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ABSTRACT

Polystyrene -was photopolymerized Dy bulk, free-
radical methods to yield a naterial in which mid-range
conversions, fraction II, were deuterated. The initial
portion3 fraction I, was crosslinked with one mole
percent divinyl Dbenzene. Fractions II and III were
either linear or crosslinked. The synthesis was
conducted in such a nanner as to minimize disturbances in

the chain conformations.

All of the compositions with fraction II greater
cpnan four .aole perceat were found to have unusually high
solecular weights and radii of gyration, apparentlv due
to aggregation, whan studied DbV small-angle neutron
scattering (SANS). - SANS gave weight-average nolecular
weights between 110,000 and 760,000 gms/mole for fraction
II, while GPC indicated_molecular weights from 110,000 to

240,000 gms/mole, yielding aggregation numbers of one to

five, .which increased with the size of fraction IL. The

aggregation is thought to be caused by the presence of
Mmexcluded volume" arising from previously polymerized
fraction I. This leads to a model suggesting a non-random
distribution of labeled palymer, which results in several

criains scattering like one larger chain.




CHAPTER 1




INTRODUCTION
Background

~ Small-angle neutron scattering (SANS) is a powerful
tool in the study of polymer chain conformation and
morphology (1-3).  SANS takes advantage of the strong
difference in conerent scattering between hydrogen and
deuterium, permiting determination of molecular weights
and radii of gyration, .as well as structural and

morpnological feaatures of suitably laoeled polymers. The

inperent assumption in the technique 1is that no

difference in the behavior of the protonated and
deuterated portions exists,vvpermitting the study of
labeled chains identical to their hydrogenated (ordinary)

counter parts.

Recently, Fernandez et al (7,8) synthesized
polystyrene/polydeuterosbyrene/polystyrene (PSH/PSD/PSH)
networxs for SANS experiments. The'samplesfwene prepared
by inserting a fraction of labeled monomer at ‘a mid-range
point in the polymerization. Tha networks -contained one
mole percent divinylbenzene (DVB), and were made using
free-radical bulk polymerization techaiques. The
synthesis was conductad in such a maaner as to minimize
disturbances in the chain conformations. This created a
portion of labeled polymer molecules at a specific
conversion range after the gelation. Abnormally high Rg

and Mw values were obtained, attributed to aggregation of

lower nolecular weight chains.




The proposed inechanism for this aggregation was
related to the synthesis method by assuning that chains
formed at -about the same time should tend to erosslink
with other contemporaneously synthesized chains. There
was hypothesized to be a greater probability of unreacted
crosslink sites occurring in freshly made chains. The
extra crosslink sites provided for non-random contacts -of

the labeled portions, resulting in the apparent

aggregation.

The present work was intended to continue the
research -begun by Fernandez et al., If the crosslinking
agent were to De removed from the deuterated portion,
then the chains might have less ‘reason to aggregate.
Samples were made by a similar method, bub with several
modifications. The first part, fraction I, was always
crosslinked (x), while the labeled portion, fraction II,
was either crosslinked or linear (1). The reaction was
carried to 100% conversion with fraction III, which again
was either crosslinked or linear. Three series of
specimens were made : xxx, xlx, and x11, in which the
conversion of fraction II was varied. In all these
saries, only the mid-conversion range was deuterated,
peraitting tne study of the conformation of the chains in
just that particular regioa.

Theory

As SANS theory has been discussed in detail




elsewnere (1-3, 9-13), only a brief overview will be
given here. Ihe probability that a neutron will be
scattered tnrough a solid angle N is given by the
scattering cross-section dz/dqa, per unit volume. For
polymers containing labeled portions, the scattering

cross-saction is given by

dY - b y -V
{d—ﬂ(K)} e Mw[s' ('K)]
where Cn is the saample constant given by
Cp* (v~ OB\?NQQ, (+-X)X
™y e e e

and S(K) is the single chain fora factor. The Debye form

for a random coil is given by

L
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K is the wave vector and is equivalenf o 4/ asing. Tae

quantity A is the neutron wavelength -and 20 is the angle
of scatter. ay and aj are the scattering lengths of
hydrogenated and deuterated structural units in‘ the
polymer, Na 1is Avogadro's nuaber, ¢ represents the

polyamer density, X is the concentration of the deuterated
species in the polymer, and @y is the deuterated mer

nolecular weight. The value of Rg in these equations is

the z-averaze.

