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ABSTRACT: A procedure has been developed for the determination of scission and cross-linking yields, 
G(S) and G ( X ) ,  in irr_adiated_ polymers by combination of the ordinate intercepts of plots of ([Mw(0)/ 
Mw(D)] - 1 ) / D  and ([M,(O)/M,(D)] - 1 ) / D  versus dose (D).  The required weight- and z-average molecu- 
lar weight data for a given sample can be obtained by using the Ftayleigh and schlieren optical systems, 
respectively, to record the solute distribution in a single sedimentation equilibrium experiment. The pro- 
cedure has been tested by application to simulated data for a range of initial molecular weight distribu- 
tions and values of G ( S ) / G ( X )  and applied to previous sedimentation equilibrium results (Nichol, J. M.; 
O'Donnell, J. H.; Rahman, N. P.; Winzor, D. J. J. Polym. Sci., Polym. Chem. Ed. 1977,15,2919) for a poly- 
styrene sample with uw(0)/kfn(O) = 1.03 and C ( S ) / C ( X )  = 1. 

Introduction 

Irradiation of polymers produces cross-linking and scis- 
sion, which have pronounced effects on the physical and 
mechanical properties of the polymer.'" Determination 
of the radiation chemical yields of scission (G(S) )  and 
cross-linking ( G ( X ) )  per 16.02 aJ  (100 eV) of energy 
absorbed by the polymer is therefore important in char- 
acterizing the effects of irradiation. Traditionally, G(S) 
and G ( X )  for systems that predominantly cross-link 
(G(S) < 4G(X)) have been determined by a Charlesby- 
Pinner analysis3p4 of soluble fractions after different doses. 
This method has the disadvantage that high irradiation 
doses are required to obtain the necessary extrapolation 
to infinite dose, especially for polymers that do not kave 
the most probable molecular weight distribution (Mw/ 
Mn = 2) .  Also, since scission and cross-linking yields may 
be different for linear and extensively cross-linked poly- 
mer, values of G(S)  and G ( X )  appropriate to the initial 
polymer should be obtained from studies of samples sub- 
jected to low radiation doses. G(S)  and G ( X )  may also 
be obtained from changes in the molecular weight dis- 
tribution or in the two molecular weight averages Mw and 
Mn.5 Doses less than half of the gel dose ( D  ) have been 
recommended to avoid significant errors in t%e measure- 
ment of average molecular ~ e i g h t s . ~  
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Although theoretical relationships have been 
derived4l6 for the d_ose deperldences of the average molec- 
ular weights M,, M,, and M, of samples with an initial 
Schulz-Zimm distribution,'" convenient experimental pro- 
cedures for analyzing such data in terms of G(S)  and 
G ( X )  are confined to Mn(D)ls4 and &fw(D).4*9 Combina- 
tion of the relationships for both a,@) and Ikn(D) is 
required to determine G ( S )  and G(X).' Osmometry is 
the conventional procedure for measuring M,, and light 
scattering has been used for evaluating Mw. Gel perme- 
ation chromatography is widely used to determine 
Mn(D) and M,(D) for irradiated polymers, but changes 
in relative hydrodynamic volume with cross-linking lead 
to serious errors, especially in weight-average molecular 
weight. 

I t  is preferable to employ a single experimental tech- 
nique for determination of the two molecular weight aver- 
ages for the one sample. Sedimentation equilibrium in 
the analytical ultracentrifuge is an appropriate tech- 
nique that has been largely ignored. I t  is the only ther- 
modynamically rigorous procedure to yield more than one 
type of average molecular weight. The Chervenka" adap- 
tation of the high-speed sedimentation equilibrium 
technique" has recently been re~ommended'~*'~ for simul- 
taneous evaluation ofMn,  Mw, and M, for polydisperse 
polymers. However, M, can only be determined if a rotor 
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speed can be chosen that decreases the equilibrium con- 
centration of solute at  the air-liquid meniscus to effec- 
tively zero without rendering the concentration gradient 
too steep for experimental measurement of the concen- 
tration a t  the cell base. On the basis of our experience 
in the simulation of dose-dependent changes in molecu- 
lar size distributions of irradiated  polymer^,^ the increased 
polydispersity that results from radiation degradation of 
a polymer undergoing both scission and cross-linking would 
almost certainly preclude the measurement of Mn(D) over 
a sufficient range of doses. We have therefore examined 
the possibility of utilizing the combination of Mw and 
M, obtained from sedimentation equilibrium to deter- 
mine G(S)  and C ( X ) .  This has entailed rearrangement 
of the expression for &fz(D)4.6 into a form that is conve- 
nient for experimental evaluation of a relationship between 
C(S)  and C ( X ) .  In addition, we have assessed critically 
the linearity of the inverse dependence of Mw(D) upon 
dose that provides the second relationship between G(S)  
and G ( X )  to be used for evaluating both scission and 
cross-linking yields. 
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Theory 

