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ABSTRACT 

CHARACTERIZATION OF MOLECULAR MOTIONS IN POLYMER GEL 
NETWORKS USING INTENSITY-FLUCTUATION SPECTROSCOPY 

by 

Roger Moore Schulken 

This work seeks to investigate the intrinsic dynamics 

of synthetic polymer gel networks in terms of cooperative 

submolecular motions, which give rise to autocorrelation 

functions, observed by intensity fluctuation spectroscopy. 

Poly(dimethyl siloxane) samples were purified and chemi¬ 

cally crosslinked to three levels of crosslink density. The 

resulting networks were swollen in toluene. Light scattering 

data were obtained over a range of swelling ratios from 

each sample as well as from the uncrosslinked polymer in 

solution. Due to a large amount of extraneous scattering, 

indicating the presence of a large component of static 

scattering, a "background" normalization technique was devised 

which allowed extraction of the desired correlation function. 

Also, a computer program utilizing the "method of cumulants" 

was developed to obtain diffusion coefficients from nonlinear 

autocorrelation decay data. 

The "diffusion coefficient" DT calculated for the un¬ 

crosslinked polymer in solution indicates scattering entities 

of about 60 A. This corresponds to a molecular weight of 

about 16,000, considerably less than the molecular weight of 

the polymer (160,000). The values for the diffusion coef- 



ficient were found to increase with increasing concentration, 

contrary to intuition. A similar increase in DT with polymer 

concentration was observed in swollen crosslinked gels. 

Also, there was evidence that the diffusion coefficient 

decreases with increasing degrees of crosslinking. 

A qualitative model was developed which describes a 

system of cooperative submolecular scatterers, consistent 

with the observed changes in D^. The results of the light 

scattering measurements were also compared to mechanical 

measurements of the tensile elastic modulus for the 

different crosslinked systems. These tests indicate that 

not all of the available sites were utilized in the cross- 

linking reactions. 
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I. INTRODUCTION 

For many years, the study of polymer solutions yielded 

quantities such as the osmotic pressure, heat of dilution, 

viscoelastic properties, and other macroscopic parameters 

of the systems. Recently, however, it has become possible 

to obtain direct measurements of certain molecular properties. 

It has been shown that measurements of either the spectrum 

or the correlation function of the light scattered from a 

polymer network could give information concerning the motions 

of the molecules composing the network. Recently developed 

light scattering techniques permit the measurement of optical 

lineshapes and frequency shifts with resolution of a few 

Hz in spectra of several megahertz. The new intensity- 

fluctuation spectroscopy has been successfully applied to 

the study of a variety of physical phenomena. Concerning 

the application to polymer system however, light scattering 

techniques have been applied only recently to systems other 

than dilute polymer solutions. 

The objective of this work is to employ intensity- 

fluctuation spectroscopy for obtaining information about the 

intrinsic dynamics of swollen polymer gel networks. The 

gel samples are to be prepared at several different degrees 

of molecular crosslinking and the different systems will be 

solvent-swollen over a range of swelling ratios. From the 

experimental data it is desired to characterize the col- 
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lective motions and interactions within the macromolecular 

networks and, if possible, extrapolate the results to 

macroscopic parameters. The following chapters describe 

the nature of polymer molecules, develop the light scatter¬ 

ing theory, and reflect the results of this investigation. 
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II. NATURE OF POLYMER MOLECULES 

Macromolecular Characteristics 

A polymer is a large molecule composed of many "repeat 

units" which may number from two to several million in 

making up a particular polymer molecule. Most often the 

number of repeat units Z is of the order of hundreds and 

thousands such that one of these macromolecules will appear 

as a long chainlike structure as shown in Fig. 1. The 

picture is not supposed to represent a static situation. 

In fact, Brownian motion will cause a macromolecule, or its 

segments, to move under the action of thermal motion, 

yielding many possible configurations which fluctuate with 

time. 

During polymerization, a growing molecule may branch 

and lose its linear form (1). If a fraction q of the monomer 

units along a chain contain qZ branches on the average. 

If qZ << 1, the number of chains linked together will be 

very small. If, however, qZ is near unity, the probability 

that a given chain will be linked to another will be very 

high. Thus, qZ = 1 is the critical value of crosslinking 

because there is a high probability that every chain will 

be connected to another chain and a continuous network or 

gel will be formed. The "gel point" is thus designated by 

qZ = 1. Not all chains will be linked together at the gel 

point, though. Many chains will not be crosslinked. The 

gel point only implies that each chain will be connected 
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to another chain on the average. 

Upon being dissolved in a solvent, the gel will not 

dissolve but the sol will go into solution. The pure 

polymer (gel) will appear like the unvulcanized material 

(sol) and will stand little stress. At higher values of 

crosslinking, however, the polymer becomes more stable under 

stress and the network exhibits infinite viscosity. The 

degree of crosslinking is obviously very important in the 

evaluation of physical properties of a polymer network. 

Further aspects of crosslinking and network swelling will 

be discussed later. 

Figure (II.l) Model of a Macromolecule 
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Molecular Dimensions 

The statistical properties of the long-chain macro- 

malecule depicted in Fig. (II.1) have been evaluated from 

several different viewpoints (2 - 6). Highly detailed 

mathematical descriptions have resulted when aspects such 

as angles of rotation about bonds and cis and trans effects 

have been considered. Presented here will be the prob¬ 

abilistic approach which ignores valence angle limitations 

and assumes an idealized chain of equal links joined 

entirely at random (7). Basing the development on the model 

shown in Fig. (II.2), the solution to the 

p(x,y,z) 

Figure (II.2) The Randomly-Linked Chain 
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problem involves evaluating the relative number of con¬ 

figurations of the chain for given values of x, y, and z. 

If one end of the chain A is fixed at the origin, the other 

end B will move randomly through space. The probability 

that B will be formed within an element of volume dxdydz 

will be proportional to the volume of the element and 

also to some function p(x,y,z) representing the probability 

density at point P. The form of p(x,y,z) needs to be deter¬ 

mined. As stated earlier, the concept of the chain is one 

of completely random jointing in the sense that the 

direction of any given link in the chain is independent of 

the direction of any other link in the chain, even adjacent 

links, while all directions are equally probable. 

The solution to this random chain problem is obtained 

by evaluating the relative number of configurations of the 

chain for given values of x, y, and z. The required 

probability is proportional to the number of configurations. 

For a chain of n links, each of length L, the solution takes 

the form 

p (x,y, z) dxdydz = (b3/ir3/2)e ^ + ^ + 2 ^dxdydz 

(II-l) 

where b2 has the value 3/2nL2. The approximations used in 

deriving Eq. (II-l) will not be mentioned here, only that 

they are valid so long as the distance between the ends of 

the chain is not comparable with the maximum possible ex¬ 

tension nL. 
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Eq. (II-l) is of fundamental significance in the theory 

of rubber elasticity. It has the form of the Gaussian error 

function, which occurs frequently in statistical problems 

connected with the super-position of random effects. It 

has many interesting properties, most of which will be omit¬ 

ted in this brief introduction. One point, though, is that 

r, the end-to-end distance, has its most probable value at 

r = 1/b = (2n/3)1/2 L. Thus, the most probable length of 

the randomly linked chain is proportional to the square 

root of the number of links. 

Crosslinking and Entanglements (8, 9, 10, 11) 

Most linear polymers can be made to soften and take 

on new shapes by the application of heat and pressure. The 

crosslinked network, on the other hand, is more stable and 

cannot be made to flow or melt. However carried out, the 

addition of crosslinks leads to stiffer, stronger arid 

tougher systems. The restoring force leading to elastic 

behavior requires that the gross mobility of chains in 

elastomers must be low. The motions of chains past one 

another must be restricted in order that the material can 

regain its original shape when stresses are released. This 

restriction of gross mobility is usually satisfied by the 

introduction of primary bond crosslinks in the material. 

Crosslinking is accompanied by the formation of gel and 

ultimately by the insolubilization of the entire specimen. 
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Probably the most pertinent relation of the degree of 

crosslinking and a practical macroscopic parameter is that 

given by the theory of rubber elasticity relating the tensile 

elastic modulus E to the concentration of elastically 

effective strands v. Flory's result is 

| = gvRT (II-2) 

where R is the gas law constant, T is the absolute tempera¬ 

ture and g is a front factor allowing for the effect of 

several approximations. In many crosslinking reactions the 

final number of crosslinks is known almost precisely. 

Knowledge of the molecular weight then allows very close 

approximation for v. Values for v predicted in this manner 

are inevitably less than the true value though. The reason 

for this is that the number of chain entanglements in the 

network is never known precisely, so this effect is neglected 

much of the time. 

There are several facets to the problem of evaluating 

the number of entanglements in a polymer network. For 

example, there is the question of whether a given entangle¬ 

ment is effective or not. An effective entanglement would 

act like a crosslink site where an ineffective entanglement 

might give rise to a situation of local sliding of one chain 

past another. Also, the introduction of crosslinks into 

the network might trap some otherwise ineffective entangle- 
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ments yielding effective ones. Another consideration is 

that the effectiveness of an entanglement depends on the 

rates of relative motion. Recently, a relation taking these 

aspects into account was derived by Langley and tested by 

Langley and Polmanteer. The relation is written as 

V = (qpMo)WgTe V
2 + 2eTe (II-3) 

where q is the fraction of polymer repeat units which are 

each joined to another unit by a random intermolecular 

tetrafunctional crosslink; p is the sample density; MQ is 

the molecular weight of a repeat unit; Wg is the gel weight 

fraction; e is the concentration of potential entanglements; 

and is the entanglement trapping function. Using Eg. 

(II-3) along with relations from the theory of rubber 

elasticity allows determination of v and other significant 

parameters. 

Swollen Polymer Networks 

It is usually necessary to incorporate a solvent into 

the system in order to obtain high quality light scattering 

data. Dissolving a polymer is a slow process that occurs 

in two stages (9). Diffusion of solvent molecules into 

the polymer to produce a swollen gel occurs first. If the 

polymer-polymer intermolecular forces are high because of 

crosslinking, crystallinity, or strong secondary forces. 
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this may be all that happens. But if these forces can be 

overcome by strong polymer-solvent interactions, the gel 

gradually disintegrates into a true solution. Polymer- 

solvent interactions are commonly described with the Flory (15) 

and Huggins (16) interaction parameter x which characterizes 

the interaction energy per solvent molecule divided by kT. 

The parameter arises from a development of the heat of 

mixing of polymer solutions. Phase separation occurs when 

X exceeds some critical value caused by extreme temperatures 

or the addition of a nonsolvent liquid to the solution. 