In che Guinier region, where RéLKL <1, equation (3)
can be simplified,_substltution into equation (1) yields

tne basic SANS equation for polymners:
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d8/d0(K) is directly proportional to scattering incensity
[(£) and can be obtained by converting from I(K) using
suitable machine éonstants (16). By measuring intensity
verses K for a sample, Mw and Riz may be obtained through
a Ziamm plot ([dZ/dﬂ(K)]—' VS. K? ) of equation 4, where
the molecular weight is given by
VAN

W Cy &0 - - ..._...‘5)

and dr/dqa(0) is the intercept of the plot. The quantity

Rg is given by

&= [Bomisie] N
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Wnere Mw and Mz are the weignb and.z-averaged‘moleCUIar

R

weights.  Tne value of d£/da{K) wmust be corrected by
removal of incoherent scattering intensity by subtracting
scattering from the appropriate blank, leaving only the

coherent’intensities, as-discussed below:

EXPERIMENTAL

Synthesis

The goal was ©d synthesize a polystyrene/

olydeuberostyrene/polystyrene network such that the

P
Lapeled polymer would be inserted at a certain mid-range




conversion, and in such a way as not to disturb the
conformation of the polymer chains already in place. The
nat effect was to have chains formed during a certain
conversion interval labeled. Tnis was accomplished based
on method "A" of Fernandez et al (7,8). ALl synthesis
were conducced in glass molds placed verticaily in an
ultraviolet 1lignt. reaction chamber kept at room
temperature. The molds consisted of two glass plates,
yn x 4" x 1/4" each, between which were placed two 10
micron Mylan films. Between the Mylar sheets was placed
a cut '0'-ring, typically VITON (90 durometer, 1.5mm
diameter), with the opening directed upwards to allow for
addition of wmonomer solution. The components were
asseabled sandwich fashion aad clamped together using six
to eight 1/2" biander clips placed strategically around
tne glass plate edges. Two 2" t¢'-clamps were used to
nold the mold vertically. Leakage from the wmold was

ainiaun.

Styranz monoier (Fiscner) and deuterated styrene
nonomer (Canbridge Isotope Labs) were purified by passing
the monomers through a chromatography column packed with
neutral alumina (80-200 mesh, Fischer). Technical grade
DVB (K & K Rare & Fine Chemicals) and analytic grade
benzoin (Kodak) were used as received. The initiator
(benzoin) concentration was kept constant at 0.4 wtk, and

ecrosslinker (DVB) kept at 1.0 moled, after adjusting for
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the 55% concentration of the DVB. Both were based on

styrene monomer weight.

Fraction I was prepared by filling the mold with the
styrene/DVB/benzoin mixture and allowing poLymerizatibn
to proceed to the desired conversion, usually 40-50%.
Tne sample was demolded and'dried in a vacuum chamber, at
rooa teaperature, for 1-2. days. Conversions were
determined gravimetrically from the swollen and dried

weights.

Fraction II, consisting of the labeled polymer, was
prepared by swelling the dried the fraction I samples to
the original weight, before evaporation with a monomer
mixture consisting of deuterated styrene and benzoin,
with or without DVB. The samples were allowed to
equilibrate for -one day in a closed container, at which
poiant equilibriun was assuned to have been reached. The
reswollen samples were then placed into the UV chamber
and allowed to polymerize for an"additional conversion
period. Polymerization of fraction II proceeded from
four to 20 perceat, taxing 0.5 to 4 hours. The samples

were demolded and dried as beafore.

Fraction IIT was prepared in the same way as
fraction 1I, with the exception that protonated (nmormal)

styréne monomer was used, as in fraction I. Fraction III

polymerized for at least 35 hours, at which point the

was




total conversion was in excess of 98%. The finished
samples were dried in a vacuum chamber for 1-2 days to

remove all unreacted monomer.

Several blanks were prepared to determine incoherent
scatteriag levels in the SANS experiments.  One type
consisted of a random copolymer of styrene and deuterated
styrane, at thne appropriate weight percent, polymnerized
to 1004 conversion in the molds. Another type of blank
4as made from pure styrene monomer plus initiator. A
third type of blank was prepared Dby following the
syntnesis method outlined above, put in which for
fractions I, II, and III, the monomer consisted of
solutions of styrene and deuterated styrene, thus also

producing a randomly labeled polymer.

For the purpose of preparing conversion'vs; time and

molecular weight VS, conversion curves, .linear
polystyrens was synthesized systematically for a full
range of conversioans obtainable. At specific conversions
" polymer .wWas recovered by first dissolviag the partly
polymerized material in THF, tUnen precipitating into
axcess msthanol-and dryingz.

Equipment

Molecular weights were determined using a Waters Gel
permeation  Chromatograph, GPC, calibrated to high

resolution with narrow nolecular weight distribution




polystyrene standards. Some molecular weights were

verified with intrinsic viscosity measurements.

Small-angle neutron scattering experiments were made:
using the 5 meter SANS instrument available at the
National Center for Small Angle Scattering Research
(NCSASR) at the Oak Ridge National Laboratory (ORNL), Oak
Ridge, Tennessse. The incident neutron beam had a
savelength of 4.82 R, with source slits of 2 ca and
sample slits of 0.9 cm. Tha detector was a 18 x 17 cm.
two-dimensional array with 0.3 x 0.3 cm. elements. The
sanple to detector distance was fixed at 4.6 meters. All
Jata was corrected for detector sensitivity and
background. Measuraments were made for 3 hours per
sample, typically yielding about 50,000—100,000 net
counts above background. Since the SANS instrument had
an absolute calibration, intensities were directly
convertible to scattering  cross-sactions, and to

molecular waights (3).

