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Composition and Gas Phase Dissociation.—Silyldimethyl-
amine, 17.5 c c , was treated with an excess of trimethyl­
boron, 22.5 c c , at room temperature. The total pressure 
was 478 mm. and a liquid phase was observed. The system 
was cooled to —78° and the volatile product distilled out. 
The distillate, 6.0 c c , was identified as trimethylboron by 
its vapor pressure of 31 mm. at —78° (lit., 32.5 mm.22). 
Hence, 17.0 c c of silyldimethylamine had combined with 
16.5 cc. of trimethylboron. At 0°, the solid product had a 
vapor pressure of 146 mm. (138 mm. calcd. for purified 
sample). When completely vaporized at 24° and 72.5 
mm., the volume of the gas was 33.0 cc. (calcd. for com­
plete dissociation 34.0 c c ) . It is concluded that the com­
pound is almost completely dissociated under these con­
ditions. 

A duplicate experiment in which 15.0 cc. of silyldimethyl­
amine and 40.0 cc. of trimethylboron were employed showed 
that 14.5 cc. of trimethylboron was consumed. The total 
volume of the sample at 26° and 62 mm. was 28.0 cc. 
(calcd. for complete dissociation 29.5 c c ) . Minute drop­
lets of colorless liquid were observed which did not evapo­
rate. Since the total volume of the vessel was 378 cc., this in­
dicates that slow decomposition was occurring. 

(22) " I n t e r n a t i o n a l Cri t ical T a b l e s , " M c G r a w - H i l l Book Co. , I nc . , 
XfW York, X . Y,, l!l2S,Vo! I I I , p. 218. Same as ref, 14 

Introduction 
Three different methods of observation have been 

developed for measuring particle sizes and molecu­
lar weights by light scattering. All of these yield 
essentially equivalent information, but each of 
them is different from the others in its detailed ap­
plication and its suitability to certain scattering 
systems. 

The first of these techniques is the dissymmetry 
method developed by Debye2 in which scattered 
light intensity is measured as a function of angle of 
observation. Scattering functions, dependent upon 
particle shape, are used to interpret the data in 
terms of particle size and molecular weight. 

A second method is also based on the measure­
ment of scattered light intensity. This is the ex­
trapolation method of Zimm3 in which data are ob­
tained over as large an angular range as possible 
and then extrapolated to zero angle. This method is 
now considered to give the most accurate and pre­
cise determinations of molecular weight and size. 
It is less dependent upon assumptions of particle 
shape, but requires rather elaborate equipment and 
considerable skill and care in its application. 

The third method, particularly suitable for use 
with highly scattering systems, is the transmission 
technique described by Doty.4 In this method the 

(1) Presented at the 124th National Meet ing of the American 
Chemical Society, Chicago, IU., September 9, 1953. 

(2) P. Debye , J. Phys. Colloid Chem., 51 , 18 (1947). 
(3) B. H. Zimm, J. Chem. Phys., 16, 1099 (1948). 
(4) P. Doty and R. F. Steiner, Hid., 18, 1211 (1950). 

Vapor Pressure and Melting Point.—A tensiometrically 
homogeneous sample of the addition compound was ob­
tained by distillation from —50° and condensation at —78°. 
The saturation pressures were measured at various tempera­
tures without observation of any irreversible decomposition. 
The results may be summarized by the equation log P = 
- 2 6 8 5 / T + 11.968 in the range - 3 0 to - 5 ° . The data 
are given in Table V with the values calculated from the 
equation. Assuming complete dissociation of the compound 
and the Clausius-Clapeyron relations, the heat of sublima­
tion is calculated to be 24.6 kcal./mole. 

