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ABSTRACT: Translational diffusion coefficients of poly[bis(m-chlorophenoxy)phosphazene] of known molecular 
weight distribution in chloroform a t  25 “C have been studied using Rayleigh line-width spectroscopy. By 
combining light scattering intensity measurements where we determined the molecular weight M, = 3.45 x 
lo6 g/mol, the second virial coefficient A2 = 1.39 x (cm3 mol)/g2, and the radius of gyration (rg2)1/2 = 
1.54 X lo3 8, with the concentration dependence of the diffusion coefficient k D  = 116 g of solution/g or 78.4 
cm3/g, and the molecular weight dependence of radius of gyration rg = 2.89 x lo-’ M ” ,  we are able to make 
a transformation from r space to M space and to obtain the molecular weight distribution function from a 
histogram analysis of the photoelectron time correlation function of light scattered by the polymer solution 
a t  a finite concentration. Our molecular weight distribution function is in essential agreement with the GPC 
result. It should be noted that this new approach should enable determinations of molecular weight distribution 
functions of extremely high molecular weights (- lo9 g/mol), not accessible by the GPC method. Furthermore, 
the method is nondestructive, needs only small quantities of the polymer solution, and, in principle, takes 
merely minutes for each measurement and analysis under most circumstances. 

I. Introduction 
The high molecular weight ,  open-chain poly(dich1oro- 

p h o s p h a z e n e )  obtained from h i g h - t e m p e r a t u r e  melt po- 
l y m e r i z a t i o n  of hexachlorocyclotriphosphazene is a 
t h e r m a l l y  stable elastomer but lacks hydrolyt ic  stability. 
Allcock’ was able to substitute the reactive chlorine groups 
of poly(dichlorophosphazene1 with a va r i e ty  of o rgan ic  
nucleophiles. Aside f r o m  the earlier reviews b y  A l l c o ~ k , ~ ~ ~  
the s y n t h e s i s ,  properties, and a p p l i c a t i o n s  of poly-  
phosphazenes have been reported4 and reviewed5 b y  
members of the Army Materials and Mechanics  Research 
Center a t  Watertown, Mass. O f  the seven d i f f e ren t  
poly(ary1oxyphosphazene) h o m o p o l y m e r s  r e p ~ r t e d , ~  the 
molecular we igh t  distribution of poly[bis(m-chlorophen-  
oxy)phosphazene ]  (sample IIIe i n  ref 4) has been deter- 
mined us ing  a Waters ANAPREP gel  p e r m e a t i o n  chro-  

0024-9297/79/2212-0445$01.00/0 

ma tograph .6  In this ar t ic le ,  we explore a new gene ra l  
approach to the d e t e r m i n a t i o n  of molecular weight dis- 
tribution of linear po ly (ph0sphazenes )  using a well 
characterized poly[bis(m-chlorophenoxy)phosphazene] 
(sample IIIe in ref 417 as an example. In section 11, we shall 
provide the theoretical b a c k g r o u n d  for a gene ra l i zed  
procedure in the determination of molecular weight dis- 
tribution of polymer solutions b y  means of l ight-scattering 
spectroscopy.  In sec t ions  I11 and IV, the e x p e r i m e n t a l  
methods and procedures of data analysis will be outlined. 
Finally,  we shall illustrate th i s  new method b y  p resen t ing  
the l igh t  s ca t t e r ing  results of sample IIIe. 