The K values over which the data were taken ranged
from 0.0078 to 0.030k. On coamparison of this range with
tne RZ values (Results), it is seen that K*Rg> is
usually greater than one for the data taken, ranging-from
0.3 to 3.3. However, the linearity of the data obtained
suggests that it is still yields the correct results; a

spall systematic error may be present. The error in

] and M5 is estimated to be between 10 and 20% for




all ctne samples.

RESULTS

Conversion vs. time and molecular weight vs.
conversion curves are given in Figures 1 and 2,
respectively, for linear polystyrene. The molecular
weight increases linearly with conversion, from Mw =
40,000 initially, wup to about 70,000 gas/mole at 55%
conversion, and then increases at an increasing rate with
tha onsat of the Trommsdorf effect. The weight-averaged
nolecular weight of the final product was near 300,000
gns/mole. These results are similar to that obtained by
other workers at this laboratory using siamilar synthesis
aathods (7,17,18). ALl obtained Mw of about 300,000
gns/mole for polystyrene at 100% conversion, indicating a

hign degree of repeatability .in tne experimental method.

In order to determine the molecular weight of the
inserted fraction II, the instantaneous molecular weight
is neaded. The molecular weight data was converted into
instantaneous nolecular weights according to Robertson

(19) and Janes and Piirma (20):

0~P.

o-p |
My™ + P dp e e e e e F8>

Where p is the conversion »f interest., The instantaneous

molecular weight 13 found by -adding to the overall

nolecular waight (Mo7P) the quantity corresponding to the
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slope of the Mw vs. p curve (dMG® /dp) at the conversion
of iaterest amultiplied by p. Tne result of this

calculation is given in Figure 2.

Tne instantaneous molecular weight is significantly

greater than -‘the overall molecular weight at the same

conversion, and increases much faster. Mf, above about

$5% conversion thus becomes inaccurate due to the

steepness of the curve.

Twelve samples were prepared for this study, for
which tha distribution of the fractions are shown 1in
Table I. The instantaneous molecular weights were
calculated for fraction II by taking Mf at the midpoint
conversion of fraction II (conversion of fraction I plus
nalf the conversion of fraction II). Sperling et al (17)

found that the main chain molecular weight in crosslinked

polystyrene is the same as tnat for linear polystyrene

synchesized under the same conditious. This result
indicates that the small amounts of crosslinker used have
little effect on the primary a@olecular weight
distribution; so molecular weights obtained for linear

polystyrene are applicable to crosslinked polymers.
SANS Results

Molecular weight data. deight average molecular

weights and z-averaged radii of gyration_determined by

10




SANS are presented in Table II. Incoherent scattering
was removed by the appropriate blank as discussed in
Appendix I. A typical ds/d0ik) vs. K plot and the

correspondling Zimm plot for determinatioa of M3™ . and

k-

R% are givenAinAEigures‘3 and 4.

Molecular weights from GPC and SANS are shown in
Table 1II. Weight-average radii of gyration were
calculated from Ry Dby equation (7), using GPC.data for
values of My and Mz. These values, together with

R%’ /W2 - are also given in Table 1.

The average value of R"é’/ M;N" is 0.28 t 0.04,
whica is well within error of the known value of 0.275
for polystyrene (21,22). The molecular weights obtained
fron -SANS and from GPC are significantly different, the
SANS result being one to five times greater Cthan the GPC
result. Tne aggregation nunber, N, can be defined as

Fatio of M3 to MEEPA.

Figure 5 shows N increasing approximately linearly

With mole percent of fraction II above about four mole

/]

v ' . s
percent. The different types of samples; xxx,~x1x, and

x11 all follow the saame trend. ‘The'quanqgﬁ N appears

approach unity as the size of fraction II goes below four

nole percent.

Comparison to previous data. The present results are




comparad with those obtained by Fernandez et al (7,8),
for samples preapared by the same technique, in Tables III
and IV. Both Fernandez et al and the present work show
significant aggregation and almost the same ratio of
Rgﬁ/ MsP* | but in tne previous work, N approaches one
for increasing size of fraction II and approaches a very
large valus (about H#40) as fraction I weight approaches

zero. Tne data of Fernandez etb al were corrected for

molacular weight mismatch according to the method of Boue

et al (12) and Crist et al (23), where:

My = thapp.)-t["-' ‘Z%V_:J] —

2 T \

R = R ¢ )[ 1$% -
SIS e
and where -7

Nw = N (1 # aw) Lo
'N_}“" N;.D(H BF) . L e e (D)

Nwh, Nwd, Nzh, and Nzd are the weight and z-averaged
degrees of polymerization for the hydrogenated and
deuterated polyners, and X is the mole fraction of
deuteracaed polymer. Trial calculations indicate the
correction go. 0¢ about 54 for samples A-L, which is less
cnat che experisental error. Thus this correction was
not done for thne present data, 1in part due to the
apparent snall correction involved, and in part due to

the ampbiguity of selecting degree of polymerization data.
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DISCUSSION
The present data shows Gthat samples containing
greater than about four to six mole percent of fraction

I[ appear to be aggregated.  These mid-range labeled -

compositions had values of N, the aggregation number,

increasing from one to five as the size of fraction II
increased. The following sections will discuss the

reasons for this behavior.

