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ABSTRACT: We have studied the mass distribution (N(M)) of branched poly(methyl methacrylate)
(PMMA) formed by radical copolymerization of methyl methacrylate and ethylene glycol dimethacrylate
by size exclusion chromatography (SEC). We show how the static structure factor of monodisperse
branched PMMA can be obtained using a new type of on-line multiangle light scattering detector. We
compare the monodisperse static structure factor with that of the polydisperse solutions and show that
the polydisperse static structure factor can be derived from the monodisperse function using N(M) obtained
from SEC. Both the static structure factor and the mass distribution are found to be consistent with
predictions from percolation theory. Using an on-line viscometer we have determined the molar mass

dependence of the intrinsic viscosity.

Introduction

Broad distributions of branched macromolecules are
obtained by many different types of aggregation proc-
esses or (co)polymerization of polyfunctional monomers;
see for example refs 1—9. The average particle size
increases with increasing reaction extent, and the
process might eventually lead to the formation of a gel.
In order to understand the aggregation or polymeriza-
tion process, it is necessary to determine the structure
and the mass distribution of the particles. In the case
of gel formation, an analysis of the pregel solutions may
help to understand the properties of the gel.

The structure of large, but still microscopic, particles
can be studied most easily by scattering techniques,
while size exclusion chromatography (SEC) allows one
to study the size distribution. SEC combined with one-
line light scattering detection seems therefore very
promising for the analysis of polydisperse distributions.
A number of studies of such systems with light scat-
tering detection at a single small scattering angle have
been reported.”"® We have recently developed a multi-
angle light scattering (MALS) detector which allows an
on-line determination of the static structure factor.
Unfortunately, using light scattering the static structure
factor of the particles (S) can only be determined over
a limited range of the scattering wave vector (g = (47n/
A) sin(6/2), with n the refractive index of the solution, A
the wavelength of the incident light, and 6 the angle of
observation). However, particles of different size formed
by the same aggregation or polymerization process are
often self-similar; i.e., they have a fractal structure.1%1!
The fractal structure implies that S is independent of
the size of the particles if plotted as a function of gRj,
where R; is the radius of gyration of the particles. If
one uses this feature, S can be obtained over a wide
g-range by combining measurements on different size
particles in the same solution.

Here we apply this method to the analysis of poly-
disperse solutions of branched poly(methyl methacry-
late) (PMMA) formed by copolymerization of methyl
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methacrylate (MMA) and ethylene glycol dimethacrylate
(EGDMA) in solution. This copolymerization leads to
the formation of a transparent gel at reaction extents
that depend on the MMA concentration and the molar
ratio [MMAJ[EGDMA]. After a brief outline of the
theory of light scattering by self-similar particles, we
present the results obtained by SEC with combined
refractive index (RI), MALS, and viscosity detection. We
show how the static structure factor and the mass
distribution can be determined and how -the static
structure factor is influenced by polydispersity. We
compare these results with predictions from percolation
theory.'? We find that if one applies the so-called
universal calibration!® to branched PMMA, the molar
mass is about 25% smaller than the values obtained
from light scattering measurements.

Light Scattering Theory

The intensity of the light scattered by dilute solutions
of monodisperse noninteracting particles with molar
mass M igl415

I=EMCS (1)

where C is the particle concentration in weight per
volume and % is a constant which depends on the
experimental setup, the refractive index increment of
the solution, and the wavelength of the incident light
in the solution. In general, S depends in a complicated
way on the detailed structure of the particles, but in
the so-called Guinier regime where gR; < 1, S can be
written as a series development in (gR,)?

- 1 2
S=1- §(ng) + ... (2
For fractal systems the static structure factor as a
function of gR; is independent of R, for gro << 1. In the
limit of large gRg, it can be shown that!®
S(gR,) = (@R)*  gR,»landgr,<1 (3a)

and
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d
MRS R, >r, (3b)
where dr is the fractal dimension and rg is the internal
cutoff of the fractal regime. The shape of S(gRg) around
gqR; =1 depends on the surface structure of the particle.

