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Homopolymer polystyrene-divinylbenzene, PS-DVB, networks were made by free radical chemistry 
u.v. photopolymerization techniques, and characterized by small-angle neutron scattering (SANS). The 
networks contained a delta fraction of chains labelled with deuterium. Two different series of samples 
were made: Method A in which the insertion was made centrally or at the end of the polymerization; 
Method B in which the delta fraction of deuterated primary chains was inserted at the beginning of the 
polymerization. Method B samples yielded a molecular weight of about 70,000g/mole and a radius of 
gyration of about 120A, values in the range expected for single primary chains. Method A samples, 
however, gave molecular weights of 1-2 million and radii of gyration ranging from 350 to 400 A. 
Intrinsic viscosity and gel permeation chromatography (g.p.c.) studies on parallel fractions yielded 
weight-average molecular weights near 72,000 g/mole for most of the polymerization. These results 
strongly suggest the existence of aggregation of primary chains synthesized in the same conversion 
period within the network. A new method of characterizing crosslinking between network chains is 
proposed, since these experiments count the probability of a chain crosslinking with a chain polymerized 
immediately before in time. 
(Keywords: small-angle neutron scattering; polystyrene-divinyl benzene networks; delta fraction; 
deuterated polystyrene; aggregation; polymerization) 

INTRODUCTION 

Before the introduction of small-angle neutron scattering 
(SANS), polymer chain conformation studies were re- 
stricted to light scattering and small-angle X-ray (SAXS) 
instrumentation, usually conducted in dilute solution. 
Under Flory 0-conditions 1, most polymer chains were 
shown to be random coils. While scientists of that day 
theorized that the conformation of polymer chains in an 
amorphous bulk polymer were similar to that which 
existed under Flory 0-conditions, there was only limited 
direct experimental evidence in support of this theory 2. In 
recent years, SANS has been shown to be an appropriate 
technique for directly studying the chain conformation 
and dynamics of flexible polymer molecules in the bulk 
state 3 -6. Generally, SANS data has been consistent with 
the existence of random coils in the bulk state 3'7, although 
several workers a-13 have shown that on extension, the 
chain ends appear to deform more than the central 
section, leading to non-Gaussian statistics. 

Here a series of polystyrene--divinyl benzene networks 
were prepared by free radical polymerization. The or- 
dinary hydrogen-bearing styrene monomer was removed 
at one point, and 5-20% of deuterated monomer, called a 
delta fraction, was inserted. On polymerization, then, a 
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portion of the network consisted of deuterated primary 
chains. These materials, when examined by SANS, yielded 
molecular weights many times the known molecular 
weight of individual primary chains. 

From an experimental point of view, the problem was 
to characterize the exact state of aggregation. From the 
theoretical point of view, the problem was to develop and 
examine suitable models of the actual aggregation me- 
chanism. It will be shown below that this state of 
aggregation is caused, in part, by a just-polymerizing 
chain having a higher than statistical probability of 
crosslinking with a chain polymerized in the immediate 
past, rather than with chains polymerized much earlier in 
time. This unusual result has to do with the pendant vinyl 
groups on the already polymerized chains. As the reaction 
proceeds, these are gradually consumed, leaving the chain 
unable to crosslink with a chain forming much later in 
time. Thus, a method of distinguishing a network formed 
during polymerization from one that is formed after 
polymerization by vulcanization (e.g. sulphur reacted 
with rubber) is proposed. This paper will compare various 
models with the experimental data, and outline how the 
above conclusion was reached. 

THEORY 

The principles of neutron scattering theory as applied to 



the solution of polymer problems have been described in a 
number of papers and review articles 3-15. 

The coherent intensity in a SANS experiment is 
described by the scattering cross-section dE/d~, which is 
the probability that a neutron will be scattered into a solid 
angle, Q, per unit volume of the sample. The quantity 
dE/dfl expresses the neutron scattering power of a sample 
and is the counterpart of the Rayleigh ratio, R(O), used in 
light-scattering. 