For networks that are chemically similar, the amount 

of swelling is largely dependent on the number of crosslinks 

in the system. Two surviving theories under investigation 

relating the extent of swelling of a network to its density 

of crosslinks are those of Flory (13) and James and Guth (14). 

In trying to determine the relative merit of the two theories, 

Yu and Mark (12) based their efforts on the relation 

f*v2
x/3 (<*—*-2) = 2Ci + 2C2<*

-1 ( 11—4 ) 

where f* is the stress divided by the area, v2 is the volume 

fraction of polymer, <* is the elongation and Ci and C2 are 

unspecified constants. Eq. (II-4) arises from the unexpected 

partial dependence of f *v2 V3/(œ-œ“2 ) on <*. They found that 

increased swelling results in a lower value of C2 and a much 

lower time required to reach mechanical equilibrium. How- 
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ever, this is only for higher degrees of crosslinking. 

Also, the ratio f* /ft of the equilibrium value of the 

force to the initial value exhibited immediately upon 

elongation increases with increasing swelling for higher 

degrees of crosslinking. It is apparent that swelling mod¬ 

ifies the behavior of a polymer network significantly. 
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III. LIGHT SCATTERING THEORY 

Particle Scattering (17, 18) 

In a medium, light scattering occurs as a result of 

variations in the refractive index of the medium. These 

variations are due to the presence of particles or because 

there are small scale density fluctuations. As light 

impinges on the medium, the electric field of the light 

induces an oscillating polarization of the electrons in the 

molecules. This dipole oscillates at the incident wave 

frequency and acts as a secondary source which radiates a 

spherical wavefront. 

Consider a plane wave polarized in the xy plane inci¬ 

dent upon an isotropic particle of spherical polarizability 

« situated at 0 as shown in Fig. (III.l). The intensity 

I(K) of the scattered wavefront was first derived by 

Rayleigh and is proportional to the square of the optical 

polarizability. 

16irl|«2sin2<J> 
I (K) = IQ  pp   (III-l) 

The intensity of the scattered wave is maximum in the xy 

plane, falling to zero along the z axis. 

Fluctuation Theory (18, 19, 20) 

In crystals where the structure is completely ordered, 

the light radiated from one particle interferes destructively 
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z 

Figure (III.l) The Scattered Intensity From A 
Spherical Isotropie Particle 
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with that of another so that there should be no light 

scattered. In liquids this is no longer the case. Al¬ 

though the existence of a high degree of order has been 

demonstrated in the liquid state, there will still be 

statistical random fluctuations in the local concentration 

of molecules in small elements of the volume, yielding 

some scattering of light incident upon the liquid molecules. 

The localized fluctuations occur due to changes in the 

refractive index or polarizability within a volume element 

<5V small compared with the wavelength of light. 

When a solute is introduced into a pure solvent, an 

observed increase in scattering occurs as a result of the 

excess dielectric constant or polarizability of the solute 

over that of the solvent molecules. The number of particles 

in the volume element 6V constantly flucuates due to the 

particles being in constant thermal motion. The concentra¬ 

tion in the volume element 6V at any instant in time is 

described by C + ÔC, where C is the average concentration 

and ÔC is the concentration fluctuation. The excess 

polarizability at any instant in time can be expressed as 

Œ + ô<*. Substituting this into Eq. (III-l) yields 

16ir4 (“2 + 2«<5°c + (S**) 2) sin2<f> 
I (K) = IQ    (in-2) 

The first term “2 does not contribute to the scattering 

since it is indicative of a purely homogeneous medium. The 
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term ÔŒ is both positive and negative so the second term 

averages out to zero. The term (ôŒ)2 is the only contribu¬ 

tion to the scattering process. A time average of (6Œ)2 

must be considered since this is an unmeasurable quantity 

at a specific instant in time. Eq. (III-l) can be expressed, 

therefore, as a time average intensity for N volume elements. 

16ïï
4
N< (ô

œ) 2>sin2<j> 
KK) = IQ   - (III-3) 

If oc is a function of concentration, temperature, and pres¬ 

sure, <S<* may be described as 

= (f§)ôc + (f?)0T + (f^6p (HI-4) 

The last two terms are the same as if Eq. (III-4) describe 

a pure solvent. The contributions from these terms are 

negligible compared to that of the concentration fluctuations 

such that the scattering from the N volume elements is 

essentially caused by concentration fluctuations in the 

solution. 

KK) 
16TT4Nsin2<|>z 

o —  
> (III-5) 

The time average of a fluctuation and its contribution 

to the scattered intensity has been discussed up to this 

point. Consideration can be given also to the degree of 
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correlation between fluctuations occuring simultaneously 

or at different times. 

Time-Independent and Time-Dependent Correlations (19, 21-27) 

In a medium, the ensemble average of the product of 

two fluctuations <6«v(0)6“.(0)> is a function of their 

distance of separation r. For r = 0, it is equal to the 

time average <(ôa)2> and for large r, where the fluctuations 

become independent, it approaches zero. Consider a function 

G(r,0) representing the conditional probability that if 

there is a fluctuation at the origin, another one can be 

found at a distance r at the same time t. Then the ensemble 

average between pairs of fluctuations is 

efioc (0)ô«.(0)> = G(r,0) < (<5œ) 2> (III-6) 
* J 

where G(r,0) is the spatial density correlation function 

described as 

n 
G(r, 0) = N“1 < l ô (r + r, (0) - r.(0))> (III-7) 

k,j=l K 3 

or 

G(r,0) = ô (r) + N-1 l <6 (r + r, (0) - r.(0))> 
k^j K 3 

= ô(r) + g (r) 
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where 6(r) and g(r) are the self and pair correlation 

functions. In this time-independent theory of light 

scattering, the intensity of the scattered radiation re¬ 

sulting from these correlations is given by 

167r4Nsin2<f> 
I(K) = IQ     <(0«)2>jG(r,0)exp(iK*r)d3r 

v (III-8) 

where K = kQ-ks is the scattering vector which is defined 

as the difference between the incident k and scattered o 

k waves as shown in Fig. (III.2) and r is the distance 
s 

between the flucuations. 

The concept of spatial density correlation functions 

can be generalized to include correlations in time. 

Consider the function G(r,t) representing the probability 

that if there is a fluctuation at the space-time origin, 

another can can be found at a distance r at a different 

time t. This function can be expressed as 

n f 
G(r, t) = 2TT“3N" 

1
 l <exp t-iK* (r (0)-r. (t) )> 
k,j=l > k 3 

V 

exp(-iK*r)d3K (III-9) 

where G(r,t) can be separated into a self part (k=j), 

G (r,t) and a distinct part (k^j), Gd(r,t). The former 

describes the correlation between positions of one and 

the same particle at different times while the latter 
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describes the correlations between positions of different 

particles at different times. If the fluctuations are 

separated by large r or t, statistical independence of the 

fluctuations may be assumed and the generalized pair 

correlation function is expressed as 

G.(r,t) = N“1 < l 6 (r + r, (0) - r. (t) ) > 
kftj k 3 

(III-10) 

= N“l< l [ 6(r + r, (0) - r')6(r' - r.(t))dr’>. 
K 3 

In this time-dependent analysis, the intensity of scattered 

radiation becomes 

where G'(r,t) is the net space-time density correlation 

function. 

This analysis can apply to the scattering of light by 

particles in random motion. In a dilute solution the 

movement of one particle is assumed to be statistically 

independent of the movements of other particles. The 

motions are therefore uncorrelated and G'(r,t) reduces to 

the self part (k=j), G_(r,t) of the space-time density s 

oo 

V 
(iii-ii) 

exp(i[K* r-wt])d3rdt 

correlation function. 
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The intensity of scattered radiation I(K,w), or 

spectral density of scattered light, is related to the 

Fourier transform of the field correlation 

C(K,X) = <E(K,t), E*(K,t+T) 

00 

= è \ E(K,t)*E*(K,t+T)dt 
— 00 

(III-12) 

by the Wiener-Khintchine theorem. 

00 

I(K,w) = 2-rr-1 | C ( K, T ) exp ( i WT ) dt (III-13) 

— 00 

The field correlation C(K,x) is the time average of the 

product of the electric field with itself at times t and 

t+x. In considering the random motion of particles in 

solution, t is arbitrary and the field correlation becomes 

<E(K,t)E*(K,t+x)> = <E(K,0)E*(K,x)> (III-14) 

Consider Fig. (III.2) in the evaluation of the field 

correlation for a light scattering process. The incident 

wave has the form EQexp(i[kQ*r] - iwQt) and impinges on 

a dilute solution of N identical isotropic particles. 

If the particles scatter independently of each other and 

secondary scattering is neglected, the electric field a 

distance R away is the summation of all the scatterers and 
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is given by 

E(K,t) 

N 

l exp[i (<j>j (t) Wotn (III-15) 

where is the amplitude of the scattered light from each 

particle. Consider the j*"*1 particle at a distance r^(t) 

away from the origin at time t as shown in Fig. (III.2). 

The optical path difference between the j particle and a 

scatterer at the origin is given by (APD - BOF). The 

phase of the scattered light which originates from the 

optical path difference is expressed as 

<j>j(t) = (APD-BOF) = (kQ-ks)-rj (t) (III-16) 

If the particle is moving slowly (v<<c), i.e., |k | — |k |, 
o s 

the magnitude of K = kQ-ks is 

|K| = 2kQsin| (III-17) 

2 Trn 
where 0 is the scattering angle and k = —r—. Eq. (III-16) 

O A 

can then be written as 

(^(t) = K-r^t) (HI-18) 

Combining Eq. (III-18) and (III-15) and substituting the 

result into (III-14), the field correlation can be written 
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as 

By taking the space Fourier transform of G(r,t) and combin 

ing with Eq. (III-19) and (III-13), the fundamental scat¬ 

tering equation for the time dependent theory is obtained 

This provides the foundation for interpreting the Doppler 

broadening of scattered light from particles in motion. 

In an actual scattering process the rapid fluctuation 

of the intensity is directly associated with concentration 

fluctuations. When a single beam of scattered light 

strikes the surface of a photomultiplier, a photocurrent 

is produced that is proportional to the intensity of the 

scattered light and, therefore, proportional to the square 

of the electric field. The time-dependent correlation 

function of the electric field derived earlier could be 

used to ascertain properties about the dynamics of a system 

of particles in solution if the electric field could be 

measured by the photomultiplier. Since the photocurrent 

is proportional to the square of the electric field, 

00 

(III-20) 

though, an intensity correlation function is needed to 
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derive the information required. The correlation function 

of the intensity fluctuations is given by 

CJ.CK.T) = <I(K,0)I(K,T)> 

= C2<E(K,0)E(K,x)E*(K,0)E*(K,x) 

(III-21) 

in analogy to the field correlation function defined by 

Eq. (II1-12) where c is a constant of proportionality. 