For polydisperse solution we need to sum the contri-
butions of particles with different size so that

Ig) = kY (M’NMS(M,9)) 4)

where S(M,q) is the static structure factor of particles
with molar mass M. N(M) is the number concentration
of particles with molar mass M normalized such that

SMNOM =C (5)

Equations 2 and 3 remain valid for polydisperse solu-
tions if we replace R; by the square root of the z-average
squared radius of gyration (R;,) and M by the weight-
average molar mass (My). Often in the case of aggrega-
tion or polymerization of multifunctional monomers, the
mass distribution is expected to have the following
shape:10:11

N(M) <« M {M/M*) M>M, (6)
where M, is the mass of the smallest particle of the
distribution and fIM/M*) is a cutoff function at a
characteristic mass M*, which decreases faster than any
power law. Polydispersity has a strong influence on the
g-dependence of I, but only affects the limiting behavior
at large g if 7 > 2. In the latter case, the limiting slope
of log(I) versus log(q) is given by dipa = dd3 — 1)
retaining, of course, the condition gry < 1. A detailed
discussion of the influence of the surface structure and
the polydispersity of fractal particles on the g-depend-
ence of I is given elsewhere.!’

Experimental Section

Materials. The samples were prepared by radical copoly-
merization of 0.235 gem~3 MMA and EGDMA in toluene using
1.1 x 1072 gem™2 AIBN to initiate the reaction. The molar
ratio [EGDMAV[MMA] was 0.01. The solutions were filtered
through 0.2 um Anatop filters after which the polymerization
occurred in a thermostated bath at 68 + 0.1 °C under
continuous agitation. At set time intervals a sample was
rapidly cooled in an ice bath in order to quench the reaction.
The samples were diluted in THF for SEC and LS analysis
with a small amount of inhibitor added to prevent further
polymerization. For this study we used eight samples quenched
at different reaction extents R, defined as the fraction of MMA
that has reacted to form branched PMMA (see Table 1).

Experimental Setup. We used a classical analytical SEC
apparatus coupled to a multiangle light scattering and viscos-
ity detector which has recently been developed in our labora-
tory.'® Two PL-Gel columns (Polymer Laboratories, MIX-34-
22 and MIX-B-72-8, each 600 x 7.5 mm, particle diameter 10
um) were used in series. The eluant was THF and the flow
rate 1 cm%min. The concentration was monitored by a
differential refractometer (R410 from Millipore-Waters) using
0.09 for the refractive index increment of PMMA in THF. The
light source for the light scattering detection is a He/Ne laser
emitting light with wavelength 633 nm. Molar masses were
calculated using 1.4 x 10~% ¢cm™! for the Rayleigh ratio of a
toluene standard. The scattered light intensity of discrete
fractions of 1 ecm?® was measured simultaneously at 10 angles
between 15 and 150°. The viscosity of each fraction was
measured using a capillary viscometer thermostated at 20 °C.
The measurement temperature was monitored within +0.01
°C. The advantage of measuring discrete fractions over
continuous detection is that more accurate values of the
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Figure 1. Refractive index signal as a function of the elution
volume for five samples at different reaction extents (see Table
1).

Table 1. Sample Characteristics

Mea x 1076 M, x 1078
sample R (gmol™1) (g'mol-1)
A 0.16, 1.0¢ 0.8
B 0.19, 1.6¢ 1.3
C 0.19¢ 1.9 2.1
D 0.203 2.2 2.9
E 0.21; 2.8o 5.5
F 0.217 2.4, >15
G 0.22; 2.83 >15
H 0.23, 2.75 >15

intensity are obtained and the viscosity measurements are not
influenced by fluctuations in the flow rate. The error in the
excess scattering intensity (I) is within +1% of the scattered
light intensity of pure THF (Ityr), while the error in the excess
flow time (¢) is measured within 1 ms. Typical values of the
maximum excess intensity and excess flow time for the
systems studied here were about 5 x Itgr and 300 ms,
respectively. The disadvantage of measuring discrete fractions
is the reduced number of data points to characterize the
distribution and the residual polydispersity of the fraction.
However, for the size of the columns used in this study, the
polydispersity introduced by the finite size of the fractions is
small compared to the effect of band broadening. The amount
of structural polydispersity, i.e., particles with the same
hydrodynamic radius but different molar mass, is probably
small due to the fractal nature of the particles. Typically 0.3
cm? solutions were injected with a concentration of about 1.5
x 1073 gem3, leading to a maximum concentration in the
fractions of 5 x 1075 gem~3, which means that second virial
interactions can be neglected.

