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Emulsion polymerization of vinylacetate leads to branched polymers which at high monomer conver-
sions form microge!ls of the shape and size of the latex particles. Quasielastic light scattering measure-

ments from samples in the pre-gel state give at sma!! g2 a linear angular dependence of D5, = I'/q2
which resembles that of randomly branched chain molecules, where I' is the decay constant of the
time correlation function. Extrapolation of D4, towards zero scattering angle yields the translational
diffusion constant D,. The diffusion constant follows the molecular weight dependence D, = 9.78
10~5M,,~0478_ The diffusion constant of the microgels, i.e. at molecular weights M,, > 14 106,
remains constant because of the finite and constant size of the latex particles. The coefficients k¢

and kp in the concentration dependence of the frictiona! and diffusion coefficients are related accord-
ing to the equation kp = kr — 2AoM,, — v where A5 is the second virial coefficient and v the partial
specific volume of the particle. The coefficient k¢is calculated from the experimentally determined
quantities kp, A2 and M,,,, and the resuit is compared with the theory by Pyun and Fixman. Accord-
ingly the branched coils in the pre-gel state resemble soft spheres, but the microgels behave more like

spheres of some rigidity.

INTRODUCTION

Although photon correlation spectroscopy or quasielastic
light scattering (QELS) is a fairly new technique in polymer
science it has found a surprisingly deep resonance, and a
vast number of papers on this subject has already been pub-
lished!~°. Most of these studies deal with the determination
of the translational diffusion constant D, and the application
in biophysics and physical chemistry of polymers, results
from the change of D when a macromolecule or biologic
material undergoes a conformational transition and from
the molecular weight and concentration dependence of D.

Quasielastic light scattering has, however, nothing to do
with conventional diffusion measurements where an initial
concentration gradient is the starting condition and the ap-
proach to equilibrium is followed. Instead, all types of
motion of a Brownian particle from a system in thermody-
namic equilibrium are observed. These types of motion in-
clude, besides the irregular translational motion, the irregu-
lar rotation of elongated particles and the internal modes of
motion with respect to the centre of mass of a flexible par-
ticle. It is only because of the relatively small dimensions
of the particles compared to the wave-length of the light
used, that in most cases already investigated the translational
diffusion constant only can be observed.

Early estimations by Pecora!®!! have shown that for
flexible chain molecules the internal motions will give a
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noticeable effect if the root mean square distance (,i],2)1/ 2
between two scattering elements i and j in a molecule is
larger than A/2, and a similar condition applies for the ob-
servation of a rotatory diffusion constant of elongated rigid
particles'®. Such large dimensions are rare in linear polymers
and are found mainly with biopolymers'>~° (DNA, RNA,
Tobacco Mosaic Virus, Collagen). However, since the pioneer:
ing work by Flory and by Stockmayer® =% it is well known
that very large macromolecules are obtained when branching
occurs. These polymers — which can easily be prepared
synthetically — fulfil the condition for the observation of
internal modes of motion. The interpretation of the
measurements is, on the other hand, rendered more difficult
by the large polydispersity of most branched products and
by the fact that the influence of branching on QELS was
not known until this study has been started.

In recent papers the influence of polydispersity, of
branching and of internal modes of motion has been studied
experimentally and theoretically for some well de-
fined models®*—°. The results are summarized in the theo-
retical section and may serve as a guide for the interpretation
of unknown branched systems e.g. like that obtained by
emulsion polymerization of viny! acetate.

The study of the vinylacetate emulsion polymerization
has interest on its own. Because of the high chain transfer
constant of the acetate groups from radical polymerization
of vinyl acetate leads to highly branched samples and even-
tually to gelation. The point of gelation was predicted in



bulk polymerization at 60° C to occur at about 80% mono-
mer conversion®'. Such a high conversion is difficult to
achieve under control in butk polymerization, but complete
conversion is easily obtained in emulsion polymerization.

In a series of runs at various temperatures of polymerization
gelation could be indeed observed2. Some of these samples
are used in the present study of QELS. These data give a
first experimental basis for the determination of a gel point
in a finite and microscopically small vessel.

THEORY

In quasielastic light scattering (QELS) a scattering intensity
time-correlation function G2(¢) = (i(0)i(¢)) is measured
which in the so called homodyne technique is related to the
electric field correlation function g(£)2.