Fernandez et al (7,8) were the first to show
‘aggregation in these types of samples. _However, they
found a radically different ‘dependence of aggregation
auaber on fraction II concentration. Also, Fernandez et
al found a nigner range of aggregation numbers, from one
to 35. The most important differences in the two
syntnetic procedurss is that the current samples (A-L)
all have fraction I coaversions from 43-58%, while those
of Fernandez et al all lie above 60%. Table IV coampares
the two sets of data. For the 1larger fraction I
specimens thers 1is significantly less open volume for
fraction II to polymerize in. This  smaller
polymerization volume empirically should lead to greater
degreass of aggregation siﬁce‘the same volume of fraction

II' is occupying less total space, which was found.

Proposed mechanisn of aggregation The aggregation

nuaber N increases with increasing size of fraction II.
The Occam's Razor principle suggests a mass effect, with

increasing size of fraction II triggering an increased

13




response to whatever underlying mechanism causes the

azgregation.

Saveral other <cases of aggregation in SANS
experimeats nave been reported in the literature, most
noticeably the segregation of PEH/PED blends, as
demonstrated by Schelten et al (4,9,10,24). 1In samples
slow cooled from the meit, PED tends to -segregate from
PEH due to differential crystallization temperatures,
resulting in a non-randoa distribution of PED, which in
turn leads to unusually high values of Mw and Rg.
Schalten pointed out the important result that the effect
was apparently noticeable for even small -deviations from

a statistical blend.

In a completely diffarent experiment, Guenet and
Picot (25) studied the rejection of .atactic PS in a
crystallizing isotactic PS matrix. As the degree of
crystallinity was increased, the labeled atactic PSD
snowed increasing degrees of clustering‘ as the chains
were forced into decreasing amorphous volumes. The
immediate cause of aggregation was an increasing degree
of non-randomness in the labeled chain distribution. In
both cases the authors noted that clustering can occur if
aven one contact between labeled chains above statistical

occurred; two non-randoa adjacent chains can give an

apparent molecular weight twice that of the single chain

molecular weizht.




In accordance with the above results, it is proposed
that the apparent aggregation of the samples studied
arisas from the labeled chains being excluded from some
region of the bulk, causing a slightly non-random
distrioucion of the labeled chains. Several mechanisms

can be proposed to explain this.

Tne effect may be a result of artifacts introduced
by the syathesis method. When fraction IIL was swelled
into crosslinked fraction I, the fresh monomer may have
been ekxcluded from certain regions due to incomplete or
inefficient swelling, resulting in fraction I not.
returning to 1its originally partly.polymerized'state as
before the .first evaporation of monomer. This may have
been repzated when fraction II1 was prepare&. One could
conceive of the emplaced chains of either fraction I or
fraction II "sticking" together, caused the observed
aggregation. With higner conversioans of fraction II, the

effect would Dbe more pronouncad.

Tnis possibility cannot be totally ruled out, but
seems doubtful in view of circumstantial evidence.
Styrene is a good solvent for polystyrene, and presuaably
also for deuterated polystyrene. In. blends of PSH and
PSD, two groups, Wignall et al (21) and Cotton et al (22)
both found normal results, indicating no thermodynamic

incompatabilities in the system. There is no reason to

assume that insufficient time was allowed for swelling

15




equilibrium to be obtained (26,27).

Some mechanisas considered by Fernandez et al (7,8)
to explain their data included the possibility that the
chains were not aggregated, but were actually one
continuous chain; caused either by very low termination

rate or from a nigh degree of chain transfer. This may

seanm reasonable as tne quantity Rg /s’ corresponds to

that of a random coil for all the samples (Table II).
_ However, this possibility 1is unlikely considering the
polynerization conditions. Fraction II contains fresh
initiator and crosslinker when swollen 1into fraction i,
the effects of wnich would serve to lower Mw and decrease

the possibility of chain. transfer.

The working hypothesis developed by Fernandez et al
to explain their results relied on the fact that fraction
II coantained crosslinks. They proposed that pendant
vinyl groups (pvGs) (i.e. potential crosslink sites)
servad as the means to provide for non-random conbtact
points. In fraction II tnere is a higher probability
that a chain crosslinks with another just formed chained
rather than with previous (fraction I) or later (fraction
1II) chains. Tnis is because of the greater probability
of unreacted PVG'Ss in the just polymerized portion of
fraction II. Consequently, the labeled fraction II
chains tend to be aggrégated due to the crosslinking in

fraction II.




Figure 5 shows no real difference in the apparent
aggregation trend of the three types of samples (xxx,
x1x, x11). Any effects of crosslinks in fractions II or
fraction III appears to be negligible: The observed
aggregation is due to the presence of crosslinking in
fraction I or perhaps some other factor. The mechanism
of Fernandez et al, that of crosslinks present in
fraction II causing the observed aggregation, does not
account for tne apparent aggregation observed in the x1x

and x11 samples in the conversion range studied.

Inhomogenities in free radical copolymehizatiOns.