It is apparent that (^(K,!) is proportional to the square 

of the field correlation function C(K,x). Substituting 

the results of Eq. (III-19) into Eq. (III-21), the intensity 

correlation function can be written as 

CJO^T) = <I>2[l+<exp[2(iK-Ar)]>] (III-22) 

where Ar = r(0)-r(x) and <I>2 = N2C2|E^|4. 

The Normalized Correlation Function and Its Relation to 
the Translational Diffusion Coefficient  

In utilizing correlation functions in optical experi¬ 

ments, it is usually the proceudre to define the first and 

second order autocorrelation functions. These are simply 

the normalized field and intensity correlation functions, 

respectively. As the field correlation function was defined 

by Eq. (III-12) , the first order autocorrelation function 

g(x)(x) can be written as 
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_ <E (t) E* (t+T ) > 
<E(t)E*(t) > 

(III-23) 

and the second order autocorrelation function g(2)(T) may 

be expressed as 

<E(t)E*(t)E(t+x)E*(t+x)> 
<E (t) E* (t) >z 

(III-24) 

The first and second order autocorrelation functions are 

related by the expression 

g(2) (T) = 1 + jgf1) (T) I 
2 (III-25) 

The importance of Eq. (III-25) is that it enables first 

order spectral properties to be determined from the second 

order or intensity correlation function which, as already 

discussed, is the simplest spectral property that can be 

measured due to the nature of the detection process. For 

spherical scatterers Eq. (III-25) becomes 

g(2)(x) = 1 + exp[-2DTK
2x] (III-26) 

where D^, is the translational diffusion coefficient. In 

arriving at Eq. (III-26) it was assumed that the particles 

are identical spherical scatterers, the particles scatter 

light independently, the field is Gaussian, and the "self" 

part of the Van Hove space-time correlation function obeys 
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the diffusion equation, 

3G_ 

ît2- = V*6» • (III-27) 

This theoretical analysis of fluctuations and correla¬ 

tions provides the basis for obtaining information about 

the dynamics of a system of particles undergoing random 

motions. 
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IV. EXPERIMENTAL APPARATUS AND CONSIDERATIONS 

Light Source 

The experimental setup is shown in Fig. (IV.1). The 

monochromatic light source employed for the experiments was 

a Spectra Physics 165 argon-ion laser. A wavelength of 

4579 Â was used most of the time at a power level of 70 mw - 

120 mw. Using a system of mirrors and apertures the verti¬ 

cally polarized beam was directed into the cooling chamber 

and focused onto the sample cell. 

Cooling Chamber and Sample Cell (29) 

The dynamics of a system of particles or macromolecules 

in solution is heavily dependent on the temperature of the 

system as shown by the Stokes-Einstein relation 

°T 

kBT 

ÔTrnRjj 
(IV-1) 

where k^, is the Boltzman constant; n is the solvent vis- 

cosity; and RJJ is the hydrodynamic radius of the particle. 

For this reason the temperature of the sample cell was 

constantly controlled in the cooling chamber with a Lauda 

cooling circulator, model k - 4R. Temperature measurements 

were made with a chromel-alumel thermocouple using a Leeds 

and Northrup potentiometer, model 0662. Temperature read¬ 

ings were accurate within +0.05 °C. 

Polymer samples were placed in optically ground quartz 
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cells for the experiments prior to swelling. The experimental 

cell was placed in the path of the laser beam as shown in 

Fig. (IV.1). 

Optical Detection System (29) 

The scattered light from the sample cell was directed 

through a polarizer and impinged on the surface of a cooled 

ITT PW130 photomultiplier tube (PMT). In practice g(2)(T) 

cannot be constructed directly due to the detection pro¬ 

cess. Actually, the train of photo-electrons emitted in 

response to the intensity falling on the detector is 

correlated. The emission of photo-electrons leads to a 

distribution of photocounts registered before the signal 

reaches the discriminator. The discriminator shapes the 

pulses while at the same time preserving the time displace¬ 

ment between them. 

Autocorrelator (20, 29) 

A sixty-channel autocorrelator was used to analyze the 

signal from the discriminator. The sixty channels essen¬ 

tially represent sixty data points of an exponential decay 

according to the theoretical treatment concluded with 

Eq. (III-26). 

The correlation process can be described as follows ; 

consider a signal of the form shown in Fig. (IV.2). The 

property A at the two times, t and t + t can in general 
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time 

Figure (IV.2) Signal of A(t) to Correlator 
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have different values so that A(t+t) ^ A(t). Nevertheless, 

when T is very small compared to times typifying the fluct¬ 

uations in A, A(t+t) will be very close to A(t). As T 

increases the deviation of A(t+x) from A(t) is more likely 

to be non-zero. The value A(t+x) is correlated with A(t) 

when T is small but this correlation is lost as r becomes 

large compared with the period of the fluctuations. 

If the time axis is divided into discrete intervals 

At such that t = jAt and T = nAt, then the time average of 

A may be approximated by 

N 

<A (0) A (x) > = Üî.^Vj+n <IV'2> 

where A^ is the value at the beginning of the j interval. 

Note that many of the terms in the sum Eg. (IV-2) are 

negative. For example, in Fig. (IV.2) A^Aj+n is negative. 

Thus, this sum will involve some cancellation between posi¬ 

tive and negative terms. Now consider the case <A(0)A(0)>. 

The sum contributing to this is IAjAj = IAj* Since A? ^ 0 

all the terms in the sum are positive and the total will 

be large. What this implies is that 

N 

l 
j=l 

A2 
N 

(IV-3) 

or 

<A(0) 2> > <A(0)A(T)> 
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Consequently the autocorrelation function either remains 

equal to its initial value for all times x or decays from 

its initial value which is a maximum. Fig. (IV.3) shows 

an intensity signal before (a) and after (b) the autocorrela 

tion technique. 

Mechanical Measurements 

A table model Instron Universal Testing Instrument 

was employed for determining values of the tensile elastic 

modulus of the unswollen crosslinked samples. This instru¬ 

ment was capable of compression as well as tension experi¬ 

ments. The load range of this device was 2 grams to 

100 kilograms. The rate and amount of elongation of a 

sample was controlled and tensile force information was 

recorded as a function of time. With this information 

and a value for the cross-sectional area of a specimen, 

the tensile elastic modulus could be determined. 
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Scattered 
Light 
Intensity 

Auto¬ 
correlation 
Function 

Figure (IV.3) Intensity Signal (a) Before and (b) After 
the Autocorrelation Technique 
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V. THEORETICAL AND PRACTICAL METHODS 

Method of Cumulants (31, 32) 

Although Eq. (III-26) predicts a single exponential 

decay of the second order autocorrelation function g(2)(T) 

for particle movement in solution, there are cases where 

the decay of g(2)(T) appears to be multi-exponential in 

nature. In the derivation of Eq. (III-26) it was assumed 

the particle size was constant throughout the scattering 

solution. If there were particles of a distribution of 

sizes in the solution, then there would be a distribution 

of diffusion coefficients and the single exponential 

behavior exhibited by Eq. (III-26) would not describe the 

dynamics of the system. Impurities in the sample or stray 

laser light could also cause a deviation from single¬ 

exponential behavior. 

The method for obtaining data using a digital auto¬ 

correlator was described in the preceeding chapter as a 

collection of data points decaying in magnitude with in¬ 

creasing time. Analyzing the data according to Eq. (III-26) 

is simplified if the equation is rearranged and the log¬ 

arithm is taken: 

In[g(2) (T) - 1] = -2TT (V-l) 

where T = D^K2. The slope of a plot of ln[g(2)(T) - 1] 

versus T is -2T and the diffusion coefficient is easily 



obtained. As described above, though, sometimes the data 

will not yield a straight line as Eq. (V-l) dictates. A 

common practice is to force-fit the data to a single 

exponential in order to obtain a value for D^. 

Another method of analysis involves fitting the data 

to a polynomial by a least-squares procedure. A value for 

T can be extracted from one of the coefficients as follows : 

consider the first order autocorrelation function as defined 

by Eq. (III-25) and (III-26) . Using r = DTK2, g(M(T) can 

be written as 

For polydisperse solutions Eq. (V-2) must be generalized 

to a sum or distribution of exponentials: 

g(1 ) (T) = exp(-TT) . (V-2) 

00 

g(J) (T) (V-3) 

o 

with 

00 

(V-4) 

o 

where G(T) is the distribution function of the decay rates. 

If the mean value of G(T) is given by 
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and exp(-rx) is expanded about exp(-rx), the result is 

In order to better understand the nature of r, it is 

further emphasized that in the systems under study there 

will be a distribution of movements, hence a distribution 

of values for the diffusion constant describing these 

movements. Whereas T implies a discrete value for D^,, 

T represents an average of a distribution of DT values. 

Before proceeding, an instrument constant y should be 

defined and incorporated into the definition of g(2)(x). 

The maximum value of g(2)(T) occurs at x = 0 and is 

equal to 2 as shown by Eq. (III-26). In practice g(2)(0) 

is always somewhat less than 2 and is accounted for by 

rewriting Eq. (III-26) as 

(V-6) 

00 

= exp(-rx) l (-l)ru /r! 
r=0 

j.1. 

where is the r moment about the mean of G(T): 

(V-7) 

g *2)(T) = 1 + yexp[-2DTK2T] 
(V-8) 

= 1 + |gO)(T)I 
2 
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So, in the present development, Eq. (V-2) may be rewrit¬ 

ten as 

Y1/2g(1)(x) = y V^expf-Tx) (V-9) 

Including y in Eq. (V-6) yields 

Yl/2g(1)(T) = yV2exp(-rx) l (-1)ry /r! (V-10) 
r=0 

The correction term y is needed to account for such ef¬ 

fects as incomplete spatial coherence of light over the 

detector, and detector dark current. It is a function 

of the number of photocounts, the size of the sample 

interval, and the geometric arrangement of the optical 

components. 

Returning to the development of the polynomial exprès 

sion, if the logarithm of Eq. (V-10) is taken and expanded 

the result is 

ln(y1/2g(1) (T)) = - Tx + 
y2 (Tx)2 

2Tp 

U3(TX)
3 

rrp + • • • • 

(V-ll) 

where the solution is exact if all the terms are kept. 