Ga(1) = Ci(0)i(r)) = Al+Blgy(1)2 (D
_ (EO)E*(t)
g1(8) = W (2)

In these equations i(0) and /() are the scattering intensities
at times zero and ¢, respectively, and £(O) and E(¢) the
corresponding scattering electric fields where the asterisk
denotes the conjugated complex quantity to £(¢). The con-
stant 4 is a direct current and B < 1 is a constant which de-
pends on the quantum efficiency of the photomultiplier used
as a detector.

The correlation function g1(¢) shows a simple exponential
decay for rigid and monodisperse particles of spherical sym-
metry, but in all other cases g1(#) is a sum over a number
of single exponential correlation functions. The initial
part of the correlation function can still be well approxi-
mated by a single exponential which follows from the
cumulant expansion of the sum3>

a0= > 0= e T1ru2..) 3)
/
with
= 2T;p(T) 4
uy = X(I; — D)2p(Ty) (5

where p(I‘j) is the normalized distribution function of
finding a special decay constant I;.

The evaluation of the QELS data in the present study
is confined to the determination of the initial decay con-
stant I". Older theories deal mostly with the derivation
of the correlation function g1(?) in terms of the various
modes of motion!' 71235738 Recently, however, Akcasu
and Gurol*” made use of a quite general relationship that
can be derived (not solely with the linear projection
operator technique) from Kirkwood’s general differential
equation of diffusion for a multicomponent system. This
relationship is exact and based on no assumption, so far
as Kirkwood diffusion equation can be considered to be
exact. In particular no specific assumption on the inter-
action potential is needed in contrast to Pecora’s treat-
ment of flexible chains where the typical square potential
of the spring bead model had to be assumed explicitly.
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Application of the Akcasu—Gurol treatment in com-
bination with Gordon’s cascade theory to polydisperse
linear and branched chains®®*' allowed the derivation of
the initial decay constant as a function of the scattering
angle for various models where hydrodynamic interaction
between segments were taken into account?™2%, Although
these models cannot be applied strictly to PVAc the re-
sults of the calculations show some surprising common
features which at least can be taken as a guide for the in-
terpretation of more complex systems. Since these com-
mon properties have been summarized already elsewhere?®
and since only the region of small values of the scattering
vector g are accessible with PVAc, mention will be made
of the behaviour at low g-values.

(a) For all types of flexible chains considered so far
(linear or branched) we found for small g%

r

PEDapp=Dz(l+cl(S2)zqz'--) (6
where

q = (4n/\)sin0/2 (7N

with A the wave-length in the medium and 8 the scatter-
ing angle. In other words, a plot of the apparent diffusion
coefficient against g2 should give a straight line with inter-
cept D,, which is the z-average diffusion coefficient, and
slope (S2),, the z-average mean-square radius of gyration.
The constant ¢y is model dependent and is ¢; = 1/6 for
randomly branched polycondensates and can change down
to ¢; = 1/12 if the branching process is confined to cer-
tain restrictions.

(b) The z-average diffusion coefficient is proportional
to the reciprocal radius of gyration

k
Dflx%z/“”é” ®)
0 9
where c3 depends significantly on the mean segment density
and the shape of the segment density distribution around
the centre of mass; to some extent it also depends on the
polydispersity. The coefficient (c3/c1/2) is therefore a factor
sensitive to the internal structure.

(c) In a randomly branching system one has under 8-

conditions

D, ~M;\? (9)

EXPERIMENTAL

The polymers used in this study were prepared by emulsion
polymerization of vinyl acetate at 20°C and 10°C under
conditions described in a separate paper®?. The latex
samples were withdrawn from the reactor at different
monomer conversions and immediately coagulated by
freezing. The precipitate was wrung and washed on a suc-
tion filter with ice-water until no foam formation could be
observed. The precipitate was dissolved in methanol and
reprecipitated into ice-water. This procedure was repeated
twice or three times in order to remove adsorbed residues
of the emulsifiers. The polymer was dried in vacuum with
silica gel at temperatures below 20°C. For further details
of the preparation and working up of the polymers see
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Table 1 Molecular weight M,,, translational diffusion constant Dz, mean square radius of gyration (§2),, and 2nd virial coefficient of PVAC

polymerized in emulsion and measured in methanol at 25

D, x 108 (§2), x 1010 Ay x 105 DxSHL?