. Numerous authors have discussed the presence of
inhomqgenibies in crosslinked polymers, including resins
and condensation  polymers (28-35) .. Vinyl/divinyl
copolymerizations are thought to form inhomogenities
before the gel-point 1is reached (36=38). Thnis type of
polymerization was recently modeled by Boots and Pandeay
using the kinetic gelation nodel (39). The presence and
causes of inhomogenities in tne styrane/DVB system has.
baen excensively studied (40-46), the results of which

4ill be used to explain the trends of the data.

Although many have tried to apply the results of
Flory and Stockameyer to predict the gel point of
styrene/DVB copolymers (47,&8),A but have consistently

found that gel point predictions were a magnitude too

small for low crosslink concentrations (u45,46). In fact,

17




Stockmeyer was the first to point out the styrene/DVB is

not ideal, as one of the basic assuaptions of the
gelation theory is equal reactivities of all the double
bonds in the system; however, the reactivity of DVB is

much greater than that of styrene (48).

. < .
This  marked difference in reactivities is

responsible for the appearance of inhomogenities in
styrene/DVB copolymers. The  presently accapted
polymerization mechanisa, as applied to these copolymers,
is as follows (35,42,44,45). While there 1is a
conveational buildup of a network through interchain
crosslinking, as predicted by the Flory theory,
intrachain reactions predoainate. At the beginning of
the copolymerization, significantly more DVB reacts,
which leads to a high probability of "back-biting"
reactions, producing tightly crosslinked regions (gel-
balls) at low conversioas. There is a greater
concentration of divinyl monomer in the polymer than what
would be expected from the mononer feed ratio. The
structure of the polymer just before the gel point, at
aoout 13% conversion for one mole percent crosslinker
(45,45), consists of densly ecrosslinked regions
incerspersed in a more oOr less continuous network of much
lower crosslink density. Due to the tightness of the
del-palls, tnere are significant numbers of PVGs that
were unable to react within these regions, as well as

trapped radicals.




The situation is compounded by the fact that
commercial DVB is a mixture of roughly 35% meta-DVB and
20% para-DVB. The remainder is mostly ethyl styrene. p-
DVB reacts somewhat faster than m-DVB, increasing the
driving force towards inhomogenities. For both the meta
and _para isomers, the unreacted second vinyl group has
the same reactivity as the styrene double bond
(39,40,43,44,46). The structure of fraction I at about
40-50% coaversion is imagined to consist. of regions of
tigntly crosslinked polywmer containing mainly p-DVB as
the crosslinker, with trapped PVGs. Connecting these
regions will be linear and branched seguences containing
both m-DVB and p-DVB, with a significant number of
unreacted PVGs available for further reaction. This
model has been qualitatively verified by Guillot (38),
who found that pendant chains are encapsulated in
crosslink "islands" while the network is still growing,

and .that polymerization occurs just outside the

boundiries of the 'gel (high crosslinked) regions.  He

also states that m-DVB tends to react later, forming PVGs
around these regions. This. is similar to a result of
Rigbi (43). Boots and Pandey (33) present. figures which
show, for ten percent divinyl crosslinker and U4%
conversion, significant aggregation, as calculated by the

kinetic gelation model. In toneir case, a significant




numnper of PVGs are present on the medges" of the

aggregacas, as well as trapped within.

When fraction II monomer mixture, consisting of the
labeled monomer, is swelled into the dried fraction I,
tha regions of high crosslink density are relatively
unavailabvole, excluding fraction IT from polymehizing in
certaia regions. Fraction II is envisioned as being
slightly non-random froa this cause, accounting for the
observed aggregation. While the unavailable volume for
fraction II was not calculated, it can be estimated to be

sufficient (perhaps 20-30% of 'the swollen wvolume) to

force the polymerizing fraction T1 chains into non-random

spatial configurations. This effect would be enhanced by
an increase in the nuamber of fraction II chains as found
exparimentally (Figure 5). The effesz) of PVGs in
fraction I or fraction If, if any, is not apparent. An
increase in fraction I size will cause a corresponding
increase 1in excluded-volume* leading to higher states of

apparent ‘aggregation, as observed qualitatively by

Fernandez et al (7,8).

¥Note that the use of "excluded volume" in this context
_ unswellable or .inaccessible polymer regions due to
rosslink density variations - should not be confused:
4ith the definition .used in many theories in which
Weyoluded volume" is defined as the fact that a given
polyaer nolecule 2xcludes others or itself from occupying
its immsediate place in space (47), although the concepts
are similar. In this case moxcluded volume" refers to

superamolecular regions.




The notion of "gel-balls" caused by the higher
reactivity of the DVB may account for the differences in
the dependeace of N on fraction II size. If the
viscosity of the mediuam is higa enough, perhaps new "gel-
balls" are forawed wnen fresh DVB is added along with
deuterated styreae in fraction IL. This leads to the
inverse dependence noted by‘Fernandez et al. However, if
the effect 1is concentration related, the apparent
aggregzation increases witn fraction II size. These two
mechanisms may bDe competing, with factors such as
internal viscosity and internal diffusion constants
playing important roles, related to the conversion of

fraction I.