Results

Eight solutions of branched PMMA obtained by
quenching the reaction at different reaction extents
were analyzed by SEC using combined RI, MALS, and
viscosity detection. In Figure 1 the RI signal is shown
as a function of the elution volume (V). The toluene
and residual monomers are eluted at V. ~ 43 cm? and
the corresponding peaks are not shown in Figure 1. In
the initial stage of the reaction, mainly linear polymers
are formed with weight-average molar mass M, =~
70 000 gmol~! and M/My ~ 2. As the reaction contin-
ues, branched PMMA chains are formed of increasing
size and the mass distribution broadens. It is noted that
the maximum position of the distribution, which corre-
sponds to the linear PMMA, does not move with
increasing reaction extent. At later stages of the
reaction, the largest particles are not separated but
leave the column at approximately the same value of
V.. The reaction extents (R) are determined by inte-
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Figure 2. Comparison of the RI signal, the excess scattering

intensity at 8 = 90°, and the excess flow time as a function of

the elution volume for sample C. The curves have been
normalized to given an equal surface area.
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Figure 8. Double-logarithmic representation of the g-depend-
ence of I/(kC) of sample H at the different elution volumes
indicated. I/(kC) = M in the limit of ¢ = 0.

grating the polymer peak area of the RI signals (see
Table 1).

In Figure 2 the RI signal, the excess scattering
intensity at @ = 90° (I90), and the excess flow time ¢ are
shown as a function of V. for sample C. If we assume
that the interaction between the particles is negligible,
RI, Iy, and ¢ are related to the particle concentration
in the following way:

Rl C
Iy, < MCS(M), (7

t < M°C
where Sgg is the structure factor at 0 = 90° and a is a
constant which depends on the structure of the particles.
We will show below that for branched PMMA in THF a
= 0.4. From relation 7 it is clear that Iy is most
sensitive to large particles and that the sensitivity of ¢
is intermediate between that of I, and RI.

The g-dependence of I/C at different values of V. is
shown in Figure 3 for sample H. As expected, the
g-dependence of I increases with decreasing V.. S(gRy)
can be obtained by plotting I(g)/I(g=0) vs qR;. If S(qRy)
is independent of the size of the particles, all curves in
Figure 3 superpose to form a master curve of S(gRp).
Unfortunately, for the larger particles the experimental
g-range is too small to allow a direct calculation of
I(g=0) and R; using eq 2. In this case we can determine
I(g=0) and R; from the shift factors needed to form a
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Figure 4. Master curve obtained by plotting I(q)/I(g=0) versus
qRg; see text.
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Figure 5. Semilogarithmic representation of M versus the
elution volume of samples at different reaction extents (see
Table 1). The solid line represents a linear least squares fit
using only unbiased data.

master curve. Since we can determine the constant %
independently, we can calculate M from I(g=0) using
eq 1. However, direct application of this method to the
results shown in Figure 3 leads to unreasonably high
values of R, and M at larger values of V.. The reason
is that the scattered light intensity is modified by traces
of very high molar mass particles which leave the
column at larger elution volumes together with the
normally eluted lower molar mass fractions. We have
observed similar abnormal elution for a number of other
systems that contain very large branched particles.!?
In order to determine an unbiased static structure
factor, we have used for the smaller particles I/C values
obtained from samples at lower reaction rates which did
not contain these very high molar mass particles. A
small part of samples E—H is fully excluded so that the
fraction containing the largest molar masses is more
polydisperse. However, for these very large particles,
qR; > 1 so that the effect of polydispersity on the
particle structure factor is small. The master curve
shown in Figure 4 was obtained by combining the
results of a large number of independent experiments.
The spread in the data gives a good idea of the precision
of the method. In Figure 5 we have plotted M as a
function of V, for each sample on a semilogarithmic
scale. It is clear that the deviation of M from the
unbiased behavior at larger V, increases with increasing
reaction extent. The corresponding values of R, and
intrinsic viscosity ([#] = #/(¢rurC), with ¢trrr the flow time
of pure THF) as a function of V. are shown in Figures
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Figure 6. Semilogarithmic representation of R; versus the
elution volume of samples at different reaction extents. The
symbols are the same as in Figure 5.
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Figure 7. Semilogarithmic representation of {#] versus the
elution volume of samples at different reaction extents. The
symbols are the same as in Figure 5.

6 and 7. As expected, the influence of traces of very
large particles is more important for R; which repre-
sents a z-average than for M which is a weight average.
The influence on [#], which is in between a number and
a weight average, is even less. The influence on the RI
signal, which is proportional to the concentration, is
probably negligible.

Using the unbiased relation between M and V, (solid
line in Figure 5), we can plot [n] and R, as a function of
M. Double-logarithmic representations of the results
for the least biased fractions are shown in Figures 8 and
9. The data are compatible with a power law depend-
ence of [#] and R; on M:

[5] = (0.285 + 0.02)M°40£092 cppig™?
R,= (4.3 £0.4) x 107°M°*4*°®qm  (8)

([nIM)'3 has the dimension of size and is for linear
polymers related to R, through the so-called?® universal
constant (D).