Sample M, x 1076 cm? sec1 cm? cm3 mol/g? x 1014 (R L sDL?
109 236 8.6 0.739 7.50 7.39 1.853

82 4.18 6.5 1.25 5.24 7.27 1.821

88 7.16 4.8 22 4.96 7.13 1.788
146 10.60 4.3 2.49 1.85 6.79 1.699
113 175 34 2.84 2.31 5.73 1.436
136 31.7 16 2.21 1.35 238 0.596
139 74.4 1.6 2.04 0.367 2.29 0.573
116 262.2 1.6 195 0.107 2.23 0.560
149 4229 1.6 1.87 0.172 218 0.548
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Figure 1 Typical angular dependence of the apparent diffusion

constant Dapp = I'/q? for a PVAC sample (M, = 10.6 x 108) which
has not yet gelled in the latex particle

reference 42. The monomer conversion was determined
gravimetrically by freeze drying an aliquot of the original
latex suspension.

Molecular weights and mean square radii of gyration
were determined by elastic light scattering using the Fica
42 000 photo goniometer. Details of these measurements
and the dependence on the monomer conversion are given
in reference 42.

All quasielastic light scattering measurements were per-
formed with the Malvern Autocorrelator K7023 equipped
with 48 channels and with the RR 102 photo goniometer.
The light source was a 15 mW He Ne laser of Spectra
Physics. A low dark current and low correlation time photo-
multiplier ITT FW 130 was used as a detector, (dark current
about 20 counts per second). The time correlation
measurements were performed at 25°C and at
10-12 different angles in the range from 15 to 120 angle
degrees. U.v. spectroscopy grade methanol was used as sol-
vent, and the concentration dependence was followed at
4—9 concentrations in the range of 0.2—4.0 g/1.

Special care was given to the clarification of the solutions
to make the solutions dustfree. Because of the high mole-
cular weights only the first three samples in Table 1 were
centrifuged in a Spinco ultracentrifuge model L; all other
samples were clarified by filtration through millipore filters
of 680 nm pore size.

RESULTS
Figures I and 2 give examples for the angular dependence of

the apparent diffusion constant which is the initial decay
constant T' of the time correlation function divided by g2
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Figure 2 Typical angular dependence of the apparent diffusion
constant for a sample (M,,, = 31.7 x 106) that has gelled in the latex
particle

= (4m/A)2sin2 0/2. These two examples show converse be-
haviour; in Figure I a rectilinear initial part is obtained with
a downturn at higher ¢2 values, while in Figure 2 an upturn
at low 2 is found and a nearly rectilinear behaviour at
larger q2. For reasons described below these two examples
are assigned to states before and after gelation had taken
place within the latex particle. All samples in the pregel
state show behaviour of Figure I and all samples in the
postgel state show that of Figure 2.

The intercept of the Dy, extrapolated towards g2 > 0
curve gives the z-average translational diffusion constant.
(Since the branched samples have essentially spherical outer
shape and no detectable anisotropy there is no effect from
a rotational diffusion constant). The diffusion constant
D, depends on the molecular weight which is shown in
Figure 3. The full circles represent the points of QELS
measurements while the open circles are results obtained by
Elias* by conventional diffusion experiments in butanone.
The original measurements follow the dotted line in
Figure 3, but when the data are corrected for the difference
in the viscosity of methanol and butanone

nbutanone
pmethanol = 0 butanone ( 10)
z nglethanol z

the values of the open circles are obtained. (Note that
always D ~ 1/ng). Up to a molecular weight of M,,, = 14 x
106 the diffusion constant follows the relationship

D, =9.78 x 10-5M;0478 cm?/sec (11)
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Figure 3 Molecular weight dependence of the translational diffu-
sion constant of PVAC in methanol at 25° centigrade; ® measured
by QELS; O data of Elias obtained by conventional techniques after
correction for the difference in viscosity of butanone and methanol;
dotted line: original measurements of PVAC from bulk polymer-
ization by Elias
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Figure 4 Molecular weight dependence of the coefficient kp in the
concentration dependence of D, + kp = 2A, M, — k¢

but for larger molecular weights (M, > 14 x 10°) it remains
constant

D; = 1.6 x 1078, cm?/sec (12)

In all cases a concentration dependence of the diffusion
constant was observed which follows for sufficiently small
concentrations the familiar relationship

D;(c) =D,(1 +kpc) (13)

The coefficient kp varies considerably with the molecular
weight from positive values at low molecular weights to
negative values for the high molecular weights. The inserts
in Figures 1 and 2 show the concentration dependence for
two examples. The dependence of kp on M, is given in
Figure 4.

