering, :acreased from its 
lowest value of 0.02 (which could be an instrumental arti- 
fact) to values as high as 0.24 at an absorbance of  0.445 (or 
a turbidity of 1.02). Multiple scattering is predominant at 
so high turbidity (11). 

If we would interpret the dissymmetry results in terms 
of single scattering theory (14), we would get diameter 
values which would appear to decrease with increasing con- 
centration (Table IV), even though the true value remains 
0.091 /am. Moreover, a scattering ratio of 0.11 at 546 nm 
would imply erroneously a larger diameter of  0.3/am (18). 
The conclusion is that when there is multiple scattering, i.e., 
when A > 0.04, the size cannot be reliably estimated from 
the angular dependence and the state of polarization of  
scattered light. On the other hand, the wavelength depen- 
dence of absorbance gives a reliable size "fingerprint," for 
sizes u p  to 1.1 /am at least, provided the absorbance does 
not exceed 2. Moreover, simply decreasing the angle of 
acceptance by placing the detector as far from the sample 
as is practicable can increase greatly these limits of applica- 
bility of  spectroturbidimetry. By increasing the distance 
between sample and detector by a factor of 10, the absor- 
bance limit will increase from 2 to 4, because f will decrease 
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by a factor of 100 (see Equation 16). 
The absorbance of  dispersions of the 0.254/am micro- 

spheres increased with decreasing wavelength (Fig. 1A). 
Since AX40 decreased with decreasing wavelength, whereas 
AX~ increased, the exponent g was between 2 and 4 (Figs. 
1B and 1C); moreover, because g varied with wavelength, 
no attempt was made to fit values of g. The wavelength 
dependence was typical of the Rayleigh-Debye-Gans regime, 
because the basic conditions (11) for this regime were 
approximately fulfilled: m-1 = 0.2 and ~(m-1) = 0.27 to 
0.53. For these values, which are not much less than one, 
the deviations from the R-D-G regime are small. 

The wavelength exponent of  absorbances of  0.325/am 
PMMA dispersions was slightly smaller than 2 (Fig. 1C). 
These microspheres also scattered light in the Rayleigh- 
Debye-Gans regime. The specific absorbances were smaller 
than those of the 0.254 /am microspheres, because the 

.refractive index ratio of PMMA is smaller than that of PS 
(Table II and Ref. 15). 

The 1.10/am particles scattered in the Mie regime at the 
wavelengths used, because the Rayleigh and the Rayleigh- 
Debye-Gans conditions were clearly violated;depending on 
wavelength, r, ranged from 5.91 to 11.53, and ~(m-1) 
ranged from 1.18 to 2.31. The wavelength exponent was 
roughly between 1 and -1. The absorbance maximum (Fig. 
1A) occurred at ;ko = 500 nm. For m = 1.2, the calculated 
absorbance maximum should occur at ~ = 7.2 (15). This 
implies a value of 0.86/am for the microspheres diameter, 
which was 20% smaller than the nominal diameter deter- 
mined from electron microscopy by the manufacturer. Inas- 
much as there are often discrepancies of 5-15% between 
estimates of diameter from electron microscopy and light 
scattering (4), we judged that agreement between theory 
and experiment was good. 

The measured specific absorbances (Fig. 1) were consis- 
tently lower than the calculated absorbances (15). We did 

:not  investigate further this discrepancy, because the abso- 
lute concentrations were not known precisely and because 
the wavelength dependence of the absorbance was primarily 
used to interpret visual observations of scattering colors (5). 

Our  observations of  dispersions are recorded in Tables V- 
VIII. Figures 2 and 3 are photographs of the same samples. 
A surprising result was that, under normal laboratory illum- 
ination, single scattering could scarcely be detected by the 
unaided eye. The eye's sensitivity was better in the dark 
with intense illumination directed toward the sample. For 
high absorbances, higher than 10, say, most samples looked 
milky-white, and thus we could obtain no information from 
their visual appearance alone. 

In Rayleigh scattering with absorbances in blue light 
ranging from 0.05 to 0.2, bluish scattered light was visible 
and transmitted light was white to yellowish. In order to 
detect the Tyndall effect, i.e., the bluish colors of scattered 
light and orange colors of  transmitted light in ordinary 
laboratory illumination, we had to use samples with absor- 
bances in blue light from 0.2 to 2, for which multiple scat- 
tering is predominant. 