If we define a viscosity radius R, as (3[71M/10xN)V3,
with N Avogadro’s number, we obtain

R,=(3.6£0.4) x 10°M**™%% nm  (9)

The ratio of the two radii is in good agreement with the
value of ® reported for linear PMMA 2!

According to the universal calibration principle!?
(UQC), the product [#1M is the same at the same elution
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Figure 8. Double-logarithmic plot of [5] versus M of the
unbiased fractions. The solid line has a slope of 0.4.
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Figure 9. Double-logarithmic plot of R, versus M of the
unbiased fractions. The solid line has a sfope of 0.48.
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Figure 10. Comparison of [#]M as a function of V. for linear
polystyrene (solid line) and branched PMMA (circles).

volume for different particles unless the structural
architecture is very different. In Figure 10 we have
plotted [#IM as a function of V. for branched PMMA
and polystyrene standards. The polystyrene standards
are systematically lower by about 25%. It is difficult
to judge whether the difference between the values of
[7IM for the two systems is due to a systematic error in
the determination of M or a deviation of UC. It is
important to note, however, that we have used the
weight-average molar mass and an average viscosity in
between a weight and a number average. It is difficult
to quantify the effect of using these averages as the
precise shape of the band broadening is not known, but
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Figure 11, Comparison of the molar mass distributions of
all samples with theoretical curves using eq 6 with t equal to
2.1 and 2.2 and M, = 3.2 x 10* g'mol~! (dashed curves). The
cutoff function was taken equal to unity.

it might explain the observed deviation.

In Figure 11 we have plotted the concentration as a
function of log(M). In this semilogarithmic representa-
tion, C is proportional to M2N(M) so that, using eq 6, C
o« M277 for My < M < M*, For 7 < 2 the maximum of C
depends on M* while for t > 2 the maximum is at M =
M, independent of M*. For the special case of 7 =2, C
is constant between My and M*. The solid lines in
Figure 11 represent theoretical distributions with 7 =
2.1 and 2.2, using My = 32 000 g'mol~!. Of course, the
real distribution does not have an abrupt cutoff at M <
M, due to the polydispersity of the linear PMMA. For
M > M, the overall shape of the distribution is well
described by eq 6 with 7 between 2.1 and 2.2. However,
the experimental distribution contains undulations
around the smooth distribution calculated from eq 6.
As mentioned above, the upturn at the largest M can
be explained by the limited resolution of the column,
but we have at this stage no explanation for the
deviation from a smooth distribution at intermediate
values of M. We have observed similar undulations on
broad distributions of branched polyurethane formed by
polycondensation.!® Such undulations have also been
observed by Schosseler et al.? on broad distributions of
branched polystyrene and by Patton et al.” in the case
of branched polyesters. The undulations are either
representative of the distribution or an artifact of SEC.
The first option implies that during the polymerization
certain sizes are formed by preference.

If we want to determine explicitly the cutoff function
at M* in eq 6, we are limited to those samples where
even the largest particles in the distribution are well
separated. We have chosen a stretched exponential
form for cutoff function: fM/M*) = expl[—(M/M*¥).
Large values of § give a sharp cutoff while smaller
values give a more gradual cutoff. The experimental
data show a rather sharp cutoff which is well described
by a stretched exponential with 8 = 3 as shown in
Figure 12 for sample B with M* = 2.6 x 106 g'mol~! for
=22 and M* =24 x 10% gmol~! for = 2.1.

The weight-average molar masses of all samples have
been determined using the calibration curve shown in
Figure 5 (M.,) and are given in Table 1. These values
can be compared with direct measurements of My, of the
polydisperse samples; see Table 1. M., of the higher
molar mass samples is too small due to the limited
resolution of the column.
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log(M)

Figure 12, Comparison of the molar mass distribution of
sample B with theoretical curves using eq 6 with 7 equal to
2.1 and 2.2 and M, = 3.2 x 10* g'mol~! (dashed curves). A
stretched exponential cutoff function was used with 8 = 3 and
M* =26 x 10 gmol™ for r = 2.2 and f = 3 and M* = 2.4 x
108 g'mol-! for r = 2.1.
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Figure 13. Comparison of the polydisperse (filled circles) and
the monodisperse (open circles) static structure factor with
theoretical curves (solid lines); see text. The dotted line has
a slope of —1.68. For clarity, groups of data have been averaged
at equal distance on a logarithmic scale.