DISCUSSION

Before the results are discussed in detail it may be useful to
summarize some important facts.

(1) The molecular weight dependence of the translational
diffusion constant shows a kink around a molecular weight
of M,, = 15 — 25 x 108, Below this region D, decreases with
M,,, but for larger molecular weights D, remains constant.
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(2) The coefficient kp which describes the concentration
dependence of the diffusion constant at low concentration
exhibits a minimum in the range of M,, = 15 — 60 x 106.

(3) The quasielastic scattering changes behaviour when a
molecular weight of M,,, = 15 — 20 x 10 is exceeded.

Adding to these points the findings that also the mean
square radius of gyration (S 2),, the intrinsic viscosity and
the elastic scattering change behaviour around the molecular
weight of 15 x 109 one is lead to the conclusion that this
molecular weight has the characteristics of a critical point.
Since gelation is expected for PVAC this critical point can
be taken as the gel point where gelation takes place within
the latex particle. Conclusive proof of this interpretation
is given in references 32 and 42; in the present discussion we
will check as to whether the QELS results are in accordance
with this concept.

The translational diffusion constant

In a freely branching system the molecular weight and
the size of the molecules grow continuously as the branching
process proceeds. For random branching processes this
growth follows the equation®3,3!4

Py 1t (14)
Pyo 1 —17/yc

where v is the branching probability which depends on the
monomer conversion and P,,, is the degree of polymerization
of a linear primary chain which is created in each chain re-
action of the free radical polymerization.

The branching process of PVAc is somewhat more com-
plex but equation (10) can still be considered as a good ap-
proximation also for this sytem>3!. At a critical branching
density yc the degree of polymerization P,, increases beyond
limits, and a macroscopic gel is formed. Since the mean
square radius of gyration (S2), is proportional to P,, one
has, for a macroscopic system at the gel point, P, = oo,
(82,0 >0 and Dy, = 0. Such behaviour is not observed for
the finite system of PVAc, and D, decreases in the expected
manner only until a molecular weight of M,, = 15.106 is
reached and then remains constant. Obviously some of the
branched molecules have reached a size which extends all
over the space of the latex particle. On further reaction the
radii of the gelled macromolecules cannot grow further,
but unreacted monomers and the smaller molecules from
the sol can be attached to this gel fraction and will cause an
increase of the overall weight average particle weight. Since
(S2), does not change during that process necessarily D,
of the microgel must remain constant.

The diffusion coefficient of a hard sphere is proportional
to the inverse sphere radius. Similarly one can define a for-
mal Stokes radius.

kT < 1
D, = — (15)

61T‘n0 Rs 7

The product Dz(52>zl/2 or{R; 1, (S2>Zl/2 is evidently a
quantity that no longer depends on the molecule dimen-
sions, but is of course, still dependent on the polydisper-
sity?. It also depends on the structure and shape of the
particles because the mean square radius of gyration is a
geometrical average over the size of the particle while Ry is
a hydrodynamically effective radius. For linear and ran-
domly branched flexible chains under theta conditions one
has?754:

POLYMER, 1979, Vol 20, May 585



QELS (1): M. Schmidt et al.

20

-5}

>, <525, 12
o

Hard sphere

<R’

05

O 1 1 VW N 1 1 1 11 1 1 1 A
108 107 108 1o°

My,

Figure 5 The variation of (R51)(S%)1/2 with M,,. The dotted
lines indicate the values for flexible and random coils and for hard
spheres respectively

(RyHASHMZ = 1.730 (16)

and for monodisperse hard spheres of constant density (since
(52y=3/5R2)