Dose Dependence of &,. For an initial Schulz- 
Zimm distribution the dose dependence of the weight- 
average molecular weight Mw(D) of a polymer undergo- 
ing random scission and cross-linking is g i ~ e n ~ , ~ . ~  by 

2Mn(0)$1(u71hJ) 
Mw(D) = (la) 

( u ;D) [ 1 - (4X / u i2D) $1 ( u ;D, a) ] 

$l(~;D,a) = U ~ D  - 1 + [ l  + (u;D/u)]-' (lb) 

where D denotes the radiation dose in grays, ; is the prob- 
ability per. gray that a monomer unit will undergo scis- 
sion, and x is the corresponding probability of forming 
a cross-link per monomer unit. The width of the initial 
distribution is signified by-a, determinable from the ini- 
tial number-average (M,(O)) and weight-average 
(&fw(0)) molecular weights by the expression 

(IC) 
Division of Mn(0) by MI, the molecular weight of a mono- 
mer unit, provides a vaue of u, the number-average degree 
of polymerization of the initial polymer. G(S) and 
G(X), the radiation chemical yields of scissjon and cross- 
linking, respectively, are related to 7 and x by the rela- 
tionships 

G(S) = 9.65 x 109; /~ ,  ( 2 4  

G ( X )  = 9.65 x i o 9 X / ~ ,  (2b) 
Although eq 1 thus provides a means of simulating the 
dose dependence of Mw(D) for any specified combina- 
tion of 7 and x (or G ( S )  and G ( X ) ) ,  i t  is clearly not a 
convenient form for evaluating 7 and x from an experi- 
mentally determined dose dependence of Mw(D). 

Simplification of eq 1 is achieved by using the bino- 
mial theorem to expand [l + (u~D/a)]-",  whereupon eq 
l b  may be written as 

0 = l/{[Mw(0)/Mn(O)l - 11 

u;D, a) = + 
2a 3a 

(a + 2)(a + ~ ) ( u S D ) ~  

1 2 2  
+ ...I (3) 

Combination of this expression for $,(u;D,a) with eq l a  

and IC then leads to the relationship 

= (1 - (2uxD(a + l ) /~ ) [ l -  (a  + ~) (uSD) /~ I J  + Mw(0) 

MJD) 
(a + 2 ) ( ~  + 3 ) ( ~ i D ) ~ / 1 2 ~ ~ ] ) / [ 1 -  (a + 2)(u;D)/3a + 

(a + 2)(a + 3) (~ ;D)~ /12a~]  (4) 
By use of the binomial theorem again to transfer the 
denominator to the numerator, eq 4 becomes 

](uXD)~ + ... (5) (a + 2)(a - 1 ) X 2  [ 36a2 
where X = 7/X = G ( S ) / G ( X ) .  

This expression confirms an earlier counterpartg in 
regard to the term in D, which was then of prime inter- 
est because it accounted for the empirical observation6 
that 1/&fw(D) is essentially linear with D for many sys- 
tems but differs in regard to the term in 0'. The source 
of the discrepancy between eq 4 of that earlier studyg 
and eq 5, which is now equivalent to eq 49 of Saito: was 
the truncation of eq 3 after the second term in square 
brackets. 