Although Eq. (V-ll) is written in terms of the first order 

autocorrelation function g(1)(x), the expression is easily 
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related to g(2)(T) by combining it with Eq. (V-8)î 

ln(g(2^ (T) - 1) = lny - 2TT 
VI(TT) 

]i3(rx) 3 
(V-12) 

For the work being described in this text, a computer 

program employing the least-squares technique was revised 

and applied to Eq. (V-12). This method of analysis was 

used in data evaluation when applicable. As can be seen, 

the coefficient of T yields the diffusion coefficient 

and the instrument constant and moments or cumulants may 

be extracted from the other coefficients. 

Application of Light Scattering Techniques to Polymer 
Gel Networks  

Up to this point the discussion of light scattering 

theory and means of analysis has applied only to the motion 

of discrete particles in solution. The study of swollen 

polymer networks using light scattering techniques will 

be the topic of this section. Although visco-elastic 

properties of polymer gel networks have been investigated 

traditionally by mechanical means, several authors (33-43) 

have shown recently that measurements of either the spectrum 

or the correlation function of the light scattered from 

a gel could yield information about the molecular motions 

of the network. Two fundamentally different models have 
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been used to interpret experimental observations. 

One theory describes the polymer gel network as a 

system of identical, independent, harmonically bound 

particles undergoing Brownian motion about a 

stationary mean position. Ornstein and Uhlenbeck (44) 

derived the equation of motion for such a particle and 

McAdam et al. (35), Carlson and Fraser (36), and Wun and 

Carlson (37) considered a model based on this concept. 

The result is a nonexponential intensity correlation 

function. The second theory depicts the gel network as a 

continuum where light scattering occurs as a result of 

diffusion of the chains within the network. Tanaka et al.(34) 

de Gennes (38) , and later Munch et al. (40, 41) considered 

this concept where the intensity correlation function is 

predicted to have the form of a single exponential decay. 

There is experimental support for both theories but thesé 

verifications depend on certain ad hoc assumptions in the 

evaluation of certain parameters involved. 

The field autocorrelation function for the 

harmonically bound Brownian particle is given by Carlson 

and Fraser (36) as 

D K2 

g(*) (T) = exp — (1 - e”2YT)} (V-13) 

where x is the dealy time and y is the ratio of the linear 

restoring force of stiffness k to the frictional factor f. 
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Fluctuations due to orientation fluctuations have been 

neglected in arriving at Eq. (V-13). Cummins and Swinney (28) 

show how the intensity autocorrelation is related to the 

electric field properties, and, accordingly, the normalized 

intensity autocorrelation function is 

g(2) (T) = 1 + exp{—(1 - e“2YT)}-exp(—^—) 

(V-14) 

Eq. (V-14) reduces to the expected intensity autocorrelation 

for a freely diffusing particle defined by Eq. (III-26) 

when the binding force vanishes, i.e., when y approaches 

zero. At t = 0, g(2)(0) / 2 as Eq. (III-26) predicts 

but is always less than 2 with a K dependnece. For the 

rigidly bound particle (large y) g^2^ (0) = 1 for all values 

of K and the correlation function does not decay with 

increasing x. 

Eq. (V-14) illustrates the characteristic features of 

restricted diffusion that might exist when a system of 

macromolecules forms a gel. Wun and Carlson (37) extended 

the theory by incorporating into the model a parameter 

which accounts for the large component of static scatter¬ 

ing they observed in their experiments. The static 

scattering is supposedly due to interparticulate inter¬ 

ference and microscopic inhomogeneities. In the develop¬ 

ment of their model the intensity is separated into three 

components representing the time dependent, time independ- 
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ent, and static modes. The static component is expressed 

as a fraction 3 of the total intensity and the result is 

g(2) (T) = 1 + 23(1-3)[exp(-roTQ)-exp(-ro)] - 

(V-15) 

(l-3)2exp(-2rQ) + (l-3)2exp(-2roTQ) 

g(2)(0) = 1 + (1-3)2 + 23(1-3) [l-exp(-rQ)] 

(V-16) 

- CLT3) 2 exp(-2rQ) 

In the limit where 3 approaches zero, the above expressions 

reduce to those derived by Carlson and Fraser. Using the 

above expression intensity autocorrelation measurements 

at different angles should yield the frictional factor f, 

the diffusion constant, and the chain elastic constant k. 

Wun and Carlson also derived an equation for the 

storage modulus Gg of a polymer network in order to predict 

bulk properties from light scattering data. They assume 

that the chain elastic constant k may be related to the 

mean square end-to-end distance of a Gaussian chain <r2>Q 

k = 3k_.T/<r2> (V-17) o 

where T is the temperature of the sample. If any excluded 

volume in the network is neglected the result is 
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Gs = kvf
2/78.3n2 (V-18) 

where v is the number of polymer chains per cubic centimeter 

of gel. Using the values of k and f obtained in the light 

scattering measurements and estimating v from stoichiometry 

allows calculation of Gg. This may be compared to results 

from mechanical measurements. 

Unlike the models represented by Eq. (V-14) and (V-15), 

the second theory predicts a single exponential decay. In 

the development of this model, Tanaka et al. (34) make 

use of the depolarized component of the scattered light 

as well as the polarized part. The field correlation is 

given by 

g(l)(T) 
k' 
4 

J+|G 

exp{- 
(J+4G)K

2
T 

—i > 
(V-19) 

for polarized scattering and 

(T) = jj- exp{- G^--T-> (V-20) 

for the depolarized component. Here k' and k" are 

constants including several parameters; J and G are the 

bulk and shear moduli respectively; and f is the frictional 

factor again. Consequently, the shear modulus is found 

directly from an absolute intensity measurement of the 

depolarized scattered light. Measurement of the polarized 
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intensity then yields the bulk modulus and taking the cor¬ 

relation function allows determination of the frictional 

factor. These results are compared with mechanical measure¬ 

ments . 

De Gennes (38) constructs a model yielding a value 

for the "cooperative" diffusion coefficient Dc assuming 

a continuum network as did Tanaka et al. Three relations 

from the development may be tested via light scattering 

experiments : 

Dc “ 
E 

nS2 
(V-21) 

k„T 
Dc “ 

B 
(V-22) 

Dc * Ç-
1 'x, c3/4 (V-23) 

where E is the elastic modulus and £(c) is the static 

correlation length defining the average distance between 

entanglement points at a monomer concentration c. De Gennes 

theory is developed for the motions of long, flexible 

chains in good solvents but may be applied to gel net¬ 

works also. This theory is also explored in an earlier 

publication by Daoud et al. (45) who determined their 

correlations emphasizing excluded volume effects. They 

point out the discrepancy between their result for the 

relation between Ç and c (Eq. (V-23) and that obtained 
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by Flory (15) and Huggins (16), who obtained Ç ^ c-1/2 

Munch et al. (40, 41) use an approach conceptually 

similar to that of Tanaka et al, and arrive at practically 

the same expression for the intensity autocorrelation func¬ 

tion. Using a thermodynamic approach, they derive an 

expression for the diffusion constant including a func¬ 

tionality term: 

D 
RTV0 

♦ 
q. 2/3 
^io §> 

(V-24) 

where VQ is the equilibrium value of the number of elastic 

chains per unit volume; <J> is the friction coefficient given 

by 6irvc>riRH; f is the mean functionality of a crosslink; 

qQ is the swelling ratio; and q^Q is a term accounting for 

fluctuations. Using a stress-strain relation for swollen 

networks given by Dusek and Prins (41) and combining with 

Eq. (V-24) they obtain 

E* = | qio_2/3[D* + | RTVo] (V-25) 

where E* is the elastic modulus. Measuring D by light 

scattering and E* via uniaxial deformation experiments, 

the frictional coefficient may be determined. In this 

development the presence of pendant groups, entanglements, 

and crosslinks in the polymer network is neglected. 

The results of Tanaka et al. are employed in a 
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modified way by Geissler and Hecht (39) to yield values 

for the same parameters. Instead of using Eq. (V-20) to 

obtain G and f directly, they assume the existence of 

particle scattering centers such that the decay of the 

autocorrelation function conforms to the single exponential 

expression given by Eq. (III-26). The Tanaka result is 

then used along with another expression for the intensity 

to yield 

f 
G 
D ?c2 !^

D 
(V-26) 

where p is the density of the solution; c is the mass 

concentration of polymer; and p is the chemical potential. 

The value of 3y/3c is obtained from an absolute intensity 

measurement and D is evaluated from the light scattering 

deday constant. Thus, values of f and G are obtained 

using Eq. (V-26). The concentration dependence of D is 

also arrived at for the particular polymer samples used. 

The theoretical models developed by various authors 

for explaining data obtained from light scattering measure¬ 

ments from polymer gel networks have been discussed in 

this section. The experimental procedures, preparations, 

and results from these investigators will be analyzed and 

compared to those of this work in a later chapter of 

this text. 
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Correlation Functions Applied to Polymer Gel Networks (29) 

Besides developing new models to facilitate a better 

understanding of the nature of light scattered specifically 

from polymer gel networks, utilization of certain less 

specific models for interpreting light scattering data can 

also provide insight into the observed phenomena. 

In the model characterized by Eq. (III-26) , the scat¬ 

tering entities have been assumed to be isotropic, spherical 

scatterers of constant size. The paritcles have been 

assumed to be small relative to the wavelength of the 

incident light and the solution is expected to be free 

from impurities. If spurious scattering from "dust" or 

nonspecific aggregates or from the cell wall occurs, or 

if the laser intensity fluctuates during the experiment, 

the model will no longer apply. 

Consider the case of extraneous laser light entering 

the detector as might occur if there were reflection from 

the walls of a cell holding a nonhomogeneous sample. There 

will be no interference if the light enters the detector 

from a different direction than the scattered light and 

the intensities will add. However, if the light enters 

the detector from the same direction as the scattered 

light then interference will take place and the observed 

correlation function will be that for heterodyne detection 

as given by cummins and Pike as 
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ghet(2)(x) = 1 + C*g(1)(T) + C'lg*
1) (T) |2 (V-27) 

where C' and C" are constants depending on the relative 

strength of the two types of signal. Heterodyning is 

formally defined as the occurrence of the scattered field 

being mixed coherently on the detector with lght from a 

local oscillator source. The requirement of coherent mixing 

is that the wavefronts of the scattered light and reference 

beam must be parallel over the detector surface. 

Another type of distortion mentioned above arises from 

the presence of spurious scatterers. Since the time con¬ 

stant for dust scattering is liable to be very long compared 

with that for the sample the dust can be regarded as a 

local oscillator. Cummins and Pike give the correlation 

function as 

g(2) (T) — 1 + C1gg(
1
)(T) + c2|gg(

1
)(T)|

2 

(V-28) 

+ c3|gd<
1>(T)|2 

where the last term accounts for the dust scattering and 

C^, C2» and Cg are constants analogous to those in 

Eq. (V-27). The last term can be represented by a flat 

addition to the theoretical background. 