11. Theoretical Background 
A. Light-Scattering Intensity Measurements. 

Accord ing  to the Rayleigh-Gans-Debye theory,8 the 
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Do = kTM-b (10) 
where b = 1 / 2  at the 0 temperature. If we take the hy- 
drodynamic volume of a polymer molecule v h  to be 4 / 3 ~ r h 3  
with rh being the effective hydrodynamic radius and invoke 
the Stokes-Einstein relation Do = kBT/6xqrh where kB and 
7 are the Boltzmann constant and the solvent viscosity, 
respectively, we get 

Rayleigh ratio for vertically polarized light a t  finite 
concentrations has the form:9 

where H = 4ir2nO2 (an/aC)2/NAXo4 with no, C, NA, and Xo 
being the respective refractive index, the concentration, 
the Avogadro number, and the wavelength of light in 
vacuo; R, = r2iw/I with R,, r, i,, and I being the Rayleigh 
ratio, the distance between the scattering center and the 
point of observation, the excess vertically polarized 
scattered intensity, and the incident intensity, respectively; 
M ,  (=C,C,ML/CiC,) and A2 are the weight-average mo- 
lecular weight and the second virial coefficient; and P1- 
(K,C) and P2(K,C) are the respective intramolecular and 
intermolecular interference factors. K (=(4a/X)(sin ( 0 / 2 ) )  
is the magnitude of momentum transfer vector. At infinite 
dilution, P1(K,C) = P(K),  and Pz(K,C)/P12(K,C) = 1. Then 

At finite concentrations, if we take 

and 2A2(C)[P2(K,C)/P,2(K,C)]C = 2A2C, then eq 1 reduces 
to 

or 

Thus, in a plot of H C I R ,  vs. sin2 ( 8 / 2 ) ,  
initial slope 3 x 0 ~  

(1 + 2A2CMI)- (5) 
(rg2(C) ) z  = intercept 16x2n2 

The terms A2 and M I  can be determined from a plot of 
HC 

lim - vs. C 
8-0 R,, 

where we have 
H C  1 lim - = - + 2A2C 

0-0 R,, M I  
Without referring to the (1 + 2A2CMI) term, we shall 
define 

(r,2(C)),* = (r;(C)),/(l+ ~ A z C M , )  (7 )  

as an effective interference term. 
B. Light-Scattering Line-Width Measurements. 

The translational diffusion coefficient for a dilute polymer 
solution can be expanded to first order in concentration 
as 

D = Do(1 + kDC + . . .) (8) 

kD 2A2M - ( k f F  + 0) (9) 
where 

with k f ,  0, and F being the first-order friction coefficient, 
the specific volume of the polymer, and a temperature- 
dependent constant, respectively. A t  infinite dilution, 

and 

In a dilute 0 solution a t  the 0 temperature, 

where F = 2.23 and 1.0 according to the Pyun and Fixman 
theoryi0 and the Yamakawa"-Imai12 theory, respectively. 
In this study, we take kD to be independent of molecular 
weight and use 

Do = D/(1 4- kDC) (14) 

at dilute concentration where D = r / P  with r being the 
line width. Thus, 

T- 

Equation 15 forms the basis of our transformation from 
r space to M space, since we can write 

The details of the transformation will be described in 
section IV. 

111. Experimental Methods 
Reagent grade chloroform was used without further purification. 

Dry poly[bis(m-chlorophenoxy)phosphazene] (sample IIIe in ref 
4) was dissolved in chloroform. The solution was then passed 
through a Millipore filter (type FHLP, nominal pore size = 0.5 
pm) directly into the light-scattering cell. 

The detailed design of our light-scattering spectometers has 
been described el~ewhere. '~, '~ In the present experiment, we used 
an argon ion laser operating a t  488.0 nm and 150 mW and a 
96-channel single-clipped Malvern correlator for measurements 
of photoelectron-count autocorrelation function. Temperature 
at  25 "C was controlled to f O . O 1  "C. 

IV. Histogram Method of Data Analysis 
By using the cumulants method, we can obtain only 

limited information on the line-width distribution function, 
because it is difficult to determine moments p, beyond the 
second moment p z ,  where 

p, = - V G ( r )  d r  (17) 

with f = JG(I')r d r  and G ( r )  being the normalized 
distribution function of line widths. 