For homopolymer blends consisting of deuterated 
(labelled) polymer molecules randomly dispersed or di- 
ssolved in a protonated polymer matrix, small-angle 
neutron scattering in the Guinier region arises from the 
contrast between the labelled (deuterated) and the pro- 
tonated species. The scattering cross-section can be 
expressed yx 1 

K) - CNMw.[S(K)] - '  (1) 

The quantity M~ represents the weight-average molecular 
weight of the deuterated polymer, and Cs is a calibration 
constant given by 

(a n - -  aD)2NAp(1  --  X ) X  
CN = 2 (2) 

mD 

where an and a D are the scattering lengths of normal 
(protonated) and deuterated (labelled) monomer struc- 
tural units, p is the density of the polymer, X is the mole 
fraction of labelled chains, mD is the mass of the deuterated 
monomer structural unit and NA is the Avogadro's 
number. 

The quantity S(K) is the single chain form factor 
[identical with the P(O) function used in light scattering], 
which describes the conformation of an individual label- 
led chain. This molecular structure factor becomes inde- 
pendent of particle shape as the angle of scatter 0 
approaches zero, and under these limiting conditions 
(Guinier region K2Rg< 1) becomes a measure of the 
radius of gyration, Rg. 

After rearranging, equation (1) becomes: 

dE -1 

CN~/~k + ~ - - )  (3) 

The quantity K equals 4~ 2- t  sin(0/2), where 2 is the 
neutron wavelength and 0 is the angle of scatter. Thus, the 
Z-average mean square radius of gyration, R~, and the 
polymer molecular weight, M~, may be obtained from the 
slope and intercept respectively of a Zimm plot of 
[dZ/dD] -1 vs. K 2. The values of M~ and R 0 were 
evaluated after appropriate subtraction of the scattering 
from an unlabelled polymer matrix (blank) from the 
samples containing different fractions of labelled 
molecules. 

In the above derivation it was assumed that the labelled 
molecules are fully deuterated. Thus, considering the 
structural units of the hydrogenated and deuterated 
polystyrene as CsHs and CsDs, respectively, aH=2.328 
10-12 cm, and ao = 10.656 10 - 12 cm. Thus, the difference 
in scattering lengths between hydrogenated and de- 
uterated monomer repeat units (mers), (au-aD) is 8.328 
10-12 cm. Equation (3) is applicable to miscible homopo- 
lymer blends in which the molecular size distributions of 
the labelled and unlabelled polymer molecules are identi- 
cal. If the size distributions are different, the SANS 
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scattered intensity contains information of both species, 
therefore, corrections to the measured values of R. and 
Mw, are needed. These corrections have been developed 
by Bou6 et al. 17, and previously used by other 
authors14.1 s. 

In the Guinier range, the scattering cross-section under 
conditions of mismatch in molecular sizes is given by 17: 

dE._ . l - '  1 f ( 1 - X )  X 
+ 

K2a2FNzD(1-X) 

where 
(a D -  a n ) 2 p N a X ( 1  - X )  

- (5) 
mD 

and where a represents the length of one mer. The weight 
average, N w, and the Z-average, Nz, degree of polymeri- 
zation of the labelled (D) and unlabelled ~ (H) polymer 
chains, are related, by: 

NwH= N~D(I~ + Aw) (6) 

NZH = NZD(1 + AZ) (7) 

Substituting NH in terms of N D, Nza2/6 by R 2, and moNwD 
by Mw, equation (4) becomes: 

: 1 
CsM~ 1 +Aw_j -~ 3 

I_F X(AZ-Aw)I  (8) 

The correction terms in the square brackets depend on the 
mismatch in the size distribution. The curve of 
[dZ/dD(K)] - 1 vs. K 2, yields apparent values of Mw and 
R g. The corrected values may be obtained: 

XAw ] (9) 
Mw=Mw=pp 1 l + A w  

, 2 [  x z], 
Ro-Ro=p~ lq I + ( 1 - X ) M w  (10) 

It should be pointed out that when the molecular sizes of 
both species are equal, Aw=AZ=0,  and equation (8) 
reduces to equation (3), as expected. 

EXPERIMENTAL 

Synthesis 
In the following, the synthesis of the homopolymer PS-  

DVB networks will be described, including two different 
methods for inserting a delta fraction of deuterated 
primary network chains within this network during the 
polymerization. 

Method A. This synthesis involves three steps; in each of 
them a free radical bulk polymerization was performed. 