The local oscillator effect is described by Eq. (V-27) 

and the existence of dust in the sample is characterized by 
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Eq. (V-28). This latter type of scattering is generally 

from small numbers of scatterers so that non-Gaussian 

statistics are encountered in the fluctuations. If there 

are local oscillator effects as well as dust contributions, 

the usual techniques can only be applied in the case where 

the local oscillator dominates the dust scattering and 

badly contaminated samples cannot be measured at all. 

However, provided the dust fluctuations are relatively slow 

and the local oscillator dominates both dust and sample 

scattering, heterodyne spectroscopy may be employed to 

describe the scattering. Cummins and Pike give the re¬ 

sult as 

ghet(2) (t) = 1 + C49S
(1>(t) + C5gd(l)(T) (V"29) 

where and C,- are constants analogous to those in 

Eq. (V-27) . Again g^(l) (T) has a coherence time which is 

long compared to that of the sample and may be treated 

as an additional background term. 
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VI. SCOPE 

This work will employ light scattering techniques to 

obtain information about the intrinsic dynamics of polymer 

networks, crosslinked and uncrosslinked. It is desired 

to characterize the internal movements in terms of a 

model describing the nature of motions within macromolecular 

systems. The results of the light scattering experiments 

will be explained in accordance with the model and also 

compared to results of mechanical measurements. 
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VII. EXPERIMENTAL 

Polymer Materials 

Poly(dimethyl siolxane) samples were obtained from 

Dow Corning, Midland, Michigan. A representation of the 

molecular structure is shown in Fig. (VII.1). Three dif¬ 

ferent samples were obtained possessing different vinyl 

contents. Table (VII.1) summarizes the properties of the 

three samples. The vinyl groups are present as sites for 

crosslinking the polymer chains together. For the crosslink¬ 

ing agent Dow personnel suggested that a vinyl-specific 

peroxide be used because of its inefficiency of abstracting 

hydrogen from methyl groups and its dependability for adding 

to the vinyl double bonds giving pendant free radicals. The 

crosslinking agent chosen was ditertiarybutylperoxide, 

represented schematically in Fig. (VII.2). This chemical 

was obtained from Penwalt Lucidol at a minimum purity of 

98.5% and served as the agent for all crosslinking reactions 

in this work. 

CH3 9*3 
— Si  0 — 

CH=CH2 CH3 

— S1 — - 0 — -Si— 0 — — Si — - 0 
I I I I 
CH3 CHj CH3 CH3 

Figure (VII.1) Schematic Representation of Poly(dimethyl 
siloxane) 
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Table (VII.1) 

Ref. No. 
Mole % 
MeViSiO M 

w 
M 
n Polydispersity 

26 0.15 529,354 157,475 3.36 

13 0.30 491,853 154,162 3.19 

1 0.45 544,803 171,656 3.17 

CH? CH? 
! * I 3 

H?C  C  0 0  C CH? 
I I 
CH3 CH3 

Figure (VII.2) Schematic Representation of Ditertiary- 
butylperoxide 

Uncrosslinked Polymers in Solution 

Polymer solutions were prepared by dissolving stock 

polymer in toluene. Prior to solvation, the spectral- 

quality toluene was filtered through a 100 my millipore 

filter into a clean glass container. Any one of the three 

polymer samples was added to the toluene and a solution 

resulted after a few hours. This solution was filtered 

through a 0.22 y filter into another clean glass container. 
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Finally, the cleaner solution was filtered through a 0.22 y 

filter into a clean cuvette. The cuvettes used were made 

of optically ground quartz windows and were cleaned with 

distilled water, absolute ethanol, and were dried 

thoroughly with dry nitrogen prior to use. 

After the final filtering into the cuvette, the sample 

purity was checked under a microscope. The sample was 

illuminated with a laser beam such that the observer was 

viewing light scattered from the sample at 90°. Because 

of the high intensity of the laser beam, the illuminated 

section of the sample under scrutiny displayed tiny bright 

spots if impurities were present. If the sample was clean, 

the illuminated section of the sample appeared as a diffuse 

background. Impure samples were filtered until purity was 

attained. 

Once purity was achieved, the cell was placed in the 

path of the laser beam as shown in Fig. (IV.1). The wave¬ 

length of the light incident on the scattering cell was 

4579 Â and the power was kept below 150 mw. Using the 

system of mirrors and apertures the detector photocurrent 

was maximized. The autocorrelation function was taken 

according to the method described in Chapter IV. 

Swollen Crosslinked Networks 

Polymer solutions were prepared in the same manner 

as described in the last section. The solutions were 
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subsequently filtered into a teflon mold where the cross- 

linking reaction would occur. The solvent was slowly 

evaporated under a vacuum leaving purified polymer in the 

mold. Care was taken not to let the solution boil during 

evaporation as boiling seemed to enhance contamination of 

the sample. Usually the vaporization of the toluene took 

about twenty hours. 

After the polymer had been purified and the solvent 

had been evaporated, the crosslinking agent was added 

directly to the polymer. Ditertiarybutylperoxide was 

filtered through a 100 my millipore filter onto the 

polymer sample. The ratio of crosslinking agent to polymer 

was 1/100. This system was allowed several hours to come 

to equilibrium to ensure complete dispersion of the liquid 

peroxide throughout the polymer network. The platens 

of the compression molder were preheated to 180°C and the 

polymer was crosslinked at this temperature under a 

pressure of 2000 psi. Fifteen minutes were allowed for the 

reaction to be completed. 

Unlike the uncrosslinked polymer, the crosslinked 

system could not be made to flow and could be cut with a 

blade. The samples were clear and no impurities could be 

observed on inspection. Cubes of the crosslinked networks 

were cut with a clean blade and placed in the cuvettes. 

Careful weighings of the cuvettes and samples allowed 

determination of the swelling ratio of a system after a known 
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amount of toluene had been added. 

Elastic Modulus Determination 

The table model Instron described in Chapter IV was 

used to obtain values for the tensile elastic modulus E 

of the three polymer systems of different crosslink density. 

Crosslinking was achieved in the same manner as described 

earlier. All samples tested were cut with the same mold 

in hopes of maintaining a constant cross-sectional area. 

A micrometer was used to measure the dimensions at several 

different places on each specimen and the cross-sectional 

area was estimated from these readings. 

Samples were placed between two clamps on the Instron 

and the experiments were begun at the point of zero tension. 

The rate of elongation was 0.10 centimeters per minute and 

the amount of elongation achieved was about 8%. The load 

required for stretching the samples was 40 grams. 

Curves of load versus time were recorded on the chart. 

By knowing the chart speed and the rate of elongation, 

plots of load versus strain could be obtained. Finally, 

by knowing the cross-sectional areas of the samples, 

the stress could be related to the strain for the different 

samples. The tensile elastic modulus is the slope (stress 

divided by strain) of the stress-strain curve evaluated in 

the region of linearity. For the loads and samples used 

in these tests, the deformations were almost purely elastic 
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and the stress-strain curves were linear for all 

practical purposes. 
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VIII. RESULTS 

Uncrosslinked Polymers in Solution 

A typical plot of the autocorrelation function ob¬ 

tained from a solution of the uncrosslinked polymer is 

shown in Fig. (VIII.1). According to Eq. (V-l), the slope 

of the curve is -2T where T = D^,K2. The average diffusion 

coefficient obtained was 6 * 10“7 cm2/sec. The 

concentration of the many samples used was about 5% and 

in the early experiments was not determined precisely. 

The values of displayed a dependence on concentration 

which is discussed in Chapter IX. 

Fig. (VIII.1) illustrates the deviation from exponential 

behavior described earlier. The straight line in the 

figure corresponds to a single exponential decay of the 

correlation function. This multi-exponential behavior 

is encountered in many systems of macromolecules and is 

a result of the polydispersity of the polymer and aggrega¬ 

tion of molecules in the solution. According to the 

Stokes-Einstein relation given by Eq. (IV-1), the hydro- 

dynamic radius of a particle with a diffusion constant 

of 6 x 10”7 cm2/sec. is (Appendix B) 60 Â. This corresponds 

to a molecular weight of about 16,000. The number average 

molecular weight for this system is 160,000. Even though 

a macromolecular system behaves much differently than a 

solution of freely diffusing particles, light scattered 

from these samples will be assumed to arise from sub-molecu¬ 

lar movements. 
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Swollen Crosslinked Networks 

Maximum swelling ratios attained by the different net¬ 

works are summarized in Table (VIII.1). Prior to light 

scattering experiments, the swollen samples were checked for 

impurities under the microscope as described in Chapter VII. 

Light scattering data were taken on the cleanest samples. 

The experimental procedure described earlier was followed 

and the photocurrent optimization phase yielded the first 

revelation of the difference in scattering properties of the 

crosslinked and uncrosslinked systems. In the earlier ex¬ 

periments the polymer solutions exhibited very stable 

intensity readings displayed by the photometer. However, 

the first attempts to read photocurrent values from the 

swollen gels yielded ranges of photocurrents varying as 

much as several hundred percent. These fluctuations were 

minimized to an average of about 30% when the sample cells 

were closed tightly with wrappings of parafilm and the 

systems given about an hour to equilibrate. 

Some difficulty was encountered in trying to derive 

values of DT from the data obtained from swollen networks. 

Representative data from the experiments are shown in 

Fig. (VIII.2) and Fig. (VIII.3). Both figures are from 

data of sample #26, the system with the fewest number of 

crosslinks. Fig. (VIII.3) exhibits an experiment taken 

over a period of 500 seconds while Fig. (VIII.2) is for 

a time of 200 seconds. Traditionally, a longer experiment 
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is supposed to yield better light scattering data but, 

obviously, it would be much more difficult to fit a single 

exponential decay to the data from Fig. (VIII.3) than to 

the data from Fig. (VIII.2). Apparently, longer experiments 

enhanced the effect of extraneous scattering and the 

relative amount of desired component in the autocorrelation 

function was depleted. This point needs clarification. 

The "desired component" is that part of the autocor¬ 

relation function describing the continuous system dynamics 

as opposed to the contributions indicative of spurious and 

extraneous effects. Eq. (V-29) was developed for such a 

situation where g^(T) is the desired component and 

g ^^(x) represents the spurious scattering caused by 

impurities and unusual reflections. Concerning the depleted 

amount of desired component with longer experiments, this 

is strictly an effect of procedure. Before taking data, 

the photocurrent is monitored. The observed fluctuations 

have already been discussed. Acting on the premise that a 

stable reading from the photometer would be obsered if there 

were no extraneous effects, it follows that any spurious 

scattering will result in an increase of the photocurrent. 