TABLE V 

SATURATION- PRESSURES OF SILYLDIMETHYI.AMINE-TRIMETH-

YlBOROX 

T, 0 C . - 3 1 . 4 - 2 7 , 3 - 1 8 , 2 - 1 4 . 8 - 9 , 1 - 4 . 1 ) 0 
P ,„ m , obsd. 7.(1 11 ,2 2 7 . 2 3 7 . 8 (13.7 9 3 . 8 . . . 
P m l „ , calcd. 7 . 3 11 .2 2 7 . 5 3 7 . 8 6 3 . 4 9 3 . 7 138 

The melting point was 16.3-17.0° in a sealed capillary. 
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reduction in light transmission of a colloidal solu­
tion due to scattering is measured instead of the 
scattered light intensity itself. The technique is 
complementary to the dissymmetry method, meas­
urements being made at a series of wave lengths 
instead of a series of angles. Again a set of 
scattering functions based upon specific particle 
shapes and distributions is used to interpret the 
results. 

The theory of a fourth method, which we have 
called the absorption-extrapolation technique, has 
been outlined by Cashin and Debye.6 Like Doty's 
transmission method, this procedure uses a stand­
ard spectrophotometer to measure total scattering 
by transmission in a colloidal system. As in Zimm's 
extrapolation method, scattering functions depend­
ent upon particle shape are not needed for the eval­
uation of molecular weight. 

In the absorption-extrapolation method, the ab­
sorption6 measurements are made at several wave 
lengths and extrapolated to infinite wave length. 
Where lack of a suitable range of wave lengths is 
not a limiting factor,4 the method combines many 
of the advantages of other techniques. For exam­
ple, it has been useful in measuring the particle 
sizes of dispersions of polymers. This paper de­
scribes its application to an aqueous dispersion of 
polystyrene. 

(5) W. M. Cashin and P. Debye , Phys. Rev., 75, 1307A (1949). 
(6) Throughout this paper the term absorp t ion will imply loss in 

transmission due to scattering only. 
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The particle size of a polystyrene dispersion has been determined by a light scattering method in which transmission 
measurements are made as a function of wave length. The data are extrapolated to infinite wave length, where the usual 
small particle light scattering treatment is valid. The results are in satisfactory agreement with the size determined by 
other light scattering methods. 



Sept. 20, 1954 AN ABSORPTION-EXTRAPOLATION LIGHT SCATTERING METHOD 4037 

Theoretical 
Cashin and Debye5 have developed an extension 

of the conventional light scattering equations to the 
case where the particles in solution are no longer 
small compared to the wave length of the light used. 
In this case the small-particle equation after ex­
trapolation to infinite dilution 

H(C / a )„ = l/M (1) 

where 
32TT3 /Any w2 

~ 3N„~ \Ac ) A" 
(2) 

does not hold. I t may be replaced, to a first ap­
proximation, by 

H(c/a\ = f/M (3) 
In these equations a is the secondary absorption 
coefficient, that is, the turbidity due to scattering; 
No is Avogadro's number; n is the refractive in­
dex of the solution; and A is the wave length of 
the light used in air. The other symbols have 
their usual meanings. The factor/ corrects for the 
angular dependence of scattered light by integration 
over the whole angular range 

/ = r (1 + cos20)sin 0 dd 

i: 
(4) 

<£2(1 + cos20)sin 6 A$ 

Here 4> is one of the scattering functions given by 
Debye.2 For spheres 

<A = (3/x3)(sin x — x cos x) (5) 

2irZ> - sin jr 
A Z 

where D is the diameter of the sphere. 
For particles not too large 0 can be expanded in a 

power series in x and the integration in eq. 4 per­
formed. The result is 

/ = 1 + n-©' + 
or 

H(CZa)0 = (i/Af) [i + AD* g y j 

(6) 

(7) 

where7 A = 2ir2/5 = 3.95 for spheres of diameter D. 
Similarly one can obtain the result that A = 4.39 

for random coils, where D is replaced by the root 
mean square distance R between chain ends, and 
A = 2.19 for rigid rods, where D is replaced by the 
length L of the rod. As in Zimm's extrapolation 
method, the size parameter is obtained by taking the 
ratio of slope to intercept of the extrapolation line. 