Although a plot of l/Mw(D) versus D is usually con- 
sidered to be linear, it is evident from eq 5 that neglect 
of the D2 term becomes questionable for a polymer that 
mainly undergoes scission (A large). I t  is therefore sug- 
gested that eq 5 be reformulated as 

](uX)'D + ... (6) 
(a + 2)(a - 1 ) X 2  

[ 36a2 
which allows [((a + 2)X/3a) - {2(a + l)/a)]ux to be eval- 
uated from the ordinate intercept of a plot of the left- 
hand side against D. The slope of the suggested plot 
seemingly provides the value of [(a + 2)(a - 1 ) X 2 /  
3621 ( u x ) ~  and hence a second simultaneous equation for 
evaluation of x and X from weight-average molecular weight 
data alone, but this possibility needs further examina- 
tion because of the presumed negligibility of higher order 
terms in eq 5. For a polymer with a most probable ini- 
tial distribution, the adequacy of this approximation is 
readily demonstrated. Substitution of a = 1 into eq l b  
yields the expression 

(7) 
whereupon the relationship obtained by its substitution 
into eq la, namely 

fiw(0)/iVw(D) = 1 + (A - 4)uXD (8) 

is an exact expression for the dose dependence of the 
weight-average molecular   eight.^ This expression is also 
obtained on substituting a = 1 into eq 5. 

Our reason for suggesting the reformulation of eq 5 as 
eq 6 is not to obtain additional information but rather 
to avoid the necessity of obtaining the coefficient of the 
term in D (eq 5) by estimation of the limiting tangent 
(as D - 0) of the plot of &fw(0)/Mw(D) versus D that is 
suggested by eq 5. We now investigate the possibility 
that a second simultaneous equation for evaluating T and 
x might be obtained from the dose dependence of the z- 
average molecular weight obtained by recording the sed- 

$l(u;D,a) = (u;D)'/(l + u ~ D )  
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imentation equilibrium distributions as schlieren rather 
than Rayleigh patterns. 

Dose Dependence of H2. For an initial Schulz- 
Zimm distribution the dose dependence of the z-average 
molecular weight is g i ~ e n ~ . ~ . ' * ' ~  b Y 

~ M ~ ( O ) [ ~ ~ ( ~ ; D , ~ ) / ~ , ( ~ ; D , U ) I  
[l - (4x/~;'D)r#.q(~;D,a)]~ 

Mz(D) = ( 9 4  

where 4,(uiD,a) has already been defined (eq lb) and 

&(uTD,u) = 1 + [l + (u~D/u)]-("+') - (2 /~ ;D) [ l -  (1 + 
(u;D/a)J-"] (9b) 

From the above comparison of exact and approximate 
expressions for weight-average data, it is clearly informa- 
tive to consider the simplest situation (a = l) first, so 
that any effects of series truncations in the polynomial 
formulations can be assessed. 

With a = 1, eq 9b becomes 42(u7D,a) = (u;D)'/(l + 
u;D12, and eq 9a simplifies to 

iVz(0)/Mz(D) = (1 + u ~ D  - 4uxD)'/(1+ u;D) 
(104 

or, on the basis that (1 + u;D)-' N 1 - u+D + (u;D) 

Mz(0)/Mz(D) = 1 + (A - 8)uxD + 1 6 ( ~ ; ( ) ~ D ~  + ... 
(lob) 

Since the D2 term does not terminate the series, we rec- 
ommend that eq 10b be rewritten, by analogy with eq 6, 
as 

([Mz(0)/Mz(D)] - 1)/D = (A - 8 ) ~ x  + 1 6 ( ~ x ) ~ D  + ... 
(11) 

whereupon (A  - 8)ux may be obtained as the ordinate 
intercept of the plot suggested by eq 11. Since analysis 
of the dose dependence of the z-average molecular weight 
yields a value of ( A  - 8)ux for a system with a most prob- 
able initial distribution, whereas analysis of the corre- 
sponding weight-average data gives an estimate of (A - 
4)ux, values of A ( = T / x )  and x (and hence G ( S )  and 
G ( X ) )  can be obtained by solving these two simulta- 
neous equations. There now remains the problem of find- 
ing the general counterpart of eq 11 for systems deviat- 
ing from the most probable initial distribution (a # 1). 