Step I: Polymerization of the first portion, 
hydrogenated-polystyrene gel. A monomer mixture com- 
posed of styrene, benzoin and divinylbenzene was ex- 
posed to u.v. light. The initiator concentration was 0.4~ 
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by weight and the crosslinking agent concentration was 
1 mole%, both percentages were based on monomer 
weight. After 12-16 h u.v. exposure the prepolymer was 
viscous enough to be poured into a mould, its conversion 
being about 1 0-15%. Then, the sample was exposed to u.v. 
light again for approximately 24-30 h in total. The 
polystyrene network was then sufficiently gelled to be 
removed from the mould and was dried in a vacuum oven 
for 24 h at room temperature followed by 48 h at 60°C, to 
remove remaining unreacted monomer. The final con- 
version, corresponding to about 60-70% was gravimetri- 
cally determined. 

Step II: Polymerization of deuterated styrene as the 
delta fraction. Small samples of the hydrogenated poly- 
styrene networks (60-70% conversion) from step I were 
swelled with deuterated styrene monomer, divinylbenzene 
and benzoin mixture to exactly the weight existing before 
the evaporation of hydrogenated monomer was begun. 
The swollen gel was placed in a mould and again exposed 
to u.v. light. After a certain extent of conversion, the 
polymer gel was again removed from the mould and dried 
in a vacuum oven. The added conversions ranged from 5 
to 20%. 

Step III: Polymerization of hydrogenated styrene to 
complete reaction. The dry network from Step II was 
reswollen again with protonated styrene, divinyl- 
benzene and benzoin to replace the deuterated monomer 
removed at the end of the second step. The swollen gel was 
once more placed in a mould and exposed to u.v. light 
until completion of the reaction. 

The reason for replacing the monomer removed so 
exactly was to prevent the chain conformation within the 
already formed material from being disturbed. All the 
polymerizations were carried out in glass plate moulds 
with a 1 mm rubbery O-ring, and covered with 
poly(ethylene terephthalate) (PET) films, to prevent ad- 
hesion. The final size of the samples was approximately 
I c r u x  1 c m x  1 mm. 

Method B. This technique is suitable for labelling at the 
beginning of a polymerization. In a glass vial, deuterated 
styrene and DVB were polymerized via benzoin and u.v. 
light. This reaction was stopped before the gel point (~ 5- 
8% conversion), and the polymer precipitated into me- 
thanol. After drying, the branched polydeuterostyrene 
was dissolved in hydrogenated styrene monomer, DVB 
and benzoin. The mixture was then poured into the mould 
and exposed to u.v. light for 36 h. This method permits an 
exact amount of polydeuterostyrene to be incorporated, 
and to be characterized before being incorporated into the 
network. Of course, all samples were also prepared 
without a deuterated fraction, for purposes of H-PS blank 
subtractions. 

For purposes of molecular weight characterization, 
polystyrene was also made in the identical fashion as 
described above, but without any crosslinker. 

Instrumental 
The molecular weights of linear, bulk polystyrene, with 

its reaction stopped at various levels of conversion were 
obtained using a Waters Gel Permeation Chromatog- 
raphy instrument calibrated with narrow molecular wei- 
ght distribution polystyrenes. The intrinsic viscosities 
were determined on a Ubbelohde-type viscometer using 
toluene as the solvent. Values of K =9.7 x 10 a ml/g and 
a = 0.733 were used for [t/] = K M  °, using toluene at 34°C. 

Conversions as a function of time were determined 
gravimetrically. 

The neutron experiments were performed on the 30-m 
SANS facility 15 at the National Center for Small-Angle 
Scattering Research (Oak Ridge National Laboratory). 
The incident neutron radiation had a wavelength of 
2=4.75 A, collimated by source slits (1-2 cm diameter) 
and sample slits (0.5-1.0 cm diameter) separated by a 
distance of 7.5 m. The area detector (64 x 64 cm 2) with 
1 cm 2 element size was mounted on rails inside a 20 m 
vacuum flight path and positioned at sample detector 
distances (SDD) of 16.02 and 18.5 metres. 