In the histogram method,15 we used a discrete step 
function (a histogram) to approximate G ( r ) ,  such that 

n 
xG(rpr = 1 (18) 

J = 1  

and 
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where g(l)(T) is the normalized correlation function of the 
scattered electric field, G( r j )  is the total integrated 
scattered intensity of molecules having line widths from 
ri - A r / 2  to I" + A r / 2 ,  n is the number of steps in the 
histogram, A r  - r-)/n] is the width of each step, 
AT is the delay time increment, and I is the delay channel 
number with T = IAT. Values for rmin and rmax signaling 
the start and stop of the range of the line-width distri- 
bution function are arbitrary. For example, we can set a 
step equal to zero when its contribution is less than 0.25% 
of an averaged step in G(r) .  In this respect, the histogram 
method tends to neglect the effect of long tails and ap- 
proximate G ( r )  with a distribution function which has a 
sharper cut-off feature. 

The nonlinear least-squares method minimizes x2 with 
respect to each a, (=G(Il j ) )  simultaneously, such that 

a 

where cI represents the uncertainty of data point Y,(IAT) 
with the subscript m denoting the measured value, and the 
net signal autocorrelation function Y(ZAT) [ =AP~~( ' ) ( IAT)~~]  
has the form 

[exp(-(rj + Ar/2)IAr) - exp(-(r, - A r / 2 ) 1 A ~ ) ]  

with A@ being another unknown parameter in the data 
fitting procedure. We used a range of n such that Y(1A-r) 
and Y,(IAT) agree to within statistical counting error 
limits. 

In order to obtain the normalized number distribution 
f(M) from G(r), we first transform the discrete limits in 
I" space to the corresponding values in M space. For rJl 
(=rJ - A r / 2 )  and rJ2 (=rJ + A r / 2 ) ,  we get M,, and MI, 
by means of eq 16 if b is known. It  should be noted that 
the corresponding histogram steps in M space are no longer 
of equal magnitude with 

(22) 

MJ = ( M J ~  + Mj,)/2 (23) 

In M space, we can transform G ( r )  d r  such that G(r) d r  
becomes WP(M)f*(M)M-(b+l) d M  where f ( M )  = f * (M) /  
Cf*(M)AM,. The particle scatterin factor P ( M )  can be 
approximated by taking P ( X )  = 2(e-$- 1 + X 2 ) / X 4 ,  where 
X = Kr,. In assuming the random coil behavior for the 
scattering factor P ( X ) ,  we have also set 

AM, = abs(MJ2 - M,J 

kBT M b  
(24) 6~70.665 

p, (at infinite dilution) = 

Thus, a t  a fixed K ,  
G ( l- j )  A r j  

f * (Mj )  = 
MJ l-*P( M,) AM, 

Equations 25, 23, 16, and 15 permit us to transform the 
histogram in r space for a determination of the molecular 
weight distribution function provided that b is known. 
Conversely, if we determine a weight-average molecular 
weight MI by means of light-scattering intensity mea- 
surements, we can match the measured Mr with MI 
computed from a plot of f (M) vs. M and, in principle, 

I 

I J 

0 2  0 4  0 6  0 0  1.0 

S1n2 ( 9 1 2 )  

Figure 1. Plots of reciprocal relative excess Rayleigh ratio (1/ 
R,*) vs. sin2 (8/2) at three different concentrations for poly- 
[bis(rn-chlorophenoxy)phosphazene] in chloroform: C1 = 2.546 
mg/g, C2 = 1.202 mg/g, C3 = 0.610 mg/g; Xo = 488.0 nm; t = 25 
"C. 