On the basis of the binomial theorem, the expression 
for 42(u~D,a),  eq 9b, is again written as a power series. 
By retaining all terms in D4 and lower, the result is 
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the denominator is now eliminated by resort to binomial 
expansion. By neglecting all terms of higher order than 
D2, the resultant expression for the molecular weight ratio 
becomes 

(a + l ) (a  + ~ ) ( U T D ) ~  
$~~(u;D,a) = + 

6 a' 

] (12) 
3(a + 3)(a + 4)(uiD)2 

202  
Combination of this expression with those for 
&(uTD,u), eq 3, and MJD), eq 9a, then yields, after sub- 
stituting MJO) for [(a + 2)/a]Mn(0) 

(a + 2)(a + 3) (~ ;D)~ /12~~] ] ' y l / [ l -  (a + 3)u;D/2~ + 
3(a + 3)(a + 4) (~ ;D)~ /20a~]  (13a) 

(13b) 
As in the derivation of the expression for Mw(0)/Mw(D), 

Y = 1 - (a + 2 ) ~ i D / 3 a  + (a + 2)(a + 3 ) ( ~ ; D ) ~ / 1 2 a ~  

](uxD)' + ... (14) 

To avoid the problem of estimating limiting tangents to 
determine the coefficient of the term in D, we rewrite eq 
14 as 

2(a + l)(a - l ) A  (a + 3)(u - 1 ) A 2  - 
3a2 60a2 

] (ux)'D 
2(a + l ) (a  - l ) X  - (a + 3)(a - 1 ) X 2  

3 a2 30a2 
(15) 

For a = 1 this expression simplifies to eq 11, as required. 
The value of [(a + 5)A/6a - 4(a + l) /a]ux may thus be 
obtaind as the ordinate intercept of the plot of ([&fz(0)/ 
M2(D)] - 1)/D versus D, whereupon its combination with 
the ordinate intercept of [ ( u  + 2)A/30 - 2(a + l)/u]ux 
obtained from the corresponding analysis of weight-av- 
erage data (eq 6) provides values of x and T .  

Evaluation of Simulated Data 

The feasibility of evaluating ; and x, or G(S) and 
G ( X ) ,  from the dose dependence of MJD) and MJD) 
depends to a great extent upon the accuracy with which 
either limiting tangents or ordinate intercepts can be deter- 
mined. To provide an indication of any difficulties that 
might be encountered in the estimation of these param- 
eters, eq 1 and 9 have been used to generate Mw(D) and 
Mz(D) data for systems with fin(0) = 104 000, u = 1000, 
and a range of values of a, the width of the initial Schulz- 
Zimm distribution: G(X) was fixed at  0.02, and A, the 
ratio G(S)/G(X), was assigned a series of values between 
0.1 and 20. 

Systems with a Most Probable Initial Distribu- 
tion (u = 1). These systems provide the simplest situa- 
tion in that the plot of l/Mw(D) versus D is strictly lin- 
ear (eq 8), whereupon there is no difficulty in obtaining 
the value of (A - 4)ux from the slope of such a plot or as 
the ordinate intercept of the horizontal plot of ( [Mw(0)/  
iVw(D)] - 1)/D versus D (eq 6). The extent to which the 
corresponding treatments of z-average molecular weight 
data can. reasonably be expected to provide the value of 
(A  - 8)ux (eq 14 and 15) may be gauged from Figure 1. 

(i) From Figure l a  it is evident that the plots of M, 
(0) /Mz(D)  versus D are curvilinear, a factor that miti- 
gates against accurate assessment of the limiting tan- 
gents (- - -), which have been constructed on the basis 
of a slope of (A - 8)ux. 