RESULTS 

Instantaneous and cumulative molecular weiffhts 
A linear polystyrene was photopolymerized using 

styrene and benzoin, but no DVB. Figure 1 shows the 
extent of conversion, p, as a function of polymerization 
time. At low conversions the rate of polymerization 
follows a nearly straight line. However, at about 75% 
conversion, a rate increase is noted which marks the onset 
of the Tromsdofff effect (see below). 

The variation of molecular weight with conversion was 
followed by g.p.c. Table 1 shows the data obtained from 
this experiment. While there is a slow drift upward in both 
M, and Mw, the molecular weights stay relatively con- 
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Figure 1 Kinetics of photopolymerization of polystyrene. Extent 
of conversion vs. reaction time 

Table 1 Cumulative molecular weights of linear PS by g.p.c. 

Extent of Mn 10-4 Mw 10 -4 D 
conversion % (g/tool) (g/mol) ( Mw/M n) 

9.51 3.9 6.1 1.57 
20.6 3.9 6.4 1.67 
39.0 4.0 6.5 1.63 
60.0 4.1 6.5 1.61 
70.8 4.3 7.4 1.71 
74.6 4.5 7.8 1.74 
90.7 5.5 10.0 1.85 
96.9 5.3 19.0 3.53 
99.1 5.7 23.0 4.02 
99.3 6.6 35.0 5.24 
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stant until about 75% conversion, above which there is a 
sharp increase. 

Figure 2 illustrates the variation of the number-average 
molecular weight, M,, and weight-average molecular 
weight, M~, with conversion data taken from Table 1. 

The cumulative average molecular weights were con- 
verted to instantaneous weight-average molecular wei- 
ghts, M~, by the equationl9'2°: 

o dM°-P 
(11) 

where 0 - p  is the interval of conversion at which the 
instantaneous molecular weight was estimated, and M °-  I 
being the weight-average molecular weight in that in- 
terval. Figure 2 also shows the variation of M~ with 
conversion. 

By examining Figures 1 and 2 and Table 1, it is apparent 
that early during the polymerization, a relatively slight 
increase in the molecular weight was occurring. At 
relatively low conversions, the overall molecular weight 
distribution is intermediate between two limiting values of 
Mw/M,: 1.5, expected for a termination by coupling; and 
2.0, expected for a termination by disproportionation or 

chain transfer or a combination of the two. For free- 
radical polymerized polystyrene, coupling:dispro- 
portionation ratios somewhat higher than 10:1 are 
common2L The dispersion values, D from Table 1 are in 
the range of 1.6 up to about 70-75% conversion indicating 
only modest chain transfer and that 4:1 coupling/ 
disproportionation (or transfer) holds in the present 
instance. At higher conversions, the dispersion value 
increases to values greater than five. During this stage, 
increases in the rate of polymerization :rate of termination 
ratio that accompany the Trommsdorff effect lead to a 
large increase in the molecular weight of the polymers 
being formed as the polymerization proceedsL 

Since molecular weights in the midrange of com- 
position are of greatest interest for the present study, 
intrinsic viscosity measurements were also made on two 
syntheses, 61% and 74% conversion, see Figure 2. The 
cumulative viscosity-average molecular weights, My, were 
analysed to obtain the corresponding instantaneous 
molecular weight between 61 and 74 per cent conversions 
by assuming for purposes of calculation that M~ -~ Mw the 
relationship between Mw and its fractions may be written: 

M w = ~, wiMi wi 
i= 1 l i =  1 

(12) 
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Figure 2 Variation of molecular weights with conversion. 
Number-average molecular weight, M w, W; weight-average 
molecular weight, M w, A ;  instantaneous weight-average 
molecular weight, MPw ~> 

Mw= Ew,M,+ Ew,M,+ Ew,M,+.../ E=lw, (13) 
i=1  i = j  i = k  i 

where wi is the weight fraction of any particular portion 
having a molecular weight Mi. For example, the in- 
stantaneous value at 61% conversion represents the entire 
conversion up to that point. 

The main point of these characterization experiments, 
however, was to provide a basis with which to analyse the 
molecular weights obtained by neutron scattering. 

SANS measurements 
Several samples with delta fractions of deuterated 

polymer between 2% and 20% were prepared, see Table 2. 
These delta fractions were placed initially in the polymeri- 
zation, in the upper midrange, and as the final portion. 