Discussion

From eq 4 it follows that the g-dependence of I is
influenced by polydispersity. It is therefore interesting
to compare the static structure factor of the monodis-
perse fractions (S(gR,)) with that of the polydisperse
sample (S(gRg,)), which can be determined by plotting
I/I(g=0) versus gR;,. The scattered light intensity was
measured as a function of g for the polydisperse samples
at different reaction rates. S(qRg.) was determined by
superposition in a way analogous to the determination
of S(gRg). Results of a more detailed study of the
polydisperse system using static and dynamic light
scattering will be reported elsewhere. By definition,
S(gR..) and S(gR,) are the same in the Guinier regime,
but they clearly deviate at larger values of gRg, or gRy;
see Figure 13. For clarity, we have averaged groups of
data at equal distance on the logarithmic scale. Fol-
lowing Klein et al.,! we have fitted S(gR,) to an
empirical equation which has the right behavior in the
limits of low and high gR, values

SR, =
—dy8
[1 + Bidf(‘mg)2 +¢y(gR)* + c,(qR)® + c3(qR,)®

(10)
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and contains three adjustable parameters (c; to ¢3) to
describe the shape at intermediate values of gR;. A
nonlinear least squares fits gives dr = 1.84, ¢; = 1.38,
cs = —0.49, and ¢3 = 0.114. Unfortunately, the gR,
range is too small to determine dy with high precision;
e.g., fixing dr = 2, which is close to the value obtained
from the relation between M and R, gives an almost
equally good fit (see Figure 13). However, we can
exclude values of dylower than 1.7. For the polydisperse
samples we are not limited by the resolution of the SEC
so that we can measure samples with very large Rg.. In
fact, for samples at different reaction extents close to
the gel point we observe I « g~16+0.03 gyer the whole
accessible g-range from which we conclude that dgpo =
1.6 £ 0.03. As we have seen above, dr and dyp, differ
only if 7 > 2, in which case dgpa = dd3 — 7). The
observed value of d¢po implies that if dy = 1.8 then 7 =
2.1 and if d¢ = 2.0 then 7 = 2.2, Knowing S(gRg) and
N(M), we can calculate the z-average static structure
factor of the polydisperse sample as

S MENGDS(M)

S =
poly z Mz NM)

(11)

To calculate the static structure factor of a particle with
mass M, we use the result of a fit to eq 10 to obtain
S(gR,) and eq 3b to relate M to R;. To calculate N(M)
we have used eq 6 with a stretched exponential cutoff
function. We note that for the calculation of S(gR) the
prefactors in eqs 3b and 6 are unimportant. From SEC
we know that 7 is between 2.1 and 2.2 and § is about 3.
In order to be consistent with the observed value for
dspol, we have calculated S(gRg,) using two combinations
ofdrand : dr=2 with7=2.2 and dr = 1.8 with 7 =
2.1. The results of these calculations are compared with
the experimental data in Figure 13. The static structure
factor of the polydisperse sample is well described using
either of the two combinations. However, the final
slope, indicated by the dotted line, is reached at lower
gR;; values than expected for the calculations.

It has been proposed that the aggregation of highly
interpenetrated particles can be compared to a static
percolation process.?2 Computer simulations of the
percolation process show that fractal objects are formed
with df = 2.5 with a mass distribution consistent with
eq 6 using T = 2.2. If the system is diluted in a good
solvent, it is expected that dris reduced by the effect of
swelling due to excluded volume effects. Complete
swelling would result in dr = 2.0. The experimental
results are consistent with these predictions except that
we observe a much sharper cutoff of the mass distribu-
tion than found in the simulations.

Conclusions

(i) SEC in combination with multiangle light scatter-
ing is an excellent tool for the characterization of broad
particle distributions. If the particles are self-similar,
the static structure factor can be obtained by combina-
tion of the g-dependent light scattering intensities at
different elution volumes. The application of the method
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is, however, limited by the quality of commercially
available columns: the maximum size that can be
effectively separated is about R, = 80 nm and traces of
very large particles (R, > 70 nm) are eluted together
with smaller particles at large V.. It is clear that new
types of column material need to be developed to allow
a better SEC analysis of large particles.

(ii) The RI signal of broad distributions of branched
polymers shows marked undulations. A more detailed
study of this effect is needed to establish whether the
undulations are representative of the distribution or an
artifact of SEC.

(iii) A comparison of the static structure factor of the
polydisperse sample with that of the monodisperse
fractions can be used to determine the mass distribution
if a wide enough range of gR; and gR;, is covered.

(iv) Application of the universal calibration to branched
PMMA leads to 25% lower estimates of the molar mass
than values obtained by light scattering measurements.

(v) The structure and mass distribution of particles
formed by copolymerization of MMA and EGDMA are
consistent with those obtained in a static percolation
process.
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