(RyHsHM2=0.775 (17

The plot of this quantity in Figure 5 for the nine points of
measurements against the molecular weight reveals a marked
change around M,,, = 15 x 108 which most instructively in-
dicates the transition from a randomly branched molecule
to a solidified sphere. The somewhat higher value of 1.85
at low molecular weights may result from the effect of ex-
cluded volume or from experimental errors which might be
large since D, and (S2), have been measured with different
instruments. The values at high molecular weights which
are by 23—30% lower than that for compact spheres ap-
pears to be out of the range of experimental errors and is
probably an indication for a special spatial density distribu-
tion in the microgel. The apparently larger Stokes radius
in comparison to the mean square radius of gyration of a
hard sphere may for instance result from a crosslinked thin
surface layer which has a much lower density than the mic-
rogel centre but which may suffice to define a hydrody-
namically effective large sphere radius while the mean
square radius of gyration remains fairly small. This is illus-
trated by the sketch of Figure 6.

The concentration dependence of D,

The concentration dependence of the translational dif-
fusion constant is influenced by both thermodynamic and
hydrodynamic interactions and can be described by linear
relationships

1 1
T = ™ (1+24,M,,¢) (18)
f=fo(1 +kp) (19)
D=Dy(1+kpc) (13)

where M, is the apparent molecular weight at a given con-
centration and A, is the second virial coefficient.

Irreversible thermodynamics prove that the three coef-
ficients 242M,,, kr and kp are related*®
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kp + kr=24,M,, — v (20)

The partial specific volume 7 of the polymer in solution is
in the order of one and by orders of magnitude smaller than
24, M,,, it may be neglected in most cases. In equation
(28) kp can be measured by means of QELS and 4, by
conventional light scattering. Figure 7 shows the molecular
weight dependence of A, which follows the relationship

24, M,, = 10.8 M3238 cm3/g (21

The second virial coefficient shows no detectable kink
around the critical molecular weight of M,, = 15 x 106,
This behaviour probably arises from the low accuracy to

which 47 can be measured.
The coefficient ky has been calculated theoretically by

several authors®~*and agree in so far that*%°

NgVy

W

where kp, is the frictional coefficient at theta conditions
and ¥V}, is the hydrodynamic volume which may be calcula-
ted from the diffusion constant setting the hydrodynamic
radius equal to the Stokes radius R (the Stokes radius is
defined in equation (23)).

47 kT 3
V= — (23)
3 \6myD,
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Figure 6 Possible density distribution/p(r) of a microgel and the
position of the radius of gyration (s2)1 2, Stokes radius R and the
average sphere radius Rgppere- Due to this mode. one has
(Ry1(SH/2=0.6
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Figure 7 Motlecular weight dependence of the second virial
coefficient for PVAC polymerized in emulsion and measured in
methanol (A,=5.4 M,,~0-762)



Table 2 Molecular weight M,,, coefficient kp in the concentration
dependence of the translationatl diffusion constant and 2nd virial
coefficient of PVAC polymerized in emulsion and measured in
methanol

Az x 103

Sample M, x 1076 kpcmifg cm?3 mol/g?
109 2.36 96 7.50

82 4.18 40 5.24

88 7.16 —44 496
146 10.66 —83 1.85
113 175 —-107 2.31
136 31.7 —115 1.35
139 74.4 ~73 0.367
116 262.2 —57 0.107
148 4229 50 0.177

With the use of equation (17) for the molecular weight de-
pendence of D, equation (30) becomes

kp= kg, x 0,207 M2434 (24)

There is no full agreement between the various theories on
the value of kg, ; we refer here to the theory of Pyun and
Fixman*”. These authors find

kg, = 7.16 for the hard sphere
kg, = 2.23 for the soft sphere (25)

The term soft sphere needs some explanation. Pyun and
Fixman used for their calculations the Flory—Krigbaum
model®' of interpenetrable spheres of segments clouds. With
increasing second virial coefficient the repulsion between
the segments offers resistance against penetration and
makes the spheres more rigid until in the limit of strong
interactions the hard sphere results. Solidification of a coil
may on the other hand also be caused by branching or
slight crosslinking, and therefore we consider the &y, -
values as a measure of the internal rigidity of a spherical
particle.

Using the k¢, = 2.23 value of the soft sphere at theta
temperature one obtains

ko = 0.462 MO-434 — 10.8 0238 (26)

and the chain curve in Figure 4, which fits the experimental
curve nicely up to a molecular weight of about M, =
11 x 105, For freely branched molecules k,, would de-
crease further with increasing M,,. AtM,, = 14 x 109,
however, the microgel formation commences, and the mole-
cular weight dependence of kp for these microgels can be
expected to be different.