Therefore, at a certain laser power, obtaining data when 

the photocurrent is at a minimum would yield data posses¬ 

sing a minimum of the extraneous effects. But, over 

longer periods of time, the extraneous effects become 

more pronounced as the photocurrent increases due to the 
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fluctuations. Since the extraneous scattering possesses 

such a longer decay time than the desired component, it 

becomes apparent that the more spurious scattering that 

occurs, the less the autocorrelation will decay. So, the 

flatter curve shown in Fig. (VIII.3) should reflect a 

longer experiment which is the case. It is not intended to 

imply that this is the only reason the correlation function 

would not decay. This is an ad hoc explanation believed 

to be valid for these experiments. 

In trying to deal with this problem, the first obvious 

anomalies of the data in Fig. (VIII.2) and Fig. (VIII.3) 

are the extra background components over and above the normal 

backgrounds. The contribution of the extraneous scattering 

will be referred to hereafter as an extra background since 

the effect on the correlation function decay is just an 

additional flat component. In trying to keep the model 

for the correlation function as simple as possible, one 

answer to the problem would be to add a constant in 

Eq. (V-8) to account for the additional scattering: 

g(2) (x) = 1 + 8 + y| g(1)(T)|2 (VII1-1) 

where 8 represents the additional flat response and y is 

the instrument constant again. This relation proved to be 

inadequate in the attempt to linearize the data. The 

reason for this is that the instrument constant was assumed 
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to be unchanged by the addition of $. However, as was 

stated earlier, y is a function of the number of photo¬ 

counts, no matter what the nature of the extra signal is. 

Therefore, y is not the only contribution to the coefficient 

of the last term in Eq. (VIII-1). If the contributions to 

the coefficient are lumped together into a single parameter 

o the relation may be written as 

where there are two constants to be evaluated now. Eq. (VIII-2) 

may be written as 

g(2)(x) = 1 + 3 + crexp [-2DTK
2
] . 

The extreme values of the observed autocorrelation function 

may now be used to evaluate the constants 3 and a. The 

values of the second order autocorrelation function at 

x = 0 and x = 00 are 

g(2)(0) =l+3+a (VIII-3) 

g (2 ) ( x ) = 1+3 + crjg^1^ (x) |2 (VIII-2) 

and 

g (2 ) (°°) =1 + 3 (VIII-4) 

where g(2) (°°) must be estimated from the assymptotic be¬ 

havior of g(2) (x) at large values of x. 



63 

In order to simplify the extraction of a value of D^, 

the data had to be plotted according to the logarithm of 

Eg. (VIII-2): 

In [' 
(2) (T) - 1 - 3-i = _ 2TT (VIII-5) 

where T = D^,K2 is the decay constant as before. This relation 

was successfully employed in the attempt to linearize the 

data illustrated in Fig. (VIII.2) and Fig. (VIII.3). Al¬ 

though it appears that these figures would yield significantly 

different results, the application of Eq. (VIII-3), (VIII-4), 

and (VIII-5) to the data gives two nearly identical plots. 

Fig. (VIII .4) and Fig. (VIII.5) are linearizations of the 

curves shown in Fig. (VIII.2) and Fig. (VIII.3) respectively. 

This linearization technique was also applied to samples #13 

and #1 as shown in Fig. (VIII.6) and Fig. (VIII.7). 

Table (VIII.1) summarizes the results for the three different 

systems. 

Table (VIII.1) 

Ref. No. 
Mole % 
MeViSiO 

q 
^max 

D«P x 107 cm2/sec 

26 0.15 7.06 7.49 - 8.28 

13 0.30 4.56 6.44 - 7.19 

1 0.45 3.83 8.87 -10.67 
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The relation described by Eq. (VIII-2) has a broad 

range of applicability since it is basically only a background 

normalization. It is interesting to note that in the event 

of no extraneous effects the relation reduces to that des¬ 

cribed by Eq. (V-8) where the value of a approaches that of 

y and 8 approaches zero. 

Experimental Dependence of PT On q 

Because the maximum swelling ratio is different for 

each of the three samples, the results listed in Table (VIII.1) 

are hardly conclusive. To obtain values of D,^ for each 

sample over a range of swelling ratios, the samples were 

prepared as before and light scattering data was collected. 

It was increasingly difficult to obtain good data at lower 

swelling ratios because of enhanced signal fluctuation. 

Values of DT for the polymer solution were also obtained 

over a range of concentrations. The results are summarized 

in Fig. (VIII.8). The lines drawn through the data points 

represent least-sqaure fits. 
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Tensile Elastic Modulus 

The results of the tensile tests are shown in Table 

(VIII.2). Predicted values of the tensile modulus E' are 

based on the assumptions of no entanglements or friction 

effects in the system (Appendix C). Values of E* assume 

the presence of entanglements and friction effects which 

are accounted for by the introduction of an "equivalent" 

number of extra crosslinks. Whichever basis of calculation 

is employed though, 

Table (VIII.2) 

Ref. No. 
Mole % 
MeViSiO E exp. std dev. E calc. E* n calc. 

26 0.15 8.80 0.34 1.64 8.84 

13 0.30 10.03 0.30 4.26 11.46 

1 0.45 10.23 0.22 7.47 14.66 

units of E values: 106 dyne/cm2 

the increments in modulus from one degree of crosslinking 

to another remains almost constant. At these levels of 

crosslinking, the predicted modulus increases about 

3 x 106 dynes/cm2 with each increment in degree of cross- 

linking. On the other hand, the experimental determinations 

of the modulus do not show increments this large. The change 

in modulus between the first and second samples is less 

than half of the predicted change and the change from the 
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second to the third sample is almost negligible. 
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IX. DISCUSSION 

Qualitative Development of à Macromolecular Model 

In order to comprehend the resulting trends depicted 

in Fig. (VIII.8), a qualitative molecular model has been 

developed. Disregarding the presence of solvent molecules, 

Fig. (IX.1) represents a portion of a swollen polymer net¬ 

work. The light scattering entities are segments of the 

macromolecular chains. The segments are shown in the 

figure with points of molecular restraint designated by 

dots. A point of restraint may be a permanent bond between 

molecules, such as a crosslink, or a less permanent contact 

point, such as a temporary entanglement or a "crowding" 

effect. The crosslink density of a network is enhanced 

by chemical reaction and results in a lowering of the seg¬ 

mental mobility. Enlarging the number of contact points is 

accomplished by increasing the polymer concentration and 

results in shorter segments between restrictive points. In 

either case the point of restraint represents a site of 

higher density, hence lower segmental mobility. Therefore, 

the chain segment between restrictive points may be con¬ 

sidered the moving scatterer, which determines the nature 

of the decay function. The result is a distribution of rates 

of motion. For example, the longer the segment between 

contact points, the larger the moving scatterer. And a 

larger scatterer yields a smaller apparent diffusion coef¬ 

ficient. It is not intended to imply that the portions of 
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Figure (IX.1) Representation of Polymer Network Swollen 
to q = n. Void Spaces Assumed to be Filled 
with Solvent. 
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molecules making up the contact point do not scatter light; 

they do. But, relative to the segment between them, these 

contact points are static. 

This concept is similar to that of Eyring's treatment 

of viscous flow (7) in which diffusing entities are assumed 

to remain for most of their time oscillating about fixed 

equilibrium positions. In the model proposed here, the 

moving entities oscillate between relatively static points 

of molecular contact. 

Application of Model to Experimental Results 

Having described the nature of the scattering entities 

in a macromolecular network, this model may be employed 

to explain the results of the light scattering experiments. 

The findings shown in Fig. (VIII.8) may be recapitulated 

as follows: 

— The magnitude of extraneous scattering is enhanced 

by decreasing q and increasing the degree of 

crosslinking. 

— The diffusion coefficient increases with decreas¬ 

ing q. 

— There are qualitative indications that the diffu¬ 

sion coefficient increases as the degree of 

crosslinking decreases. 

As described earlier, a macromolecular system may 

be pictured as a network of molecular chain segments 
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restricted at certain "contact points" by crosslinks, 

entanglements, or "crowding" effects. As the segments at 

the contact sites are more restricted than the segments 

between sites, these contact points scatter light statically, 

in a relative sense. Therefore, an increase in the number 

of molecular contact points would be expected to yield an 

enhanced static or extraneous scattering component in the 

observed autocorrelation function. Since decreasing q 

(increasing polymer concentration) leads to a more compact 

network with more molecular contacts, the magnitude of 

extraneous scattering should become larger as q is made 

smaller. This was indeed observed in the experiments with 

the gel networks, which gave a signal to noise ratio of 

1.3 - 1.4 at higher swelling ratios, decreasing to as 

little as 1.05 at very low values of q. Thus, it was 

practically impossible to obtain meaningful results as q 

approached unity. 

The introduction of chemical crosslinks would also 

increase the number of molecular contacts. Therefore, 

from the above argument, an increase in the degree of cross- 

linking would result in a larger component of extraneous 

scattering. 

The diffusion constant was observed to decrease with 

increasing swelling ratio. This may seem contrary to 

intuition if the diffusion constant were conceived as a 

parameter representative of the overall network mobility. 
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However, the correlation function (and corresponding 

diffusion coefficient) obtained from light scattering measure¬ 

ments reflects the motions of molecular segments, limited 

by "local" constraints, such as crosslinks and molecular 

contacts. Figure (VIII.8) illustrates this. 

If it is assumed that Fig. (IX.2a) represents a volume 

element filled with a polymer network swollen to q = n, 

then Fig. (IX.2b) would represent the same volume element 

swollen to some value q < n. In the less swollen network, 

the system is forced to maintain a more compact molecular 

arrangement, as described earlier. The result is more point 

contacts, leading to shorter segments between relatively 

static contact points. The moving scatterers have now been 

made smaller as illustrated in the figure. In accordance 

with classical theory (e.g., Eq. (IV-1)), smaller scatterers 

yield a higher value of D^,. Therefore, a more concentrated 

system should give a larger value for the diffusion coef¬ 

ficient. This effect is indeed demonstrated by the experi¬ 

mental results (Fig. (VIII.8)). 