SANS measurements were made on each of the sam- 
ples, as well as their appropriate blanks, the latter 
yielding values of incoherent scattering required for 
subtraction from the data of the samples of interest. 

Figure 3 illustrates the results of the SANS experiment, 
on Sample No. 1, which contained 2% of deuterated PS 
introduced at the beginning of the polymerization, Me- 

Table 2 Characterization of polystyrene networks via SANS measurements (values uncorrected for  molecular weight mismatches) 

Conversion 
D-PS position of (~Rq) c Mw 

Sample No. mole % delta fraction (g/reel) Method 

1 2,0 I nitial 121 0.70 x 10 s B a 
2 20,1 Final 350 8.0 x 105 A a 
3 5,38 After  75% 406 2.35 x 106 A b 
4 10.2 Af ter  75% 352 1.18 x 106 A b 
5 13.9 Af ter  75% 337 0.85 x 106 A b 
6 10,0 Af ter  60% 378 1.05 x 106 A b 
7 13.9 Af ter  60% 393 0.80 x 106 A b 

a measured at SDD 16.02 metres 
b measured at SDD 18.5 metres 
c Z-average data 
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Figure 4 Small-angle neutron scattering from Sample 6. Delta 
fraction is 10%, method A after 60% conversion 

thod B. Using equation (3), the slope of a plot o f ( / -  I0)- t 
[proportional to (dX/dQ)-1] vs. K 2 yielded the radius of 
gyration, Rg. The intercept, again using equation (3), 
yielded M w. Values are shown in Table 2. 

Figure 4 shows the equivalent data for Sample No. 6, 
which has a value of Rg = 378 ~, and 
Mw = 1.05 x 106 g/mole. As a simple experimental finding, 
the molecular weight of Sample No. 6 is an order of 
magnitude higher than that of Sample No. 1. 

The several values of R 9 and M~ determined by SANS 
for the various delta fractions are shown in Table 2. It can 
be observed immediately that the samples prepared by 
Method A have molecular weights several times higher 
than expected from the corresponding values in Figure 1. 

Interestingly, the molecular weights in Table 2 increase 
inversely with the size of the delta fraction. 

DISCUSSION 

Effect o f  synthetic method 

Data in Figure 2 reveal that the instantaneous weight- 
average molecular weights of the polystyrene fractions of 
interest are in the range of 70 000 to over 300 000 g/mole, 
depending on conversion. By contrast, the SANS results 
are much higher, strongly suggestive of primary chain 
aggregation. Viscosity-average molecular weights of 
3 x 105 g/mole obtained for polystyrene synthesized with- 
out a crosslinking agent and for a polystyrene-acrylic 
acid anhydride network after hydrolysis (decrosslinked), 
were previously observed 22. This is in good agreement 
with the present work; indeed, the same basic recipe was 
used. These results indicate that the original polymeri- 
zation kinetics were not significantly affected by the 
presence of the crosslinking agent, except to introduce 
crosslinks. Thus, the instantaneous molecular weights of 
the linear polystyrene fractions should be similar to those 
of the delta fractions synthesized within the network. 

It must be pointed out that ordinary, protonated 
polystyrene and deuterated polystyrene are miscible in all 
proportions. Using simple blending procedures, Wignall 
et al. 8 and Cotton et al. 2a both obtained the expected 
molecular weights and radii of gyration for this system. 
This data was recently reviewed by Speding 24. 

The present experiments differ from those of Wignall et 
al. 8 and Cotton et al. 2a by two steps: (1) polymerization of 
the deuterated fraction in situ, and (2) crosslinking 
simultaneously with polymerization. 

As indicated above, these syntheses were similar to 
those which had been previously physically and mechani- 
cally studied in this laboratory. One difference should be 
noted, however: when a new supply of monomer was 
added in the three-step preparation of the delta-fraction 
containing materials, a full supply of initiator was added. 
The effect of this change, however, should be to lower the 
molecular weights in the delta fractions, not raise them. 

Table 3 shows the state of aggregation varying from a 
low of about 1 molecule per aggregate for a delta fraction 
of 20.0~ to a high of 27 molecules per aggregate for a delta 
fraction of 5.389/0. Unexpectedly, the aggregation number 
varies inversely with delta fraction size. Although a 
straight line is not obtained, a plot of aggregation number 
vs. delta fraction size (not shown) yields a rough estimate 
of about 30-35 polymer molecules per aggregate for an 
infinitesimal delta fraction. The reason for this de- 
pendence is unknown. 