In Rayleigh-Debye-Gans scattering, we saw bluish scat- 
tered light and yellowish transmitted light at absorbances of 
ca. 0.1-1 (Tables VI and VII). The bluish color was less 
brilliant than the color arising from Rayleigh scattering, be- 
cause wavelengths other than blue were scattered compara- 
bly and decreased the color purity of scattered light. We 
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FIG. 2. Photographs of  dispersions of polymer latex microspheres. Upper left: 0.091 pm particles of concenl~ations 1300, 120, 21, and 0 ppm 
(from left to right); Upper right: 0.091/~m, 1300, 1300, 120, and 120 ppm;  Lower left: 0.254 pm, 460, 48, 18, and 0 ppm; Lower right: 0.325 
pm, 900, 70, 8 and Oppm.  

FIG. 3. Photographs of  dispersions of  polymer latex microspheres. Upper left: 1.10 ~zm, 720, 65, 18, 4.6, and 0 ppm; Upper right: 0.091 ~tm - 
1300 ppm,  0,254 ~m - 460 ppm,  0.325 #m - 900 ppm,  1.10 ~m - 720 ppm~ Lower left: 0.091 t~m - 120 ppm,  0254 /~m - 28 ppm,  0.325 #m - 
70 ppm,  l I 0  ~m - 18 ppm, 0.091 ~m - 1300 ppm,  0.254/~m - 48 ppm.  

JAOCS, vol. 60,no.5 (May 1983) 
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FIG. 5. Spectra of  absorbance, through 1 cm path length, of  aqueous 
methyl red dye. 

cou ld  see n o  co lor  in dispers ions  o f  Mie microspheres  (Table  
VIII) ,  which  is as predicted  f rom the  weak  wave length  de- 
p e n d e n c e  o f  absorbance.  

By comparing  appearances  o f  dispers ions  o f  microspheres  
o f  w i d e l y  d i f ferent  s izes  (Fig.  3B),  w e  d e t e r m i n e d  that  l i t t le  
i n fo r ma t i o n  cou ld  be obta ined  at  absorbances  higher than 3. 
However ,  b y  compar ing  dispersions wi th  about  the same 
absorbance  in the  range 0 .1-1 ,  w e  cou ld  tell that  t h e y  dif- 
fered in size.  Figure 3D s h o w s  that  if  A > 1, a high concen-  
tration o f  smaller microspheres  cou ld  give rise to  a less bril- 
l iant  blue  than the scattering bluish co lor  arising from larger 
particles,  and thus  cou ld  lead to  the erroneous  c o n c l u s i o n  
that  the part ic le  s ize  was larger. 

Thus,  careful  naked-eye  observat ions  o f  dispers ions  o f  
mo n o d i sp e r se  particles  can give qual i tat ive  i n fo r m at ion  in 
agreement  wi th  that  given b y  spec tro turb id imetry .  The  
latter is surely  more  rel iable and more  sensitive.  

TABLE X 

Colors of  Clear Aqueous Solutions of Methy Red Dye: Relation to Absorption Spectrum (Fig. 5) 

Path % Pure color absorbed 
Concentration length Perceived 

(ppm) (cm) color Red Orange Yellow Green Blue Violet 

0136 < 1 None 
1.4 0.2 None 
1.4 0. 5 Faint yellow 
1.4 2 a Faint yellow 
1.4 5 Light yellow 
7.7 2 a Yellow 
7.7 5 Yellow 

16.3 2 a Yellow 
16.3 5 Yellow to 

light orange 
194 1 Light orange 
194 2 a Orange 
194 5 Dark orange 

2650 0.5 Red to orange 
2650 2 Red 
2650 6 Dark red 

<1 <1 <1 <1 1-6 6-8 
<1 <1 <1 <1 1-5 5-7 
<1 <1 <1 1-4 4-14 14-20 
<1 <1 <1 1-15 15-45 45-50 
<1 <1 <1 1-35 35-80 80-85 
<1 <1 <1 1-60 60-97 96-97 
<1 <1 <1 4-90 90-99+ 99+ 
<1 <1 1-7 %87 87-99+ 99+ 
<1 <1 3-11 11-99+ 99+ 99+ 

< 1 1-9 9-24 24-99+ 99+ 99+ 
0-2 2-20 20-84 84-99+ 99+ 99+ 
0-5 5-37 37-84 84-99+ 99+ 99+ 
0-8 8-50 50-90 90-99+ 99+ 99+ 

0-38 38-90 90-99+ 99+ 99+ 99+ 
0-75 75-99+ 99+ 99+ 99+ 99+ 

aphotographs of these samples are shown in Figure 7. 
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FIG. 6A. Spectra of absorbance, through 1 cm path length, of  0.091 
#m polymer latex microspheres in aqueous methyl red dye. 
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Dispersions of Mixtures of Microspheres with Different Size 