The inverse relationship between D^, and the degree of 

crosslinking, displayed by the upper three curves in 

Fig. (VIII.8), can be explained as follows: consider two 

macromolecular networks as shown in Fig. (IX.3). The points 

c and d represent point contacts of the nature of a "crowd¬ 

ing" effect, whereas c* and d' represent permanent sites 

of contact such as crosslinks. Due to the nature of 
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a) Larger Scattering Entities Found in 
Less Concentrated System Where q = n 

b) Smaller Scattering Entities Found in 
More Concentrated System Where q < n 

Figure (IX.2) Effect of Swelling on Size of Scattering 
Centers. (Scattering Entities Designated by Dotted 
Line Enclosures with the Remaining Volume Occupied by 
(Small) Solvent Molecules). 
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a) Less Restrained Scatterer s 

b) More Restrained Scatterer s' 

Figure (IX.3) Effect of Crosslinking on Rate 
of Movement of Moving Scatterers 
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segmental contact, the chains in the vicinity of c are more 

mobile than are the chains in the vicinity of c'. Even 

though the moving scatterer s' is the same size as the 

moving scatterer s, s' is subject to more restraint and 

a lower rate of movement. As a result, the more cross- 

linked system exhibits a lower value of D^. 

One last aspect of the results displayed in Fig. (VIII.8) 

is the reverse order of the bottom two curves. The most 

crosslinked system should be the bottom curve. 

The results of the tensile tests shown in Table (VIII.2) 

indicate that the actual degree of crosslinking achieved in 

the samples could be incomplete. The modulus of the sample 

with the highest number of crosslinks is practically the 

same as the modulus for the sample with supposedly 33% 

less crosslinks. However, the least crosslinked system 

exhibited a significantly lower modulus than did the other 

systems. The predicted values shown in Table (VIII.2) 

show almost equal increments in modulus for the three systems. 

Based on the predicted values, the conclusion is that 

sample #1 does not have 50% more crosslinks than sample 

#13 which probably does not have twice as many crosslinks 

as sample #26. Assuming the mechanical measurements are 

good indices, there are two possible explanations. It 

could be that the stock polymer did not possess as many 

crosslink sites as expected. More probably, the cross- 

linking reaction was not as efficient as was hoped. The 
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method of incorporating crosslinking agent into the polymer 

samples supports this reasoning. On the basis of the 

tensile modulus data, "actual" crosslink densities could 

be assigned to samples #1 and #13 which are roughly equal 

and approximately 50% higher than that of sample #26. 

This would reduce the significance of the reverse order of 

curves for samples #1 and #13 in Fig. (VIII.8). 
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Application of Model to the Results of Previous Investigators 

It has been shown qualitatively that the diffusion 

coefficient should increase with decreasing swelling ratio. 

This relationship between and q or c has been investigated 

by other authors also. Theoretically, Flory (15) and 

Huggins (16) obtained D ^ c-1/2 and De Gennes' result was 

D 'v c3/4 as discussed in Chapter V. Experimentally, there c 

is inconsistency in the results. 

Light scattering measurements on F-action molecules 

reported by Fujime and Ishiwata (47) displayed a diffusion 

coefficient that was independent of concentration. The 

concentrations of the preparations were very low though. 

Geissler and Hecht (39) performed experiments on polybutadiene 

and polystyrene solutions of higher concentration and in 

different solvents. Their results showed a system with 

relatively independent of concentration and a system 

with DT very concentration dependent. French et al. (33) 

obtained light scattering data from collagen and reported 

a decrease in the size of the "scattering centers" as the 

concentration decreased. Wun and Carlson (37) and 

Tanaka et al. (34) performed separate experiments with poly¬ 

acrylamide gels and both groups obtained increasing values 

of DT with increasing concentration. Munch et al. (41) 

used networks prepared several different ways and obtained 

increasing values of DT with decreasing swelling ratio in 

all cases. However,the DT dependencies on q were different 

for different networks. 
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With this variety of results, a simple relationship 

describing the dependence of D^, on concentration for all 

macromolecular systems seems meaningless. If this relation¬ 

ship is to be quantified, it would be done so in an ad hoc 

manner. In the experiments being reported in this text, 

°T ^ c1/2. This dependence is illustrated in Fig. (IX.4) 

for the uncrosslinked network. 

As stated earlier, an increased number of molecular 

contact points in a network results in an increased amount 

of extraneous scattering. This reasoning was supported 

by the experiments reported here, as extraneous scattering 

increased with increased concentration. This same result 

occurred in other investigators' work. Munch et al. (40) 

observed this extra "noise" in crosslinked systems where 

there were many contact points but not in polymer solutions 

where there were not nearly as many contact points. Lee 

et al. (42) reported the existence of a "slow" component 

in their experiments with DNA. The slow component was 

observed to decrease with decreased concentration. Geissler 

and Hecht (39) reported "strong and variable" backgrounds 

in their experiments. They noted that it was extremely 

difficult to achieve satisfactory results in concentrated 

polymer solutions. Impurities made up a significant portion 

of the extraneous scattering, though, as they did not filter 

their solutions. 
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As described earlier, unless a background normalization 

is used in reducing the light scattering data, the result 

is nonexponential behavior of the autocorrelation function. 

Also, without normalizing the background, an increase in the 

amount of extraneous scattering results in an increase in 

the nonexponentiality of g(2)(t). Therfore, nonexponential 

behavior is enhanced by increased concentration of polymer 

or increased crosslinking. This concept may be used to 

explain an obvious inconsistency in the results of two pre¬ 

vious groups of experimenters. Wun and Carlson (37) and 

Tanaka et al. (34) each reported light scattering results on 

polyacrylamide gels which are summarized in Table (IX.l). 

Wun and Carlson reported nonexponential behavior from 

Table (IX.l) 

Investigators Polymer Fraction PT * 10
7 cm2/sec 

Wun and Carlson 0.025 3.7 
0.050 4.3 

Tanaka et al. 0.025 1.5 
0.050 2.4 

the gels while Tanaka et al. reported exponential decays 

of g^2^ (T). Along with the discrepancies in the results 
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in Table (IX.1), this fact can be explained by assuming 

there was more chain branching in the polyacrylamide gels 

employed by Wun and Carlson. Neither group of investigators 

reported any knowledge of the degree of branching in their 

samples and there was evidence that the macromolecular net¬ 

works were prepared differently. 

The results displayed in Table (IX.1) support the 

supposition that there was more chain branching in the 

systems prepared by Wun and Carlson. More chain branching 

results in an increased number of segmental contact points. 

As explained earlier, the presence of more contact points 

enhances nonexponential behavior due to an increase in the 

extraneous, relatively static scattering. Also, as explained 

earlier, an increased number of contact points yields 

smaller scattering centers and results in a larger diffusion 

coefficient. This effect is also exhibited in Table (IX.1). 

Because the second order autocorrelation function was 

found to be nonexponential in the work reported in this 

text, the specific model of Tanaka et al. could not be applied 

to the raw data obtained in the experiments. An attempt 

was made to fit the data to the nonexponential model ad¬ 

vanced by Carlson and Fraser. Even though the results 

displayed in Fig. (VIII.2) and Fig. (VIII.3) show non¬ 

exponential behavior, the model proved inadequate. 
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X. RECOMMENDATIONS FOR FUTURE WORK 

The dependence of D^, on the degree of crosslinking needs 

to be firmly established. The mechanical measurements 

performed in this work indicated a much lower crosslink 

density in samples #1 and #13 than was expected. It would 

be desirous to examine the networks for uncreacted cross¬ 

link sites with chemical assays and also to investigate 

alternative free radical sources for crosslinking the polymer. 

The dependence of on swelling ratio was reasonably 

well defined in this work, but the contact point model de¬ 

veloped for interpreting the dependence needs more support, one method 

that could differentiate permanent bonds from contact points 

would be to employ a system where secondary forces, such as 

hydrogen bonding, would be operative. A system that would 

accommodate water as a solvent would be a likely choice. 

The contact point model presupposes that restrictive 

points in a macromolecular network are static, relative to 

the moving scatterers or segments between these points. 

This could be investigated by labeling the crosslink sites, 

such that the motion of these sites could be observed, 

independent of other movements within the network. This 

would also yield better insight into the nature of extraneous 

scattering, which increases as the number of restrictive 

points becomes larger. 
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Other parameters affecting D^, should be examined also. 

Molecular weight could play a significant role in DT 

measurements, as could solvent viscosity and solvent-polymer 

compatibility. 
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APPENDIX A 

The statements of the computer program utilizing the 

method of cumulants are listed on the following pages 

along with an output sample. The program requires the 

following information in order to "run": Sample interval, 

experiment duration, number of points in decay function, 

photocounts per channel, total number of counts. 
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2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
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C$JOB 

DIMENSION C(64),X(64),A(5),D(64),Y(64) 
NN=21 
MM=NN+1 
MN=NN+2 
MK=NN+3 
DD 69 1=1, MK 
READ(5,100) C(I) 

100 FORMAT (2E15.8) 
X(I) = 1*1.0*10.0**(-6.) 

69 CONTINUE 
BACK=C(MM)*C(MN)/C(MK) 
DD 101 J=1,NN 
VAL=(C(J)-BACK)/BACK 

101 Y(J)=ALOG(VAL) 
WRITE(6 #154) 

154 FORMAT(1H1, YOU HAVE REACHED THE OUTPUT SECTION OF 
T'/' THIS PROGRAM, LISTED BELOW ARE THE COEFFICIENTS 
G'/' FOR THE POLYNOMIAL WHICH HAVE BEEN CALCULATED 
K'/' IN THIS PROGRAM. THE FIRST NUMBER IS THE 
O'/' FIRST COEFFICIENT OR INTERCEPT; THE SECOND 
R'/' NUMBER IS THE SECOND COEFFICIENT, ETC. 
F'/' A VALUE FOR (CHI SQUARED) HAS ALSO BEEN 
J'/' CALCULATED. THIS IS A MEASURE OF THE GOOD - 
U'/' NESS OF FIT. THE SMALLER THE NUMBER, THE 
K'/' BETTER THE FIT. THE VALUE FOR (CHI SQUARED) 
G'/' IS THE LAST NUMBER IN EACH COLUMN BELOW.'///) 
DD 200 M=1,2 
NTERMS=M+2 
NPTS=NN 
MODE=-l 
CHISQR=0. 
SIGMAY=0. 
NORD=M+l 
A(1)=0. 
A(2)=0. 
A(3)=0. 
A(4)=0. 
A(5)=0. 
CALL POLFIT(X,Y,SIGMAY,NPTS,NTERMS,MODE,A,CHISQR) 
WRITE(6,155) NORD 

155 FORMAT(1HO,' THE ORDER OF THIS POLYNOMIAL IS ’,11,/) 
DD 149 K=l, NTERMS 
WRITE(6,150) A(K) 

150 FORMAT(El6.8,/) 
149 CONTINUE 

WRITE(6,151) CHISQR 
151 FORMAT(El6.8,///) 
200 CONTINUE 

STOP 
END 
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43 
44 

45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 

73 
74 
75 
76 
77 
78 
79 
80 
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C LEAST SQUARES FIT TO A POLYNOMIAL 
C 
C SEE BEVINGTON, DATA REDUCTION & ERROR 

ANALYSIS P. 140 
C 
C 

SUBROUTINE POLYFIT(X,Y,SIGMAY,NPTS,NTERMS,MODE,A. 
CHISQR) 

DOUBLE PRECISION SUMX,SUMY,XTERM,YTERM,ARRAY,CHISQ 
DIMENSION X(64),Y(64),SIGMAY(1),A(5) 
DIMENSION SUMX(19), SUMY(10),ARRAY(10,10) 

C 
C ACCUMULATE WEIGHTED SUMS 
C 
11 NMAX = 2 *NTERMS -1 

DD 13 N=1,NMAX 
13 SUMX(N)= 0.0 

DD 15 J=l,NTERMS 
15 SUMY(J)=0.0 

CHISQ=0.0 
21 DD 50 1=1,NPTS 

XI=X(I) 
YI=Y(I) 

31 IF(MODE) 32,37,39 
32 IF(YI) 35,37,33 
33 WEIGHT = l./YI 

GO TO 41 
35 WEIGHT = 1. / (-YI) 

GO TO 41 
37 WEIGHT = 1. 