Other authors t 8,29,30 use the term 'clustering' instead 
of 'aggregation' to describe anomalously high SANS 
molecular weights resulting from partial segregation of 
the labelled linear chains from the hydrogenated linear 
polymer matrix and the consequent formation of clusters 
(occurring for example in semicrystalline polymers when 
the D and H molecules have different melting points 
which give rise to differential crystallization rates and 
hence a non-random distribution of molecules. While the 
results in each case are similar (higher molecular weights 
than expected), the mechanisms of formation of such 
molecular entities are different and so is the terminology 
used. 

The aggregation of chains formed during a given 
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Table 3 State of aggregation as a function of delta fraction size 

Delta fraction M w l 0  -s MPw 10 - s  N Aggregation N mismatch 
Sample No. size, % SANS a g.p.c.b number corrected 

2 20.1 8.0 17.0 (1) c (1) 
5 13.9 8.5 2.78 3 4 
7 13.9 8.0 0.82 10 11 
4 10.2 11.8 0.98 12 15 
6 10.0 10.5 0.78 13 16 
3 5.38 23.5 0.88 27 34 

a From Tab~e2 
b From Table I (or Figure 2),  instantaneous molecular weights 
c This sample was affected by the Trommsdorff effect, and its molecular weight is known with less certainty than the other samples 

Table 4. Comparisons of weight-average radii of gyration, 
Rg TM, from Rg z and M w 

Rg w Rg TM 

Sample No. From Mwa From Rg z b  

1 73 c 101 
2 246 295 
3 421 342 
4 299 296 
5 253 284 
6 282 318 
7 246 330 

a Rg w = 0.275 Mw°'S; data from Table 2 

b Rg TM = (1.7/2.4)°'SRgZ; the ratio 1.7/2.4 originates from the 
known molecular weight distribution, M n : M w : M z = 1:1.7:2.4, 
see Teb/e 1 

c All values in Angstroms 

interval of conversion has long been suspected 25- a 7, and 
some data, particularly electron microscopy and 
mechanical studies, have supported this hypothesis 27'za. 
However, quantitative verification has never been made. 

There are several possible mechanisms which can 
possibly explain the data. These will now be explored. 

Ultra high molecular weights 
The chains in the delta-fractions might not be aggre- 

gated at all, but rather might be of very high molecular 
weights. This could arise, for instance, if it turned out that 
the method of synthesis of the delta-fraction-bearing 
samples and the samples used to characterize the mole- 
cular weights (Table 1) were indeed significantly different. 
The only known difference in the synthesis was the 
addition of somewhat more initiator in preparing the 
delta-fractions, which should lower the molecular weights 
rather than raise them. Therefore, this possibility is set 
aside. 

Chain transfer during network formation 
The aggregate might be shaped like a random coil, with 

one chain picking up where another leaves off. The total 
effect would be close to one giant Gaussian coil. 

This type of aggregate might occur if there were 
considerable chain transfer in the system with the chains 
held in place by crosslinks. However, this is not the case. 
Chain transfer exists as a termination mechanism in the 
range of 20--40~, based (a) on analysis of the molecular 
distribution which is in the range of Mw/M, = 1.6-1.7, and 
(b) on a direct counting of the polymerization efficiency 
from the known amount of initiator and final number of 

chains produced. If all of the initiator is consumed during 
the reaction, about 1.2-1.3 chains are formed per initiator 
molecule. For chain transfer to explain the findings, an 
efficiency in the range of 10-20 would be expected. 

Non-statistical gelation 
While the exact 'aggregation' mechanism is unknown, 

some speculation is warranted. After initial network 
formation, the density of the polymer chains and/or 
crosslinks might vary statistically from region to region. 
Those submicroscopic volumes with lower average poly- 
mer density would have, at any instant of time, a higher 
monomer concentration. Hence, these regions will have a 
higher than average rate of polymerization, leading to a 
form of aggregation. The situation is aggravated if the 
mechanisms of Bobalek et al. 26 and Labana et al. a4 apply 
during the actual formation of the gel. This mechanism, 
which postulates the early formation of microgels floating 
in a soluble monomer-polymer mix, leads to a decidedly 
non-random distribution of polymer at the point of 
gelation. 