The following estimation is very approximate and is
a tentative interpretation. First one has to recall that
a microgel contains a certain sol fraction which con-
sists of molecules which are smaller in size than the corres-
ponding latex particles. The sol fraction decreases from 1
to zero as the crosslinking reaction proceeds®. Simulta-
neously the molecular weight and the mean square radius
of gyration of the molecules from the sol decrease3" %53,
The sol fraction was quantitatively determined by gel per-
meation chromatography. The calculation of kp can now
be performed under the following assumptions.

(i) Gel fraction: The particles of the gel fraction are
spheres which are not completely rigid. The k,-value in

QELS (1): M. Schmidt et al.

equation (33) is expected to lie between 2.23 and 7.16.
The second virial coefficient is that of spheres and follows
the equation**:

16w 3 5 3/2
2A2MW=*3—NA -gRs /MW

=14.53 x 1019/M,, 27

where the Stokes radius R; = 2.49 x 10~5 cm of the microgel
spheres has been used. Collecting equations (20), (22), (23)
and (27) one has

KE! = (k7o % 3.89 — 14.53)1010/M,, (28)

(ii) Sol fraction: In a plot of P,, against y/vy, one finds
for a random and free branching process a nearly symmetric
curve around 7., i.e. the degree of polymerization decreases
sharply in the same way for v, — Ay and for v, + Ay*,

We thus assume in this coarse estimation that kBOl follows
the dotted line in Figure 4 which is the mirror curve to the
kp dependence in the pregel state.

(ili) Superposition of sol- and gel-fractions: The experi-
mentally observable kp curve is composed of the two frac-
tions as

k1 = K e + KT (1 = myy) (29)

where kg"l is given by equation (28) and kls)ol by the dotted
line in Figure 4. Since the gel fractions of the microgels,
Mgt are known from g.p.c. (Table 2) the kg, value can be
calculated with equation (28) from the experimental k-
values. The best fit (chain curve in Figure 4) is obtained with
kg;l = 5(dotted line) which is a physically reasonable value
arid would indicate the microgel particles as a moderately
soft sphere.

This estimation is, as already emphasized, very approxi-
mate and needs a critical examination. Without any doubt
it can be stated, (i) the sol fraction decreases sharply with
M,, of the system, and kp is finally determined solely by
the properties of the gel fraction; (ii) the k%‘ values de-
crease with M, whatsoever the ky, value in equation (28) is.
Thus a behaviour as indicated by the chain curve in Figure 4
is inevitable. Furthermore, it tums out that the exact
molecular wei%ht dependence of k%’l has only little in-
fluence on k'Q) ali but the latter is sensitively dependent on
the value of k& . We therefore believe that a more refined
calculation will change this value only inessentially.

The angular dependence of Dgpp,

As already pointed out in the theoretical section the ap-
parent diffusion constant of a randomly branched polymer
should yield a linear initial part when Dy, is plotted against
q%. This behaviour is indeed observed for all samples below
M,, = 14 x 10° but not for the samples above this critical
molecular weight. These findings are in the line with the
picture of molecules which are not hindered in their growth
as long as these molecules are smaller in size than the latex
particles.

The behaviour of the microgels is unexpected, and at
present we cannot offer an exhaustive explanation. What
we know is that hard but polydisperse spheres will show a
certain angular dependence of Dypy, **~°, and a linear de-
pendence on g2 is in fact found for the latex particles which
have a certain size distribution. The size distribution of the
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corresponding microgels is much broader, and therefore a
stronger angular dependence will result which needs not to
be linear at larger g 2-values. Still we think it unlikely that

the marked uptum in Figure 2 is caused by the polydispersity

alone. The upturn may arise in our opinion from a certain

flexibility of the microgels, because in random coils the
angular dependence at large g-values is determined pre-

dominantly by its flexibility>>3*3, The conclusion of a

more or less soft sphere would be in agreement with the
analysis of the concentration dependence of D,. Unfor-

tunately no theory for soft spheres is available which would

allow a more quantitative interpretation of angular depen-

dence of the quasielastic light scattering measurements from

the microgels.
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