In the case of the (angular) extrapolation experi­
ment at a fixed wave length, the function <j> may be 
expanded as a power series in the angle with the re­
sult that 

H(C/T)0 = (1/M) 1 + 2AD1 G)Mi)] (8) 

for spheres of diameter D. Here r is the turbidity 
of the sample. 

Experimental 
The polystyrene dispersion was prepared by Dr. V. E. 

Shashoua of the Textile Fibers Department, E. I. du Pont 

(7) The author is grateful to Professor P. Debye and Dr. J. R. 
McCartney for confirming this correction of an error in Cashin and 
Debye's abstract. 

de Nemours and Co., Inc. The original solids content was 
0.249 g./ml. The sample was diluted between 1000 and 
32,000 times with distilled water to obtain dispersions for 
the absorption measurements. The initially diluted dis­
persion was filtered through a Selas 03 porous porcelain 
filter candle with a rated maximum pore radius of 0.6 /J. 
The filtered sample was further diluted with similarly fil­
tered distilled water to give the desired concentration series. 

Absorption measurements were made with a Beckman 
model DU spectrophotometer, using matched 10-cm. 
quartz cells. A cell correction was measured with distilled 
water in both cells and was applied to the absorption meas­
urements, which were made with distilled water as a stand­
ard. The usual precautions in the operation of the instru­
ment8 were observed. The scattering error in the Beckman 
instrument was reduced by the addition of 4-mm. dia­
phragms to limit the solid angle viewed by the phototube.9 

With water as the solvent, transmission measurements 
can be made between the wave lengths of 0.350 and 1.000 M-
The refractive indices for polystyrene and water were cal­
culated10'11 for convenient wave lengths within this region, 
and were used to obtain An/Ac for the polystyrene-water 
system by means of the Gladstone-Dale relation.12 Some 
of these data, including values of the light scattering con­
stant H, are tabulated in Table I. The wave length range 
actually used in the experiments was 0.400 to 0.900 n. 

TABLE I 

REFRACTIVE CONSTANTS FOR THE SYSTEM POLYSTYRENE-

WATER 

X, ii dn/dc H X 10' OA) 2 

0.350 0.287 548 14 85 
.400 .269 280 11.27 
.436 .261 186 9.45 
.450 .259 161 8.86 
.500 .252 99.4 7.14 
.546 .247 67.4 5.97 
.600 .244 44.7 4.93 
.700 .239 23.2 3.61 
.800 .238 13.3 2.76 
.900 .2365 8.24 2.17 

1.000 .236 5.37 1.75 

Within the error of the experiments, the quantity H(c/a) 
at a given wave length was independent of the concentration 
of the polystyrene dispersion. Values of H(c/a) were aver­
aged for solutions having transmissions between 40 and 8 5 % 
at the wave length used. The averaged values are plotted 
as a function of (n/\)2 in Fig. 1. 

Angular-dependence light scattering measurements were 
also made on this polystyrene dispersion. An apparatus 
of essentially conventional design, built in this Laboratory, 
was used. Measurements were made at a single concentra­
tion (2.49 X 10~4 g./ml.) of the dispersion, at a wave length 
of 0.546 fi. An angular range of 20 to 150° was utilized. 
A plot of H(c/a) vs. sin2(0/2) is shown in Fig. 2. 

Results 
Table II shows the particle diameters and molec­

ular weights calculated from eq. 7 and 8 for the 
absorption-extrapolation and (angular) extrapola­
tion methods, respectively. Particle diameters 
have also been calculated from the particle weights, 
assuming spheres having the same density as bulk 
polystyrene,10 i.e., 1.06. All of these results are in 
good agreement. 

(8) (a) K. S. Gibson and M. N. Balcom, J. Opt. Soc. Am., 87, 593 
(1947); (b) L. S. Goldring. R. C. Hawes, G. H. Hare, A. O. Beckman 
and M. E. Stickney, Anal. Chem., 26, 869 (1953). 