(ii) For A = 6 the plotted curve seemingly predicts gel 
formation at high irradiation dose, a phenomenon that 
can only occur if X C 4 (eq loa). The possibility is_there- 
fore examined that the dose dependence of M2(0) /  
MJD) may exhibit a minimum for certain G ( S ) / G ( X )  
ratios. To test for the existence of a minimum, the first 
derivative of eq 10a with respect to D has been set equal 
to zero, the required condition being that 

. .  . 
(u; - UX) + 2(u7 - 8uX)'D - 8 U T U x ( U T  - 2 U X ) D 2  = 0 

(16) 
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Figure 1. Determination of the parameter (A - 8)ux from sim- 
ulated data (eq 9)jor the dose dependence of the z-average 
molecular weight, MJD) ,  for a polymer with a most probable 
initial distribution (a = 1) and the indicated values of X = r / x  
(the ratio of scission to crosslinking yields). (a) Plots of data 
(-) in accordance with eq 10 and the corresponding limiting 
tangents (- - -) with the theoretical slope of (A - 8)ux. (b) Plot 
of the same data in accordance with eq 11 to demonstrate the 
feasibility of extrapolation to obtain the theoretical ordinate 
intercept of (A - 8)ux (horizontal arrow). 

where UT, ux, and D are necessarily positive. In the solu- 
tion to this quadratic, namely 

D = { - 2 ( ~ 7  - 8uX)’ +  UT -8uX)* + . .  . . .  . 
32UrUX(UT - SUX)(UT - 2Ux)]”2)/[-16UTUX(UT - 2 U X ) ]  

(17) 
the denominator is negative for any system that does not 
undergo gelation at high radiation dose (A > 4) and the 
first term of the numerator is clearly also negative because 
of the power to which it is raised. For the numerator to 
be negative (and hence D to be positive) the square. root 
of the discriminant must be smaller than  UT - ~ u x ) ~ ,  a 
requirement fulfilled by the condition 

(18) 
Since (UT - 2ux) is positive for any system with X >. 4, 
this condition can only be.met in the event that UT - 
8ux < 0, i.e., that UT < 8ux. Dose-dependent increases 
in Mz(D) and subsequent decreases are thus confined to 
4 < X < 8 for systems with a = 1, a prediction borne out 
by the theoretical curves (-) in Figure la.  

(iii) The difficulties inherent in determining the lim- 
iting tangents to the plots in Figure l a  may be overcome 
by analyzing the data in the alternative format (eq ll), 
which gives (X - 8)ux as the ordinate intercept (Figure 
lb): theoretical values are denoted by horizontal arrows. 
However, it  should be noted that although eq 11 pro- 
vides an accurate description of the ordinate intercept, 
its prediction of a X-independent slope is clearly incorrect- 
an indication that the truncated polynomial expansion 
used in the derivation of eq 10b from eq 10a is inade- 
quate from the viewpoint of defining the term in D2. This 
inadequacy does not extend to definition of the term in 
D, which is the required parameter. For systems with a 
most probable initial distribution, use of the suggested 
analyses of Mw(D) and MJD) data for evaluating G ( S )  
and G(X) thus seems appropriate. 

Systems with Any Initial Schulz-Zimm Distri- 
bution. It  is important to determine whether the same 
approach also applies to polymers with other initial dis- 
tributions, since the irradiation of samples with very nar- 
row initial distributions (a large) has been recom- 
mended14 for quantitative evaluation of cross-linking by 
sedimentation velocity. To establish that the procedure 
retains validity irrespective of the magnitude of a and A, 
simulated data for the dose dependence of MJD) and 
M,(D) for a range of systems have been analyzed. 

. .  . 
~ ~ U T U X ( U T  - ~ u X ) ( U T  - 8uX) < 0 

4 F i f i  I I-” I 
I 1 0  ’ I 

I I 1 1 1  
0 0 -oi 500 -0.5; 500 1000 

Dose D (kGy)  Dose D (kGy)  

Figure 2. Quantitative evaluation of simulated data (eq 1) for 
the dose dependence of the weight-average molecular weight, 
M,(D), of a polymer with a narrow initial distribution (a = 20) 
and the indicated values of A. Plots of data in accordance with 
(a) eq 5 and (b) eq 6, from which [(a + 2)h/3a - 2(a + l)/a]ux 
is obtaind from the limiting slope (---) and ordinate inter- 
cept (horizontal arrow), respectively. 