IPN model. Another approach to the understanding of
the results is modeling the system based on homo-IPN's
(50). In a paper by Siegfriad et al (51) concerning the

nechanical properties of PS/PS homo-IPN's, they noted

tnat network I coatrols the physical -and mechanical

properties of the IPN. Netwcrk II was seen to form less
coatinuous domains and behave like a filler. In the
present case, fraction 1 behaves 1like network I. The
presence of network I is then excluded volume, forcing
network II (fraction II) into restricted regions - and
causing aggregation of the labeled chains. This wmodel
Jould not have to depend on the presence of microgels and

inhosnogenities 1in fraction I, although their presence




would enhance the effect. Another point to be made is
that in IPN's network I is polymerized to 100%
conversion, and then swelled with monomer II. Network I
chains in the finished IPN are extended. This is not the

case for fraction I, but the similarities remain,

Conformation of the aggregated chains. As noted in

Taple II, all of the sanmples had Rg'/fﬁafgv values within
experimental error of the B-solvent value of 0.275. For
polymers in the bulk state, good agreement with 6-solvent
salues have been found for many systems (see 1-3). If
the above mechanisa for aggregation 1is accepted, then an
aggregate of about 4 chains, as in samples I,J,K,L, must
consist of a random coil, as the'R?r/#ﬁ%ﬁg' values behave
like a single chain. Schelten et al (9) and Guenet and
Picot (25) have calculated Kratky plots (x*1 vs. K in
form) for clustering or interpenetration of labeled
chaians. Tnese plots show naxima at moderate K values,
the height of wnich increases and moves to smaller X

valuss witn incrzasing clustering (N). The form of these

plots, walch are based on the random coil model (Gaussian

chain distribution), are similar to plots of the

experimental data, as shown in Figure 6.

The agreement in Figure 6 may support the proposed
aggregation mechanism. Clustering due to excluded volume
will lead to an interpenetration of the labeled chains

above what 1s statistically expected. Apparently, the
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aggregates still behave like a random coil, as
R; /M3 {s similar to that value for single chains,
although the aggregate consists of several chains. The
apparent aggregation number may not correspond to the
actual number of labeled molecules in the aggregate, but
nay only be an indication of the degree of aggregation

and non-randonnass in fraction II.

CONCLUSION

Polystyreae crosslinked with one mole percent
divinylbenzene showed apparent aggregation through SANS
measurements of chains labeled at the mid-conversion
range. In the conversion range of U0-55%, aggregation
aumbers of one to five were found, increasing with
increasing size of the labaled portion. The aggregation
number does not depend on the presence or absence of
crosslinker in. fraction II, the labeled portion, or in

the polymer at higher conversions, fraction IIIL.

Tne aggregatioan is. postulated to bDe due to the
prasence of excluded volume, leading to a non-random

distribution of 'polymer éhains formed later. The

excluded voluae is thought to contain inhomogenities
—

which consist of regions of higher crosslink density, and
may be considerad as ngight" gel-balls.  This causes

polymerizing chains to be restricted in the potential

volume they can occupy, and hence appear aggregated in




SANS measurements of abnormally high molecular weights

and radii of gyration.

At least two series of further experiments are
planned. In one, the conversion of fraction I would be
varied. As fraction I size increases, the state of
agiregation should also increase for similar sized
fraction II's. This has Dbeen shown tentatively by this
work and tne previous study (7,8). The difficulty of
prepariang low conversion fraction I samples may limit the
usefulness of this experiment. In another series, ‘the
anount of crosslinker could be varied from zero (111
case) up to perhaps 10-20%. Questions to be resolvad
include the dependance of the "excluded volume" mechanism
o crosslinker. Jill the absence of crosslinker
eliminate the observed aggregation-in the full conversion
range, and'how'will the aggregation depend on crosslinker
concertration and on size of fraction ITI in different

conversion ranges.

The importance  of their presence. of"
innomogenities 1lies in thair effect on the physical and
mechanical properties of the resulting polymer. The
present results might explain why certain polymers
exhibit lower, than expectad strength. Inhomogenities
serve as stress concentrators and failure sites. If the
gechanisms of their formation can be completely

elucidated, then perhaps stronger or tougher polymers can

pe produced
24
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APPENDIX I

Choice of blanks. Blanks consisting of both
protonated PS and randomly deuterated PS, at the
appropriate weight percent, were used to measure
inconerent scattering background (11). In addition,
incoherent backgrounds were also removed by calculating
the average intensity a randomly deuterated blank should
produce and using tne result for correction of scattering

intensities.

A dg/da(k) vs. K plot for a blank shows some

inerease in -scattering intensities at very low angles,

below\\K - 0.008%, probably due to void scattering.
Whether or not these voids are also present in the
samples 1is unknown, although void scattering has been
reported to be only 1% of total incoherent scattering
(12). Consaquently, averazge incoherent scattering was
calculated for each blaak by averaging <n/dn(K) at higher

K values, and the appropriate quantity subtracted.