(9) W. F. H. M. Mommaerts, J. Colloid Set., T, 71 (1952). 
(10) R. H. Boundy and R. F. Boyer, "Styrene," (A.C.S. Mono­

graph No. 115), Reinhold Publ. Corp., New York, N. Y., 1952, p. 524. 
(11) "International Critical Tables," McGraw-Hill Book Co., 

Inc., New York, N. Y., 1930, Vol. VI, p. 13. 
(12) P. Outer, C. I. Carr and B. H. Zimm, ./. Chem. Phys., 18, 830 

(1050). 
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(«A)2. 
Fig. 1.—Wave length-dependence absorption data for poly­

styrene dispersion. 

0.2 0.4 0.G 
sin2 (9/2). 

Fig. 2.—Angular-dependence light scattering data for poly­

styrene dispersion. 

TABLE II 

PARTICLE SIZE MEASUREMENTS ON A POLYSTYRENE D I S ­

PERSION 

Particle mol. Wt. 
Particle diameter, ju 

From (slope/intercept) 
From mol. Wt. 

Absorption-
extrapolation 

(eq. 7) 

1.6 X 108 

0.084 
0.078 

Angular 
extrapolation, 

(eq. 8) 

1.7 X 108 

0.088 
0.080 

McCartney 1 3 has carried out the complete evalua­
tion of the integral in eq. 4. His result allows the 
calculation of particle diameter from the molecular 
weight of the sample evaluated from a single tur­
bidity measurement a t one wave length, provided 

(13) J. R. McCartney, private communication. 

tha t (as in this case) c/a is independent of concen­
tration. The particle diameter of the polystyrene 
dispersion was calculated by this method to be 
0.077 n, in good agreement with the values in Table 
I I . 

Discussion 

Range of Validity of the Method.—As for the 
extrapolation method, the applicability of the ab­
sorption-extrapolation method is limited to par 
t ides for which the phase shift of the incident 
light wave in traversing a particle is very small. 
For the extrapolation method this leads to the cri­
terion14 

(2TD/\)(m - 1) < 1 (9) 

where m is the relative refractive index for the sys­
tem. A similar condition would be expected to ap­
ply to the absorption-extrapolation method. This 
limits the method to particle diameters smaller 
than about 0.1-0.2 micron for the polystyrene-
water system16 where m = 1.2. For the sample dis­
cussed in this paper (2irD/\)(m — 1) varies be­
tween 0.1 and 0.3. I t should be noted tha t for 
larger particle sizes a misleading situation may oc­
cur13 : values of H(c/a)o calculated from the com­
plete evaluation of eq. 4 form an apparently linear 
function of («/X)2 over the experimentally available 
wave length range but curve toward a quite differ­
ent intercept and initial slope a t longer wave 
lengths. 

Average Particle Sizes.—If the scattering system 
is heterogeneous with respect to particle size, any 
of the methods will give an average value for the 
size parameter. I t is well known tha t light scatter­
ing methods give a weight-average molecular 
weight. The particle diameter derived from this 
molecular weight145 will therefore be the weight-
average of Z)3 

Y1 N1D1" £ N-MiD* 

D3 = 
Y N1DS E NJU 

( 1 0 ) 

where N-, is the number of particles having a diame­
ter D . The type of average obtained from the ratio 
of slope to intercept in the absorption-extrapola­
tion method is a function of the particle diameter 
except for particles small enough tha t eq. 7 may be 
written 

a/H = Y Mia [1 - ADi\n/\y] ( H ) 

In this case the average diameter obtained is the z-
average of Z32 

Y NiDi* Y NiMSDS 
D1 = 

Y NiDi" Y NiMr 
(12) 

I t may easily be shown tha t eq. 12 is valid only for 
particles somewhat smaller than those for which eq. 
7 begins to break down. Since this is a higher av­
erage, particle sizes calculated from the ratio of 

(14) (a) H. C. Van de Hulst, "Optics of Spherical Particles," 
Duwaer and Sons, Amsterdam, 1946. (b) W. B. Dandliker, T H I S 
JOURNAL, 72, 5110 (1950). 