Table I 
Concentration Dependence of Radii of Gyration < r (C)),* 
and ( rg2( C ) ) z  for Poly [bis( rn-chlorophenoxy )phospaazene] 

(sample IIIe in ref 4 )  in Chloroform at 25 ' C 
concn, mg/g ( ( r i ( C ) ) z * ) i ' 2 ,  A ( ( r g 2 ( C ) ) z ) 1 1 2  ,' A 

2.546 696 1.50 x 103 
1.202 962 1.58 x 103 
0.610 1125 1.54 x 103 

dilution (1.24 x 103) 1.54 x 103 

a ( r g z ( C ) ) z  = ( rg2 (C) ) z* (1  + 2A2CM,)1'2 = / rR2  ( C ) ) z * ( l  + 
9.59 x l o 2  C ) 1 1 2  with C expressed in g/cm3.  
chloroform 
A: = 1.39 x 10-'(cm3 mol)/g2 and M, = 3.45 x l o 6  g/mol, 
which compared favorably with M, = 3.56 x l o 6  g/mol 
from GPC.I8 

estimate the value of b. In practice, such an estimate for 
b becomes meainingful only for resonably narrow molecular 
weight distribution functions where the approximation for 
a constant kD,  independent of molecular weight, remains 
valid. 

V. Results and Discussion 

Rayleigh ratio and took RvvB(O = 90') = 3.26 X 
for Xo = 488.0 nm a t  30 "C. With 

Density of 
1.47985 g/cm3 at 25 " C  and we have taken 

We used benzene as a reference16 for computing the 
cm-' 

(RvVB), = (RwB)25(l + 0.368 X 10-2(t - 25 "C)) (26) 

where t is temperature expressed in "C, we obtained 
(RwB)25 = 3.20 X cm-l. From the benzene reference, 
we computed an instrument constant Q for our light- 
scattering photometer, such that Q = R,/R,* = 2.633 X 
1O-l0. Thus, all absolute Rayleigh ratios of this study 
correspond to R, = 2.633 X 10-loRw*. 

Figure 1 shows plots of l /Rw* vs. sin2 (0/2) a t  con- 
centrations C1 = 2.546 mg/g, C 2  = 1.202 mg/g, and C3 = 
0.610 mg/g. By taking no = 1.4429 and Xo = 488.0 nm and 
by measuring dn/dC = 0.120 cm3/g with a Rayleigh in- 
terferometer, we obtained H = 3.47 X lo-' (cm2/g)2 mol. 
Table I lists the result of (rg2(C)),* as a function of 
concentration by means of eq 5 and 7. The apparent 
radius of gyration (r,2(C)),* has a large concentration 
dependence because of the (1 + 2A2CM,) term, as shown 
in Figure 2 where we would have obtained an incorrect 
radius of gyration (1240 f 30 A) by linear extrapolation 
to infinite dilution. Figure 3 shows a plot of lim,+o (C/ 
R,*) vs. concentration. We obtained M, = Q/ (Hvintercept) 
= (3.45 * 0.24) x lo6 g/mol and A2 = (1.39 f 0.04) X 
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6 u 
0 l x l a 3  2 1 6 ~  3x1$ 

Concen t r o t i o n  ( g  /g ) 

F i g u r e  2. Plot of ( ( r  2)z*)1/2 vs. concentration for poly[bis(m- 
chlorophenoxy)phosp!~azene] in chloroform a t  25 "C. ( r?(C))  
= (r:(C))z*(l + 9.59 X 102C)1'z, with C expressed in g/cm3. 

I 
I .2 I 6' 

0 . 0 x 1 3  

c o n c  ent r o t i  o n  ( 9 / cm3 ) 

F i g u r e  3. Plot of limM (C/R,*) vs. concentration. M ,  = 
Q/(H.intercept) = (3.45 & 0.24) X lo6 g/mol; A2 = slope.H/ZQ 
= (1.39 f 0.04) X 10-4(cm3 mol)/g2. 

Table 11- 
Concentration Dependence of D (=r/K2) and p J r 2  (eq 

17  ) for  Poly [bis(m-chlorophenoxy )phosphazene] ( M ,  
= 3.45 x l o 6  g/mol)  in Chloroform a t  e = 90 and 25  ' C  

concn, mg/g 73 x 10'  ,' c m 2 / s  P >  IF2 

0.610 1 . 5 0 2  i 0.007 0.75 + 0.02 
1 .202  1 . 5 9 0  t 0.007 0.80 i 0.02 
2.546 1 . 8 1 5  t 0.007 0 .84  1 0.04 

1 . 4 0  i 0.01 

a D D,(1 + 116C)  with C expressed in g/g of solution 

(cm3 mol)/g2. It is important to note that ( rg2(C))z  is 
relatively independent of concentration, and we estimated 
( rg2)z  to be 1.54 X lo3 A. 