Tae results of tne different correction methods 1is
given in Tables A1 and A2 for two samples. There is no
difference, within experimental error, between the random
copolyner blank and the average lavel subtractions.
while d®/dn(0) values and hence wmolecular weights are
consistently lower (but still within error) for the
protonated blank, R; values are slightly lower. The
quantity R;'/Jﬁﬁw?.which has been determined to be 0.275
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for a PS. random coil by SANS and other methods (3,21,22)

agrees with the experimental value for the deuterated

blanks, but is slightly lower for the hydrogenated

blanks. Incohereat scattering was corrected by
subtracting the appropriatz randomly deuterated blank or
the corresponding average incoherent scattering level for
all the saanples, both methods yielding ideantical results.
The differeace odetween the deuterated and protonated
planks is within experiamental error, although subtraction
of inconerent intensities with the deuterated blank 1is

more correct.
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: Comparison of results obtainable for several

distribution.

values for polystyrene.
Summary of results obtained by Fernandez

et al (7,8) for polystyrene networks.

et al (7,8) with present results for

polystyrene.
blanks, as shown for sample F.

blanks, as shown for sample G.



Table I : Polystyrene network type and fraction weight distribution

WEIGHT CONVERSION MOLE
SAMPLE OF FRACTION FRACTION
IDENTIFICATION _ I IIT I1

433,041 .526 0Ll
428  .0u48 524 .052
576  .076  .3u48 .081
500 .083  .417 .089
,512°  ,086  .402 .092
494,099,407 . 106
447 0,117 436 125
559 .14l ,300 . 150
472,165 -,175
Aeu ,179  .35; .190
463,188 .. ,200
450 202 .3u48 214




S¢

Table II : Results of GPC and SANS and calculated values for polystyrene.
ME (GPC(@) My (@) REZ(@) R§(b) _Rg (b

SAMPLE  (ams/mole)  (ams/mole) NP B D Qmﬁﬁﬁg

A 110.000 180,000 1.6 126 105 0.25

B 110,000 110,000 1.0 130 106 0.32

c 200,000 230,000 1.2 140 114 0.24

D 150,000 210,000 1.4 200 160 0.35

E 160,000 290,000 1.8 150 - 122 0.23

F 150,000 340,000 2.3 161 144 0.28

G 130,000 330,000 2.5 189 154 0.27

H 2440, 000 470,000 2.0 243 198 0.29

I 150,000 590,000 3.9 224 183 0.24

J 150,000 760,000 4, 334 - 278 0.32

K 160, 000 520,000 3.3 ou1 197 0.27

L 150,000 580,000 3.9 204 199 0.26

(a) Experimentally determined.

(b) Calculated values.




Table 111 : Summary of results obtained by
Fernandez et al (7,8) for
polystyrene networks,

SAMPLE WETGHT FRACTION
NUMBER 1 1

799,201 000
750 139 111
600 139 261 11
750,102 148 15
600,100 .300 16
750 .054 196 3

* Molecular weight mismatch correceted (see eas. 9-12) .

+ This sample was affected by the Tromsdorff effect,
and its molecular weight is known with less
certainty than the other samples of Fernandez et al.




Table IV : Comparison of main results of Fernandez
et al (7,8) with present results for

polystyrene,

Fernandez

Percent conversion at.
beginning of fraction I1

Types of networks studied

SANS blank

Molecular weignt
mismatch correction 0-30 7%

Range in N 1-35

Dependance of N on decreases With
mole-% fraction II increasing

erCfTiF I

Ry / MEANS 0,31:0,09

Present Work

40-55

XXX, ¥k1x, x11

PSH/PSD random

copolymers

small and ignored

1-5

first none, then

increasing with
fraction 11

0,28:0,04




Table Al : Comparison of results obtainable for several
blanks, as shown for sample F
4
dn
blank type (em™) A
PSH 35: 176+14

PSH/PSD random
copolymer (90/10 wtZ%)

averace level of
(90/10) copolymer blank 394

sample F : 9.8 wtZ fraction II




Table A2 : Comparison of results obtainable for several
blanks, as shown for sample G.

Z
RQ

blank type
PSH

PSH/PSD rdndom
copolymer (§7/13 wt%) bl

average level of
(87/13) copolymer blank 42:4

sample 6 : 11.7 wt% fraction II




FIGURE CAPTIONS

Figure 1 : Experimental conversion vs. time curve for
bulk, free-radical polymerization of
polystyrene.

: Experimental weight- and number- average
molecular weight and calculated weight-average
instantaneous molecular weight vs. conversion

curves for polystyrene polymerizations.

A oM, 0 M.
n W

[dz/da(K)])/Cy vs. K = (4m/2)sind for sample K.

:+ Zimm plot for sample K.