(15) W. Heller (private communication) confirms this range of 
validity. 
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slope to intercept may be somewhat higher than 
those calculated from molecular weights. I t is 
possible that the differences observed in our data 
may indicate a slight polydispersity in the sample. 

Acknowledgment.—The author wishes to ac­
knowledge helpful discussions with Professor W. 

A previous paper in this series2 dealt with the 
phase equilibria of a strong acid cation exchange 
resin and electrolytic solutions containing the same 
cationic species. This paper similarly treats the 
equilibria between a strong base anion-exchange 
resin and solutions containing the exchange anion. 
Mean activity coefficients of potassium chloride, 
hydrochloric acid, potassium acetate, potassium 
trichloroacetate, potassium iodide, potassium thio-
cyanate and sodium hydroxide in the resin are cal­
culated using the Gibbs-Donnan relationship based 
upon the equilibrium resin phase composition, as 
in the previous paper. In these calculations, the 
activities of the diffusible electrolyte in the resin 
and solution phases are set equal to one another, 
and the mean activity coefficient y± r calculated 
from the expression 

7 ±
r = (OT ! 7 = b

2 /m +
r J»_ r ) 1 / ! 

where the molal concentrations of the diffusible 
cation and anion m+ and m~ are calculated from 
the resin-exchange capacity, the water content and 
the non-exchange electrolyte content. The super­
script r designates the resin phase; the solution 
phase is not designated. 

Kraus and Moore3 have made a similar study 
with a strong base resin and hydrochloric acid solu­
tions, using essentially similar techniques. 

Experimental 
The anion-exchange resin was Dowex-2, a strong base 

resin prepared using 8% divinylbenzene as cross-linking 
agent. The exchange groups are of the benzyl-ethanol-
dimethyl quaternary ammonium type; similar materials 
can be prepared by the chloromethylation of a styrene-
divinylbenzene copolymer, followed by suitable treatment 
with the corresponding tertiary amine. 

The equilibrations, elutions and analytical techniques 
were substantially the same as employed previously. Car­
bonate-free sodium hydroxide was used, and the eluate con­
taining the non-exchange sodium hydroxide was analyzed 
for sodium flame photometrically. The detailed experi-

(1) This paper is abstracted from the dissertation of M. II. Gottlieb, 
submitted in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy in Chemistry, Polytechnic Institute of Brooklyn, 
August, 1953. 

('I) H. P. Gregor and M. H. Gottlieb, THIS JOURNAL, 78, 3539 
(1953). 

(3) K. A. Kraus and G. E. Moore, ibid., 78, 1457 (1953). 
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mental values obtained are not presented here, but are avail­
able in the thesis.1 

Discussion 
The reduced mean activity coefficient y± r /7± , 

hereinafter designated simply Yr/7> is plotted in 
Fig. 1 as a function of the molality of the equili­
brating solution for potassium chloride, potassium 
acetate, potassium trichloroacetate, potassium thio-
cyanate and potassium iodide. In Fig. 2 the re­
duced activity coefficient curves are given for so­
dium hydroxide and hydrochloric acid. 

OT. 

Fig. 1.—Reduced mean activity coefficient of diffusible 
electrolyte with DVB 8 anion-exchange resin as a function of 
the solution phase molality for potassium acetate (D), potas­
sium chloride (O), potassium thiocyanate ( A ) , potassium 
iodide (V) and potassium trichloroacetate (A). 

In general, the data are similar to those obtained 
with cation exchange resin systems.2 At high ex­
ternal concentrations 7± r approaches y ± ; also, 
7± r decreases sharply on dilution of the equili­
brating solution. Certain significant differences 
are, however, observed. 
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Mean activity coefficients of the diffusible electrolyte in an anion-exchange resin were calculated from the non-exchange 
electrolyte and water content of the resin in equilibrium with various aqueous electrolytic solutions. The calculated activity 
coefficients were found to decrease sharply on dilution of the solution phase, being lowest with those electrolytes whose 
anions appeared to form ion-pairs with the fixed exchange cations of the resin. 