In line-width studies, we first used the method of 
c ~ m u l a n t s ' ~  to compute D (=f'/P) and p z / f 2 .  Table I1 
lists the concentration dependence of D and p 2 / F 2  (eq 17) 
for sample IIIe of ref 4 in chloroform a t  0 = 90' and 25 
"C .  Figure 4 shows a plot of D vs. concentration. The 
intercept corresponds to Do = 1.40 X cm2/s, and the 
slope yields kD = 116 g of solution/g or 116/1.4799 = 78.4 
cm3/g by means of eq 8. If we take l/U = 1.25 g/cm3, b 
= 0.57, kT = 2.08 X ( ~ m ~ / s ) ( g / m o l ) ~ . ~ ~ ,  and F = 1.0, 
we can compute kD from eq 12, which gives kD = 159 
cm3/g. In eq 12, kD is the difference of two large numbers, 
and the assignment of F is uncertain. Thus, we prefer to 
use the experimentally determined kD. 

In Table 11, we should note that the variance p 2 / P  has 
values greater than 0.5, which suggests the presence of a 

C o n c e n t r a t i o n  ( g / g )  

F i g u r e  4. Plot of D vs. concentration (g/g) a t  B = 90" and 25 
"C. Do = intercept = 1.40 X cm2/s; kD = slope = 116 g of 
solution/g or 78.4 cm3/g. 

04 

0 2  
0 3  

0 2  

9,000 I I I J 

0 3  
02 021 I 0; , 

0 100 200 300 
0 

Tmax( p se c 1 
F i g u r e  5. Plots of r and p2 as a function of T~~~ a t  B = go", t 
= 25 O, C = 1.202 mg/g, where T, represents the maximum delay 
time used. We used two delay times (1 and 2 ps) so that we could 
take advantage of 96 data points for each fit. The extrapolated 
values of F and p 2 / F 2  from fourth and fifth order cumulants fit 
are in agreement with values computed based on G(r) of Figure 
7 (solid histogram) obtained by the histogram method. 

bimodal distribution. In the cumulants method, we have 
also taken particular care to obtain the correct f' and p2 
values because an extrapolation procedure is required 
whenever the line-width distribution yields large variances. 
Figure 5 shows plots of f' and p2 as a function of f'r,,, 
where T , ~  represents the maximum delay time used in the 
computation by means of various orders of cumulants 
expansion. The usual quadratic (second order to the ,u2 
term) fit does not give correct answers even for fi, except 
in the limit - 0. A slight increase in ,u2/f2 a t  in- 
creasing concentrations can be attributed to the con- 
centration dependence of r. The measured self-beating 
single-clipped autocorrelation function has the form 

G k ( 2 ) ( Z A ~ )  = A(l  + olg("(IAT)12) (27) 
where k is the clipping level, A is the background, and /3 
is an adjustable parameter. Figure 6 shows a plot of net 
signal autocorrelation function A/31g(1)(T)12 as a function of 
delay channel number I a t  C2 = 1.202 mg/g, 0 = go', t = 
25 "C, and AT = 2 ,us. We used the nonlinear least-squares 
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Figure 6. Plots of A p l g ( ' ) ( ~ ) 1 ~  and ercent deviation vs. delay channel number 1. Dots denote APk( 8 (r)I2; crosses denote percent .- . 
deviation (% dev) 

Y, { I A T )  - Y(lA7;eq 21) 

Ym -1 '% dev = 100 

I X  C7r 

D x i d  ( c r & / s )  