Hence, the remaining monomer will be non-randomly 
distributed, and will polymerize in a non-random mode. 

Labana et al. 37 suggest that crosslinked polymers can 
polymerize into a 'gel ball' structure, where the gel ball is 
tightly crosslinked within itself, but only loosely cross- 
linked to other parts of the network. They point out that 
under certain polymerization conditions, excessive in- 
tramolecular reactions within the gel balls exhausts the 
amount of available double bonds, causing a deficiency in 
crosslink density in the regions between the gel balls. 

This non-classical mechanism cannot be ruled out on 
the basis of the present work. Further experiments, now in 
progress, are designed to evaluate what fraction of the 
phenomenon, if any, should be assigned to this 
mechanism. 

Aggregation analysis 
Numerical values of R~, the weight-average radius of 

gyration, were estimated from the known molecular 
weight distribution, and compared with Mw through the 
relation 

R~=0.275 M °'5° (14) 

in Table 4. Interestingly, these values are fairly close to one 
another. 

Table 5 shows the values of Mw and R~' after correcting 
for mismatch in the molecular weights between the 
labelled polymer and the hydrogenated matrix. When 
compared with the values of R~ and Mw in Table 2, the 
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corrections give rise to increases of 7-10~o and 14-22~o 
in R~ and M,,  respectively. 

Table 6 compares the weight-average radii of gyration 
R~', from mismatch corrected values of R~ and Mw. It 
should be noted that all the results in Table 6 (except for 
Sample No. 1), are shifted to a larger value by effect of the 
theoretical corrections. 

The two last columns in Table 6 compare the values of 
the radii of gyration for the aggregates, R~ 8s, estimated by 
using the relation 

Ragg __ R w  ~ b  (15) 

where R~' represents the radii of gyration of a primary 
chain, and N the number of aggregated labelled 
molecules. 

Attention must now be drawn to the approximation 
inherent in equation (3) caused by the expansion of 
Debye's equation for S(K) of the random coil aS. Use of the 
full equation for S(K) yields a sensitive indication of 
whether or not the 'aggregate' is really one large random 
coil. This problem is explored in the Appendix. The 
conclusion is that the assumption of the random coil does 
not hold for the aggregated systems. 

The values in Table 6 show that equation (15) with b 
approximately equal to 0.5 is followed for the aggregates. 
Interestingly, both the correlation network 29"3° and the 
random phase 36-a9 theories also predict a 0.5 power 
relationship. The equations in both of these cases, how- 
ever, were derived to account for the pair interactions 
among long chain molecules. This is quite different from 
that of the present experiments, where the chains are 
chemically bound together. Hence, a quantitative in- 
terpretation of the present data will only be possible once 
a new development in scattering theory of networks 
becomes available. 

The points of contact above statistical are provided by 
the dangling vinyl groups in the form of chemical 
crosslinks. Those chains most recently formed by free 
radical processes will have, on the average, the most 
dangling vinyl groups available. In the present synthesis, 
the delta fraction of deuterated material has the greatest 
probability of being chemically crosslinked to itself. 

In Table 2, the weight-average molecular weight of 
Sample No. 1 is listed as 70 000 g/mole and the z-average 
radius of gyration was found to be 121 A. This latter is 
about 30% too high, based on equation (14). A possible 

Table 6 Corrections of M w (SANS) and R~f rom mismatch in average degrees of polymerization between the data fraction and the 
hydrogenated matrix 

Sample Correction b Correction c Rg z (A) M w x 10 -5 
No. ~ W a factor for Rg z factor for Mw corrected corrected 

1 4.40 1.02 0.98 120 0.69 
2 --0.53 0.82 1.22 387 9.76 
3 -0 .84 0.78 1.28 459 30.0 
4 --0.68 0.82 1.21 388 14.3 
5 -0.56 0.85 1.18 366 10.0 
6 --0.64 0~5 1.17 410 12.3 
7 --0.53 0.86 1.16 423 9.28 