GO TO 41 
39 WEIGHT = 1. / SIGMAY(I)**2 
41 XTERM=WEIGHT 

DD 44 N=1,NMAX 
SUMX(N)= SUMX(N) + XTERM 

44 XTERM=XTERM *XI 
45 YTERM=WEIGHT * YI 

DD 48 N=l,NTERMS 
SUMY(N)=SUMY(N) + YTERM 

48 YTERM = YTERM * XI 
49 CHISQ = CHISQ + WEIGHT * YI **2 
50 CONTINUE 
C CONSTRUCT MATRICES AND CALCULATE COEFFICIENTS 
51 DD 54 J=l,NTERMS 

DD 54 K=l,NTERMS 
N=J + K - 1 

54 ARRAY(J,K)= SUMX(N) 
DELTA = DETERM(ARRAY,NTERMS) 
IF (DELTA) 61,57,61 

57 CHISQR=0.0 
DD 59 J=l,NTERMS 
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89 
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93 
94 
95 
96 
97 
98 

99 
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101 
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106 
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109 
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114 

115 
116 
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118 
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59 A(J)=0.0 
GO TO 80 

61 DO 70 L=1,NTERMS 
62 DO 66 J=1,NTERMS 

N= J + K - 1 
65 ARRAY(J,K)+SUMX(N) 
66 ARRAY(J,L)=SUMY(J) 
70 A(L)=DETERM(ARRAY,NTERMS) / DELTA 
C 
C CALCULATE CHI SQUARE 
C 
71 DO 75 J=1,NTERMS 

CHISQ = CHISQ -2, *A(J) * SUMY(J) 
DO 75 K=1,NTERMS 
N=J + K - 1 

75 CHISQ = CHISQ + A(J)*A(K)*SUMX(N) 
76 FREE=NPTS - NTERMS 
77 CHISQR+ CHISQ / FREE 
80 RETURN 

END 
C 
C CALCULATE THE DETERMINANT OF A SQUARE MATRIX 
C 

FUNCTION DETERM(ARRAY,NORDER) 
DOUBLE PRECISION ARRAY, SAVE 
DIMENSION ARRAY(10 , 10) 

10 DETERM = 1. 
11 DO 50 K=l,NORDER 
C 
C INTERCHANGE COLUMNS IF DIAGONAL ELEMENT IS ZERO 
C 

IF(ARRAY(K,K)) 41,21,41 
21 DO 23 J=K,NORDER 

IF(ARRAY(K,J))31,23,31 
2 3 CONTINUE 

DETERM = 0. 
GO TO 60 

31 DO 34 K=K,NORDER 
SAVE = ARRAY (I,K) 
ARRAY(I,J)= ARRAY(I,K) 

34 ARRAY(I,K) = SAVE 
DETERM = - DETERM 

C 
C SUBTRACT ROW K FROM LOWER ROWS TO GET 

DIAGONAL MATRIX 
C 
41 DETERM= DETERM * ARRAY(K,K) 

IF (K - NORDER) 43,50,50 
43 Kl = K + 1 

DO 46 I=K1,NORDER 
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119 DO 46 J=K1/NORDER 
120 46 ARRAY(I,J) = ARRAY(I,J) 

ARRAY(K,K) 
121 50 CONTINUE 
122 60 RETURN 
123 END 

ARRAY(I,K)*(ARRAY(K,J)/ 
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YOU HAVE REACHED THE OUTPUT SECTION OF 
THIS PROGRAM. LISTED BELOW ARE THE COEFFICIENTS 
FOR THE POLYNOMIAL WHICH HAVE BEEN CALCULATED 
IN THIS PROGRAM. THE FIRST NUMBER IS THE 
FIRST COEFFICIENT OR INTERCEPT; THE SECOND 
NUMBER IS THE SECOND COEFFICIENT, ETC. 
A VALUE FOR (CHI SQUARED) HAS ALSO BEEN 
CALCULATED. THIS IS A MEASURE OF THE GOOD - 
NESS OF FIT. THE SMALLER THE NUMBER, THE 
BETTER THE FIT. THE VALUE FOR (CHI SQUARED) 
IS THE LAST NUMBER IN EACH COLUMN BELOW. 

THE ORDER OF THIS POLYNOMIAL IS 2 

-0.42119940E 00 
-0.10837810E 06 
0.10861150E 10 
0.94889960E-03 

THE ORDER OF THIS POLYNOMIAL IS 3 

-0.41840240E 00 
-0.11001050E 06 
0.12860130E 10 

-0.64378350E 13 
0.10033610E-02 

CORE USAGE OBJECT CODE= 5856 BYTES,ARRAY AREA= 2084 BYTES 

DIAGNOSTICS NUMBER OF ERRORS= 0, NUMBER OF WARNINGS= 0 

COMPILE TIME= 0.52 SEC,EXECUTION TIME= 0.20 SEC, 10.29.07 

C$STOP 
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APPENDIX B 

This section will serve to illustrate the molecular 

weight determination of a macromolecular particle, given 

a certain value of DT associated with the particle. In 

using Eq. (IV-1) it is assumed that the particles are 

spherical and isotropic: 

_ kBT 
^ “ 6irn'DT 

kB = 1.38 x 10"16 erg/deg 

^20 = ®*59 centipoise 

T = 293°K 

For DT = 6 x 10“7 cm2/sec, 

R = 293 (1.38 x IQ-16)  
H
 6TT (6 x 10~7) (.59 x 10"2) 

= 60.6 A 

The radius of gyration is given by Kerker (17, p. 478): 

(Rg2)1/2 = (3/5 RJJ
2)1/2 = 46.9 A 

R is related to the number of chain links x by the rela- 
g 
tion (9, p. 28) 
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(R 2) l/2 - &X1/2 

9 

where % is the length of a repeat unit (=* 3.2 A). 

Solving for x : 

x = !“2R 2 

g 

= ( 3.2 ) “ 2 (46.9)2 

= 214.8 links 

The molecular weight of a repeat unit is 74 A.W.U. 

M.W. = (214.8)(74) 

= 15,896 
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APPENDIX C 

Measurement of tensile modulus of crosslinked networks. 

E = tensile modulus = a/y 

a = stress = force/unit area 

y = strain = Alength/length 

58" 184” 
cross sections =* YÔÏÏÔ X IQQO = *0^07 in2 = 6.885 mm2 

original lengths * 0.70" = 1.78 cm 

average force„_v = (40 grams) = 29230 dynes max 

average elongation = 0.0525" = 1.33 mm 

Sample No. Specimen E x 10 ”6 dynes/cm2 E —avg std. dev. 

26 1 8.96, 8.7.1 
2 9.18, 8.84, 9.32 
3 8.40, 8.45, 8.50 8.80 0.34 

13 1 10.59, 10.47 
2 10.03, 9.86, 10.03 
3 9.92, 9.72, 10.03 0.30 

9.86, 9.79. 

1 1 10.35, 10.53, 10.46 
2 10.10, 9.91, 10.00 
3 10.11, 10.35, 10.08 
4 9.98, 10.07, 10.24 
5 10.25, 

10.64 
10.40 10.23 0.22 
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Predicted Modulus Eca^c 

E'= 3vkBT (l-2Mc/Mn) 

M = chain molecular weigth 
c 

Mn = number average molecular weight 

v =2 [crosslinks/cm2] 

.972 mole N- molecules 
cc ^ x 70 g x ° mole 

8.36 x 1.021 repeat units/cc 

#26: i-v o ~ in2i r.u. 15 crosslinks _ S.M x 10 JJ— i04 r.u.  

1.254 x 101 9 crosslinks. 

#13: jV 2.508 x 1013 crosslinks 
CC 

# 1: Jv = 3.762 x 10 
x 9 crosslinks 

cc 

#26 
15 crosslinks 1.57 

X 
x 10' 

10* r.u. 
5/- 031 ^ W . 
36-231 chain 

70 
r.u 3.36 

crosslinks 
molecule 

#13 23,100 
m.w. 
chain 

# 1 15,636 
m.w. 
chain 

#26: E' 3 (1.254 x 1019 

36231 
(1-2 1.57 x 10! 

) 2(1.38 x 

) = 1.64 x 

10“16)(293) 

106 
dyne 
cm2 



C-3 

#13: E'= 4.26 x 106 

# 1: E*= 7.47 x 106 

Predicted Modulus E * 
calc 

Assume entanglements and friction effects equivalent to 

P crosslinks _ -c crosslinks 
molecule 104 r.u. 

#26: jv 8.36 x 1021 

4.18 xIQ19 

r.u. 35+15 crosslinks 
cc x 104 r.u. 
crosslinks 

cc 

#13: |v 5.43 10 1 9 crosslinks 

cc 

# 1 
1 
2 6.69 x 10i9 crosslinks 

cc 

As before: 

#26: Mc 
= 12,869 

#13: M 
c 

= 10,043 

# 1: M c 
= 8,323 

#26: E* = 8.48 x 106 

#13: E* = 11.46 x 10 

# 1: E* = 14.66 x 10 

dyne 
cm2 

6 dyne 
cm2 

6 dyne 
cm2 