Figure 7. Plots of G(D) vs. D at C2 = 1.202 mg/g (solid histogram) 
and C3 = 0.610 mg/g (dashed histogram): 0 = go", A7 = 2 ps. 

method (eq 20) to obtain the histogram approximation 
according to eq 18 and 19 with percent deviation (Figure 
6) agreeing to within the statistical error limits. Instead 
of G ( r )  vs. r, we have converted r to D by means of D = 
r / P .  Figure 7 shows plots of G ( D )  vs. D at C2 = 1.202 
mg/g (solid histogram) and C3 = 0.610 mg/g (dashed 
histogram), 0 = 90°, and 117 = 2 ws. The agreement be- 
tween the solid and dashed histograms is to be expected 
since the concentration variation corresponds to about a 
7% change. Nevertheless, it is important to remember 
that even a t  dilute concentrations, eq 14 is a useful way 
to correct for the concentration effect on the diffusion 
coefficient. 

In a proper conversion from r space to M space, we used 
eq 16 to convert each r step to M step in the X axis and 
G ( r )  d r  to WP(M)f*(M)M-(b+l '  dM with 

rg = k,Mb (28) 
and the particle scattering factor assumed to obey random 
coil behavior. If we take rg = 1.54 X lo3 A and M ,  = 3.45 
X lo6 g/mol from intensity measurements and b = 0.57, 
we obtain k ,  = 2.89 X ~ m / ( g / m o l ) O ~ ~ ,  which compares 
favorably with k ,  = 2.91 x c m / ( g / r n 0 1 ) ~ ~ ~  computed 
by means of eq 24 using kT = 2.08 X lo4 (cm2/s)(g/mol)057 
and '7 = 0.00542 P. 

Figure 8 shows plots of f ( M )  versus In M .  In the upper 
plots, the solid histogram represents results from C2 = 
1.202 mg/g with b = 0.57 and the dashed histogram 
represents results from C3 = 0.610 mg/g with b = 0.57. By 
matching the M ,  = 3.45 X lo6, which is invariant, we 
obtained kT = 2.02 X ( ~ m ~ / s ) ( g / m o l ) ~ ~ ~  and 2.14 x 
10-4(cm2/s)(g/mo1)057 at  C2 = 1.202 mg/g and C3 = 0.610 
mg/g, respectively. The 5% agreement is within the error 
limits of our histogram approximation. Two scales were 

... 
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Figure 8. Plots of f(M) vs. In M. Left scale denotes the low 
molecular weight fraction and right scale the high molecular weight 
fraction. Set I (above): Solid histogram-C, = 1.202 X g/g,  
M,(matched) = 3.45 X lo6 g/mol, h~ = 2.02 X (cm2/s)(g/ 
mol)o57, and b = 0.57. Dashed histogram-C3 = 0.610 X g/g, 
M ,  = 3.45 X lo6 g/mol, k T  = 2.14 X ( ~ m ~ / s ) ( g / m o l ) ~ ~ ~ ,  and 
b = 0.57. Set I1 (below): Solid histogram-C2 = 1.202 X g/g, 
M,(matched) = 3.45 X lo6 g/mol, hT = 2.02 X (cm2/s)(g/ 
mol)057, and b = 0.57. Dashed histogram-C, = 1.202 X g/g, 
M ,  = 3.45 X lo6 g/mol, k T  = 6.84 X (cm2/s)(g/mol)'/2, and 
b = 0.50. 
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Figure 9. Plots of f(M) vs. In M.  The light-scattering result with 
CL = 1.202 mg/g, b = 0.57, and hT  = 2.02 X ( ~ m ~ / s ) ( g / m o l ) ~ ~ ~  
is represented by the histogram; the GPC result from ref 6 is 
represented by the solid curve. 