- (b) 

0.50 I 
0 500 1000 

0.5 

. l ’ O U  -1.5 0 500 1000 

Dose D (kGy)  Dose D (kGy) 

Figure 3. Quantitative evaluation of gimulated data (eq9) for 
t_he dose dependence of (a) M (O)/M,(D) and (b) ([M,(O)/ 
M,(D)] - 1)/D for a polymer with a narrow initial distribution 
( u  = 20). Broken lines in (a) denote the limiting *gents with 
theoretical slopes of [(a + 5)X/6a - 4(u + l ) / u ] u ~ ,  and hori- 
zontal arrows in (b) the ordinate intercepts corresponding to 
the same parameter. 

Whereas irradiation of polymers with a most probable 
initial distributio? (a = 1) leads to a linear dose depen- 
dence of Mw(0)/Mw(D) (eq 7), the corresponding depen- 
dence for systems with a # 1 will exhibit curvatureg when 
X is large (eq 5). This may be gauged from Figure 2a, 
which refers to a very narrow initial distribution (&fw(0)/ 
&fn(0) = 1.05; a = 20). The extent of curvilinearity would 
be undetectable experimentally for systems with X C 4 
but would introduce uncertainty into estimations of the 
limiting tangents for systems characterized by higher X 
values. On the other hand, the corresponding effect on 
the alternative form of analysis (eq 6) i s  mere_ly a sys- 
tematic dose-dependent increase in ([Mw(0)/Mw(D)] - 
l ) /D (Figure 2b). Regardless of whether the plot of 
([&f,(O)/M.,,(D)] - 1)/D versus D is horizontal (signify- 
ing essential linearity of the dose dependence of &fw(0)/ 
&fw(D)) or is exhibiting upward curvature, the smooth 
form of the dependence allows the required extrapola- 
tion of experimental data to be made to obtain the ordi- 
nate intercept. 

The corresponding analyses of simulated z-average 
molecular weight data are presented in Figure 3. From 
the dose dependence of &4z(0)/Mz(D) (Figure 3a) the 
potential for the existence of minima in such plots is more 
obvious than it was in Figure l b  for systems with a most 
probable initial distribution. Whereas the upper limit- 
ing value of X for the existence of a minimum for that 
initial distribution was 8 (eq 18), the corresponding limit 
for the present narrow initial distribution is a t  least 15 
(Figure 3a). Attempts to obtain a more definitive esti- 
mate of this upper limit for the existence of a minimum 
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Figure 4. Quantitative evaluation of simulated data (eq 1 and 
9) for the dose dependences of weight-average and z-average 
molecular weights for a polymer with a very broad initial dis- 
tribution (u = 0.1) and the indicated values of A. (a) Plots of 
data in accordance with eq 5 (upper curve) and 14 (lower curve), 
together with the calculated limiting tangents (---) of [U + 
2)A/3u - 2(u + l ) /ulux and [(o + 5)X/6u - 4(u + l)/u]ux. (b) 
Plots of the same data in accordance with eq 6 and 15 and the 
theoretical ordinate intercepts (horizontal arrows) defining the 
same parameters. 

by differentiating eq 9 with respect to D have been unsuc- 
cessful due to the inability to express the required con- 
dition (first derivative equal to zero) in a form amena- 
ble to a tractable solution. However, the only result would 
be a more precise definition of the values of X for which 
it would not be possible to es_timate limiting tangents 
from the dose dependence of Mz(0)/&fz(D). As for the 
systems with a = 1, this difficulty is readily circum- 
vented by analysis of the data in the form ([fiz(0)/ 
&fz(D)] - 1)/D versus D (Figure 3b), where a minimum 
in the dose dependence of l/Mz(D) has no effect on the 
determination of the ordinate intercept. Evaluation of 
G ( S )  and G ( X )  by combining these ordinate intercepts 
from the dose dependences of weight- and z-average molec- 
ular weights thus appears to be equally valid for poly- 
mers with very narrow initial distributions as it is for 
polymers with a most probable initial distribution. Fur- 
thermore, we have shown that the various features of Fig- 
ures 1-3 also apply to the radiation degradation of poly- 
mers with intermediate Q values. 