Absorbance measurements and visual observations were de- 
signed to probe whether one can detect  particles of  one size 
in the presence of  particles of another size. Spectra of ab- 
sorbances of  three dispersions of  pairs of sizes are shown in 
Figure 4. Concentrations were chosen so that, for path 
lengths 1 cm and 2 cm, absorbances fall in the range 0.1-1, 
which we found to be the best range for observing by un- 
aided eye. The measured absorbances were equal to within 
10% to the sum of  the absorbances calculated from Figure 
1 and from the particle concentrations. The wavelength 
exponent  for 91 ppm microspheres of diameter 0.091 /am 
dropped from 4 to ca. 2 upon addition of just 6 ppm of 
microspheres of  1.10/am. Thus one cannot distinguish from 
g values alone between a mixture of Rayleigh and Mie 
particles and Rayleigh-Debye-Gans particles; calculations 
are necessary. Nevertheless, spectroturbidimetry can readily 
detect  particles of sizes larger than 0.1 /am merely from 
the wavelength exponent.  For the 1.10 /am microspheres, 
concentrations as low as 6 ppm can be detected. 

Visual observations are described in Table IX. Trans- 
lucency and lack of bluish scattering colors indicated cor- 
rectly the absence of Rayleigh particles, i.e., indicated parti- 
cles of sizes larger than 0.1/am in the sample with the 0.325 
and 1.10/am microspheres. 

Dispersions of Microspheres with Dye Added 

Absorbance spectra of  aqueous methyl red dye with 0.21% 
SDS added are shown in Figure 5. The specific absorbance 
A/c was independent  of concentration within experimental  
precision and it therefore followed Beer's law. The molar 
absorptivity at the wavelength Xma x = 430 nm of  maximum 
intensity was found to be ema x = 3.03 • 104 L 'mo l  -t  

- 1  
�9 c m  

Because the absorption peak was wide, the higher the ab- 
sorbance the more important  was the reduction of intensity 
at wavelengths around the wavelength Xmax. Table X shows 
the percentage of light absorbed for each color band. The 
perceived color of the samples resulted, of course, from 
selective reduction of  intensity at some wavelengths in the 
spectrum of the illuminating source. Colors ranged from 
faint yellow to dark red. When Amax < 0.05, no color was 
discern ible. 

Figure 6 shows absorbance spectra of  0 .091/am micro- 
spheres with various concentrations of dye. The measured 
absorbance was equal to the sum of Aabs by  the dye and 
Ascat by the particles. The product  A~ 4 started increasing 
substantially below 550 nm (Fig. 6B), thus enabling us to 
detect  correctly the wavelength range at which absorption 
was significant (Fig. 5). 

When dye was present as well as Rayleigh particles, ab- 
sorption colors were mixed with Rayleigh scattering colors 
(Table Xl and Fig. 7). The result of the mixing of  colors 
depended on the hue and relative luminosity of  the com- 
ponents (5 ) .  Because the scattered color varied with the 
angle between the direction of il lumination and the direc- 
tion of  observation, i.e., on the relative position of light 
source, sample, and observer, the mixed color depended on 
this angle. The Tyndall effect was thus affected by the ab- 
sorption color and was totally suppressed when absorption 
was sufficiently strong (second entry in Table XI). Also 
shown in Figure 7 is a turbid dispersion of 63 ppm 1.10 
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FIG. 7. Photographs of dispersions of polymer latex microspheres, dye solutions, and mixtures of them. Upper left: 0.091 #m particles and 
dye of respective concentration in ppm 1200-17, 0-16, and 1300-0; Upper right: same with concentrations 120-1.9, 120-0.36, 120-0, and 0-1.4; 
Lower left:- same, 21-0.32, 21-1.05, and 12-0; Lower right: 0.325 #m - 900 ppm with 1.27 ppm of dye, 0.325 #m - 900 ppm with no dye 1.4 
ppm dye with no particles, 1.10 #m - 63 ppm and 7.2 ppm dye, 1.10/~m - 65 ppm, and dye 7.7 ppm. 

/~m microspheres  wi th  7.2 p p m  dye.  Its absorbance spec- 
t rum (not  shown)  has a max imum.  Because scattering can 
cause such max ima  (15), the  observed m a x i m u m  does  no t  
necessarily imply  absorpt ion.  The  p lo t  (not  shown) o f  AA40 
versus ;% decreased mono ton ica l ly  wi th  decreasing wave- 
length, providing no clue to absorp t ion  ei ther.  However ,  the  
color  o f  the  dispersion, ye l low and independen t  of  angle, 
could n o t  be accounted  for  by  scat ter ing alone and thus 
mus t  have been due  to  absorpt ion.  This was a relatively 
rare case in which the  visual observat ion was more  sensitive 
than spec t ro tu rb id imet ry  for  de tec t ing  the absorpt ion.  
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