used for the bimodal distribution with the low molecular 
weight fraction denoted by the 10-5 range. Hagnauer and 
LaLiberteI8 determined the intrinsic viscosity-molecular 
weight relationship in chloroform at 25 "C to be [ q ]  = 6.27 
x 10-5Mo 7o dL/g. If we used the Scheraga-Mandelkern19 
relation 1 + CY = 3b, we obtained b = 1.713 = 0.57, in 
agreement with b from our molecular weight distributions 
determined at  two different concentrations. I t  should be 
noted that our transform is sensitive to the value of b. In 
the lower plots of Figure 8, we can see that the distribution 
function would have been shifted markedly if we used /3 
= 0.50 at  the same concentration. In Figure 9, we made 
a direct comparison of our histogram results with that from 
GPC.6 There is no adjustable parameter except for the 
value b which has been checked by intrinsic viscosity 
studies. 

In summary, we have devised a new practical approach 
for the determination of molecular weight distribution 
functions by means of photon-correlation spectroscopy and 
histogram method of data analysis. We have outlined a 
general method for the transform from I- space to M space 
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and have illustrated our method by using a poly[bis(m- 
chlorophenoxy)phosphazene] sample of known molecular 
weight distribution function. We have confirmed the 
bimodal distribution function of sample IIIe as determined 
by GPC analysis. Indirectly, we have also confirmed b = 
0.57 for poly[bis(m-chlorophenoxy)phosphazene] in 
chloroform at 25 “C.  A salient feature of our approach is 
the range of its applicability, since quasielastic light 
scattering can routinely measure diffusion coefficients from 
lo4 to cm2/s. Thus, molecular weight distribution 
functions from lo3 to lo9 can be determined. Furthermore, 
only very small quantities of the solution are required to 
carry out the study and the measurement time is fairly 
short, in minutes under most circumstances. 

Macromolecules 
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Small-Angle X-ray Scattering from Block Polymers. 3. Random 
Phase Approximation 
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ABSTRACT: The random phase approximation (RPA) is used in the development of the theory for small-angle 
X-ray scattering from block copolymers which have not undergone microphase separation. Explicit expressions 
for the intensity of scattering as a function of scattering angle are presented for di-, tri-, and pentablock polymers 
and are shown to exhibit a reciprocity relation. Calculated scattering curves as a function of angle are presented 
for a variety of triblock structures, and it is suggested that the calculated maxima in some of the curves reflect 
the superposition of the RPA and a Debye function. 

Information pertaining to the molecular structure of 
block polymers, both in dilute solution and the bulk state, 
is important in the development of a better understanding 
and an efficient use of such materials. In previous studies, 
we have calculated the expected small-angle X-ray scat- 
tering (SAXS) behavior of block polymers in dilute so- 
lutions and in the structured bulk state.’J In these works, 
we adopted and extended the classic concepts and works 
of Debye. Recently, deGennes has proposed the use of the 
random phase approximation (RPA) in attempting to 
explain the X-ray scattering behavior of mono- and di- 
halogenated alkanes as presented by Brady and Co- 
w o r k e r ~ . ~ - ~  At the suggestion of deGennes and our own 
interest in developing alternate models to predict the 
SAXS of block polymers, we have explored the use of RPA 
in calculating the SAXS from block polymers in the bulk 
state. It is believed that this model should be applicable 
to block polymers where microphase separation is not 
expected due to either small differences in cohesive energy 
density or the size of the comonomeric blocks is so small 
that  geometric restrictions alone ensure random mixing. 

Physics Department, Brown University, Rhode Island. 
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Theory 
We assume that the block polymer molecules are 

monodisperse in structure, composition, and molecular 
weight. As shown elsewhere, the expected SAXS intensity 
for a dilute solution would be given as 

where cy, is the scattering amplitude for the ith monomer, 
q is the scattering wave vector, and xi,”(q) is a response 
function and is proportional to the pair correlation function 
PJr) for two species on the chain.’ For an ideal coil, 
x,,O(r) is given by 

When interactions between the species are taken into 
account by the use of the RPA (a brief discussion behind 
the use and physics of the RPA is presented in the Ap- 
pendix), then instead of eq 1, one obtains3 
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