Comparable analyses of the effect of radiation degra- 
dation on a polymer with a broad initial distribution (a 
= 0.1) are summarized in Figure 4. For the_se systems 
the dependence of &fw(0)/fiw(D) and f iz (0) /M,(D) (Fig- 
ure 4a) differ from their counterparts for narrower ini- 
tial distributions in that the sense of the curvilinearity 
is reversed: the magnitudes of slopes in Figures 1-3 are 
ever increasing with dose, but those in Figure 4 are mainly 
ever decreasing (see below). Another point of interest in 
Figure 4a is the divergent dose dependence of Mw(0)/  
Mw(D) in comparison with that of fiz(0)/&fz(D) for A = 
4. Whereas the decrease of &fw(D) with dose might be 
construed as evidence of scission, the increase of &fz(D) 
with dose signifies the occurrence of cross-linking: X = 4 
is, of course, the value of G ( S ) / G ( X )  associated with the 
changeover in predominance of cross-linking and scis- 
sion. The advantages of using eq 6 and 15 rather than 
eq 5 and 14 for evaluating the respective relationships 
between G ( S )  and G ( X )  also apply to polymers with this 
broad initial distribution (Figure 4b). Extrapolation of 
([&fw(0)/&fw(D) - 1)/D to obtain the ordinate intercept 
should pose no difficulty in that the function exhibits a 
systematic decrease with increasing dose. For X > 4 a 
similar situation applies to the corresponding plot for 
M,(D), but for X I 4 the value systematically increases 
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Figure 5. Analysis of weight-average (m) and z-average ( 0 , O )  
molecular weight data for yirradiated polystyrene with a nar- 
row initial distribution (u = 33). Open symbols denote pub- 
lished MJD)  data,14 whereas closed symbols refer to data obtained 
by remeasurement of those same sedimentation equilibrium dis- 
tributions. Solid lines indicate the theoretical dose depen- 
dence for a polymer with u = 3314and G(S) = G ( X )  = 0.02, the 
parameters deduced previously. 

with dose. Irrespective of the sense of the dose depen- 
dence of the M,(D) function, the ordinate intercept should 
be readily determined experimentally. The proposed pro- 
cedure for determining G ( S )  and G ( X )  thus seems likely 
to be applicable throughout the range of possible initial 
distributions and G ( S ) / G ( X )  ratios. 

Application to the y-Irradiation of Polystyrene 
Analyses of simulated radiation degradation data have 

failed to detect any theoretical deficiencies in the pro- 
posed procedure for evaluating G ( S )  and G ( X )  by com- 
bining information from the dose dependence of weight- 
and z-average molecular weights. To test whether limi- 
tations are likely to arise from inherent uncertainty in 
experimental results, we have reappraised the results of 
an earlier investigation into the effect of y-irradiation 
on a polystyrene sample with a = 33:14 this is the only 
system for which a dose dependence of M,(D) seems to 
have been reported. Access to the photographic records 
of the sedimentation equilibrium distributions has allowed 
corresponding calculations of MW(D) for the samples to 
which the published &lz(D) results refer. The resultant 
plots (Figure 5) derived from the dose dependences of 
&fw(D) (squares) and M J D )  (circles) show that the pro- 
posed procedure can give satisfactory values for G ( S )  and 
G ( X ) .  The plot for Mw(D) (W) gives [(a + 2)X/3a + 2(a 
+ l)/a]uX = -7.0(f0.1) X lo4 Gy-l, and its horizontal 
nature is in accord with prediction for X C 4 (Figure 2b): 
a value of A = 1 has been determined from the effect of 
radiation dose on sedimentation velocity patterns for these 
~amp1es.l~ Uncertainty in the value of f i , (D) at the low- 
est radiation dose prevents an accurate estimate of the 
ordinate intercept of the f i , (D) plot (circles) in Figure 
5. Nevertheless, the three experimental points are ade- 
quately described by the theoretical relationship (-) for 
a polymer with u = 1894 (&fn (0 ) /MJ  and G ( S )  = G ( X )  
= 0.02, which are the radiation yields derived from the 
ordinate intercept of -7.0 X Gy-' for the f i w ( D )  plot 
on the basis that X = 1. The excellent delineation of the 
ordinate intercept of the &fw(D)  plot and the agreement 
between the theoretical fiz(D) relationship and the exper- 
imental points suffice to indicate that the proposed pro- 
cedure should generally provide a unique determination 
of G ( S )  and G ( X )  without recourse to any assumption 
about the value of the ratio G ( S ) / C ( X ) .  