: Aggregation number N vs. mole-% of fraction II.
: Comparison of Kratky plots for samples B, G, and
L (bottom) with those calculated by -Guenet and
Picot (25) (top),.for interpenetrating random

coils. Numbers correspond to aggregation number N.
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CHAPTER 2




DATA INTERPRETATION
SANS Data

As seen in figure 4, the points at the lowest K
values are not quite linear. These points (usually only
the first and second) had considerable error, and were
routinely discarded before calculating the slope and
intercept of the plot. Upon careful exaaination of the
renaiaing points, a slight curvature asay be noted. This
is more apparent in Zimm plois for some of tane other
samnples. Beacause of tnis curvature, the intzarcept can be
greatly effected by wnat set of points are taxen to draw
a straignt line througa the data. As an example, if
points 3-15 are chosen, the intercept, I(0), may have a
value of 10.0; while if points 5-15 are taken, the
intercapt could increase to 11.0 or 12.0; and if points
10-20 are taken, the intercept may rise to a value of
20.0. Thus by judicial choice of points in the Zima
plot, the data can appear as one chooses. As already
noted ian the experimental section of Chapter 1, wmost of
the data was above the Guinier region. Consequently, the
points corresponding ©o the lowest K values (i.e. 3<10)
were used in calculating all of the data, thus giving tne
lowest molecular weights. while this procedure was
considered corracc, it should be kept in mind that MWSA"S
could actually be significantly'higher, depending on the

interpretation of tne data. This could have soame

consequences in the interpretation of what is happening

2=-1




inside the samples.

Instantaneous Molecular Weights

On coamparison of the instantaneous molecular weight
(M,P) curve of Fernandez et al (7,8) with that of this
study (Figure 1), a significant differeénce is observed.
Jnile tane curve of Fernandez et al increases slowly until
about 90% conversion, then rises rapidly; the curve in
Figure 1 is seen to increase .uch more quickly, and rise
rapidly above 50% coaversion. Farnandez et al was able
to obtain MP values up to 904 conversion, while they
could only be obtained up to '65% conversion in this

study.

The reason for the difference may lie in the
synthesis procedure of the linear PS used in determining
the molecular weight (My, My, and M P) curves. In this
study, as described in Chapter 1, the linear PS -was made
in tne same way as the .samples. Fernandez reports
(private_communicabion) that the PS used for their study

Was synthesized ia zlass vials. As discussed in wmost

pasic transport  paenomena texts (see chapters on

dinensional analysis), geometrical similarity is an
important constraint in comparing two systems. As glass
vials are not similar to glass molds in several respeacts,
the applicability of results obtained from PS polymerized

in glass vials to characterization of samples made in




glass molds wust oe questioned.

Attempting to calculate aggregation numers for
Fernandez et al's data using the wa curve in Figure 1
fails, as wa cannot be obtained in the conversion range
of samples 2-T. Qualitatively the wa's may be on the
order of 500,000 to 1,000,000, -which would imply that the
states of aggregation of Fernandez et al's data is only N
. 1 to 5. These numbers agree with that found for the
present samples, as shown in figure 3;‘although the trend
and exact placemnent of the recalculated N values remains
aaknown, QObviously one has to be careful in ;ntenpreting
nolecular weignt data and deteraining the applicability
of tne rasults to various systems.

predictions of the Excluded Volume Model

If the experiments described in the conclusion of
Chapter 1 should be completed, the following results may

pe .found. 4s crosslinker concentration is varied,

aggregation number should change. Keeping the size of

fraction I and II constant, aggregation will increase
with increasing crosslinker concentration. As more
crosslinker is present in the systan, the "gel-balls" get
tighter and amore extensive, as shown experimentally by
the lowering of the gel-point witn increased crosslinker
concentration (i.e. 45,49) .. As volume exclusion
increases, more aggregacion will occur, leading to higher

apparent molecular weights froa SANS. No aggregation




Will be observed in tne zero crosslinker case. As all
chains are free to occupy aay part of the bulk, not being
restrained by crosslinks, there is no excluded volume,
thus fraction II will be random, and SANS will give
normal results. This, in essence, is what the excluded
volume model states : that aggregation is due solely to
the unavailibility of regions in the polymer, by whatever
cause, to a certain set of polymar chains. In this case,
densly crossliaked regions axcluded later polymerizing
chains from penetrating their areas, causing the non-

randonnass of the systea.

Likewise, 1in the case of wvarying fraction I
coaversion, aggregation is expected to increase with
increasing fraction I conversion, above and probably
below <the gel point as well. As fraction I size
increases, so does the exteat of .excluded volune and

cOnsequentLy agiregation. The exact depeandence of

aggregation on fraction I size is not clear, but it may

increase linearly with fraction I size, then level off
above a certain conversion. Tnis will have to bDe

determined exparimentally.

In another experiment, the nature of the gel balls
can be examined. By deuterating fraction I, and
polymerizing up to a variety of conversions, SANS may be
aple to. deteraine tne size and snape of the "excluded

voluse", (In tnis case, fraction III is not needad).

2-4




Below the gel point, aggregation of fraction I will
igerease linearly with size of fraction I, as the growth

of the gel oalls obelow the gel point is assumed to be

Linear, or pernaps. slightly decreasing with extent of

convarsion. Aoove the gel point, aggregation may stay
constant or decrease, as the "gel balls" (now tightly

crosslinked regions) become larger and amore diffuse,
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