MwH mD M D 112 
a ~Z~-~--&W = - -  x ~ - 1 , w h e r e  - -  = - -  

MwD m H m H 104 

b 
X A Z  

1+ 
1 + (1 - -X)  Z~ W 

X z~W 

I + & W  

, the ratio of the mer molecular weights 

Table 6 Comparison of weight-average radii of gyration, Rg TM, from molecular size mismatch corrected Rg z and M w 

Rgagg = Rgsing X N  b d 

Rg w Rg TM Single chain value Single chain 
Sample From Mwa From Rg zb from (1) value from (2) 
No. (1) (2) (3) (4) 

1 72 c 101 72 101 
2 272 325 72 101 
3 476 386 420 589 
4 328 326 279 391 
5 275 308 144 202 
6 305 345 288 402 
7 265 356 239 335 

a Rg w = 0.275 MW 0.5; data from Table 5 

b Rg W = (1.7/2.4) 0"s RgZ; data from Tab/e 5 

c All values in Angstroms 

d From the relation Rgagg = RgSing N b (using values of  Rgsing ( Rg, single chain) equal to 72 A and 101 A; the corrected values of N, and a 
value of b = 0.50 wffhin experimental error) 
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Figure 5 A Debye plot of scattered intensity vs. K for Sample 1, 
and the theoretical values for a random coil given by equation (16) 
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Figure 6 A Debye plot of scattered intensity vs. K for Sample 3, 
compared with the theoretical values for a random coil given by 
equation (16). Note the lack of fit below K=0.0060 

explanation of the discrepancy is to note that in this case, 
the polystyrene was dissolved in styrene monomer, which 
increases its value of Rg because styrene is a good solvent. 
Subsequent network formation may freeze the chains in 
the slightly extended conformation. Intrinsic viscosity 
results in good solvents (similar to styrene) and 0 sol- 
vents at suggest a value of ~ = R / R  o of about 1.15, which 
can explain about half the difference, and brings the 
results within experimental error. 

Several experiments can be imagined which would lend 
themselves to obtaining further evidence of the actual 
aggregation mechanism. One of these is to synthesize a 
linear delta fraction, rather than a crosslinked one. In that 
case, the deuterated chains would have (perhaps) less 
reason to form a correlation network. Other experiments 
could be based on crosslinking the polymer after for- 
mation, rather than during synthesis. 

CONCLUSIONS 

Free radical polystyrene chains polymerized in network 
form are aggregated according to extent of conversion 

SANS from PS-DVB networks: A. M. Fernandez et al. 

during polymerization. The state of aggregation seems to 
depend inversely on the size of the delta fraction, aggre- 
gation numbers of 1-34 molecules per aggregate being 
calculated. These aggregates have a size, R0, of 350-400 A. 

The importance of these experiments for future work 
lies in the development of this new method of characteriz- 
ing network formation. The present paper, in effect, 
outlines a quantitative method for estimating the actual 
crosslinking reaction of instantaneously forming chains 
with chains synthesized just before vs. chains synthesized 
much earlier in the polymerization. Thus, this technique 
offers an opportunity to distinguish the non-random 
crosslinking reactions of polymers crosslinked during 
polymerization by multivinyl compounds, vs. polymers 
crosslinked after polymerization, for example, by 
vulcanization. 

APPENDIX 

As illustrated in the text, the 'aggregated' species fits the 
=0.275(Mw)~, raising some general equation (R0)== 05 

questions as to whether or not the aggregates might really 
be large molecules. A more sensitive guide as to whether 
the chains are single structures or aggregates is provided 
by the Debye form of S(K)  for a random coil 35, 

S(K)  = R2~k4(R2k 2 - [1 - exp(-  R2k2)] (16) 

Equation (16)was used rather than the Guinier appro- 
ximation leading to equation (3). The results for Samples 1 
and 3 are shown in Figures 5 and 6, respectively. 

The Debye form of S(K), equation (16), is seen to fit the 
data of Sample 1 within experimental error. The results 
for Sample 3 are different, no satisfactory fit below 
K = 0.0060 being obtained. It will be recalled from the text 
that Sample 1 yielded a molecular weight consistent with 
g.p.c., while Sample 3 was suspected of being aggregated. 
From Figure 6, it may be concluded that Sample 3 is not a 
single large molecule, since it is far from being a random 
coil. 
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