Concluding Remarks 
The demonstration that cross-linking and scission yields 

can be determined from the dose dependences of weight- 
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and z-average molecular weights is of particular rele- 
vance to the study of radiation d_egradation by ultracen- 
trifugation, where Z@,,,(D) and M,(D) for an irradiated 
sample may be obtained from the same sedimentation 
equilibrium experiment. Although gel permeation chro- 
matography is also used for that purpose, sedimentation 
equilibrium is the technique of choice for determining 
MW(D)  and M,(D) because it avoids the errors inherent 
in chromatographically estimated molecular weight aver- 
ages unless account is taken of differences in the elution 
volumes of linear and cross-linked polymer chains with 
the same molecular weight. An advantjge of the pro- 
posed procedure is the sensitivity of M,(D) to cross- 
linking, which enables G(S) and G ( X )  to be obtained from 
studies of samples subjected to low radiation doses. On 
the basis of analyses of simulated radiation degradation 
data, the present procedure of evaluating G ( S )  and 
G ( X )  from the ordinate intercepts of plots of ([&Zi(0)/ 
Mi(D)] - 1)/D versus D (i = w, z )  applies to a wide range 
of initial molecular weight distributions and G ( S ) / G ( X )  
ratios. Finally, an experimental verification of the the- 
oretical treatment is provided by an examination of results 
for the y-irradiation of polystyrene. 
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ABSTRACT: Volume changes resulting from the sorption of water by amylose have been determined by 
a newly developed dilatometric procedure involving the dissolution in potassium hydroxide of samples pre- 
viously equilibrated to a range of desired water contents. The data are represented by an empirical equa- 
tion containing two exponentials. A theoretical expression including parameters obtainable from sorption 
isotherms was developed by which the volume changes could be resolved into contributions arising from 
contact adsorption and from adsorption in more distant layers. The contribution from the latter was very 
small amounting to a volume decrease of less than 0.04 mL/g of sorbed water. The contact adsorption, in 
contrast, produced very large volume decreases ranging from 0.47 mL in nearly dry samples to 0.32 mL/g 
of water for samples containing 0.14-0.29 g of water/g of dry amylose. The change in these values suggests 
more than one type of sorption site. Their large magnitude points to a mutual filling of molecular cavities 
by the participating species. 

Introduction 

It has been well established that the physical and chem- 
ical properties of starch are critically affected by its inter- 
actions with water.'-' These interactions have been stud- 
ied by a variety of experimental  method^.^ Perhaps the 
most exhaustively applied of these methods has been the 
determination of vapor pressure-sorption isptherms which, 
in addition to their practical a plications, give useful ther- 
modynamic i n f o r m a t i ~ n . ~ . ~ ~ '  An originally empirical 
expression, known as the GAB (Guggenheim, Anderson, 
De Boer) equation,'-'' has been found to give a satisfac- 
tory representation of such isotherms over nearly the whole 

' Paper No. D10535-22-88 of the NJAES Journal Series. 

range of water activities.6"2 The equation may be derived 
by means of a multilayer adsorption model in which the 
sorbed water molecules are divided into two classes: one 
consisting of strongly adsorbed molecules in contact with 
the surface and the other of weakly adsorbed molecules 
in the remaining layers." 

It is important to realize that the same model also allows 
the calculation of the distribution of sorbed water between 
the two classes. Knowledge of this distribution makes 
it possible to test the two-class model by means of other 
experimental methods. 

We present here the results of dilatometric measure- 
ments aimed a t  obtaining the volume changes accompa- 
nying the interactions of water with amylose, one of the 
two major components of starch. Since on the molecu- 
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