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rather little on the degree of grafting, especially if the latter
is low. For this reason, it cannot be decided unambigu-
ously if the grafting model discussed here is completely
adequate to physical reality. No papers concerned with
a detailed experimental study of molecular parameters of
graft copolymers could be found in the literature. It is
believed, therefore, that any contribution dealing with the
subject may appear useful.

Registry No. (Methyl methacrylate)-(styrene) (copolymer),
25034-86-0.
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Characterization of Poly(methyl methacrylate) during the
Thermal Polymerization of Methyl Methacrylate
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ABSTRACT: During the thermal polymerization of MMA, we have been able to investigate both the static
and the dynamic properties of the polymer formed, poly(methyl methacrylate) (PMMA), in terms of the
molecular weight M, the second virial coefficient Aj, the radius of gyration Ry, the translational diffusion
coefficient Dy and its corresponding equivalent hydrodynamic radius Ry, and estimates of the size (or molecular
weight) distribution of PMMA in dilute solution and in terms of the isothermal compressibility (97 /3C)p
the cooperative diffusion coefficient D, and a slow characteristic decay time which mimics but is not the
self-diffusion coefficient D, in the semidilute solution regime. By combining a spectroscopic technique such
as Raman scattering, which can determine the polymer concentration noninvasively during the polymerization
process, with laser light scattering, we have demonstrated a viable procedure for on-line monitoring of solution
polymerization processes, permitting us to investigate detailed macromolecular properties in solution po-

lymerization kinetics.

1. Introduction

Studies of polymerization processes have been difficult
because we lack a convenient probe which we can use
one-line to monitor the concentrations of the monomer(s)
and of the polymer in a polymerization reaction. Spec-
troscopic techniques such as NMR, IR, Raman, and
fluorescence and other physical methods such as density
and surface tension offer reasonable and possible alter-
natives which permit us to measure the appropriate con-
centration of species in a chemical reaction. However, in
a polymerization process, we really want to know not only
the concentrations of the monomer (C,,) and of the poly-
mer (C,) but also molecular parameters such as the mo-
lecular weight M of the polymer product during the
chemical reaction.

The aim of this article is directed at an important need
in chemical reactor engineering; i.e., we try to link together
an application of several established results in Raman
scattering and laser light scattering and hopefully to
demonstrate that development of an on-line technique for
characterizing the polymer product during the course of
the polymerization reaction is a worthwile undertaking
even though it is likely to be a difficult one from practical
viewpoints. Nevertheless, as informative on-line mea-
surements of important molecular parameters of the
polymer product often represent the major stumbling block
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to control of polymerization processes, an establishment
of measurements on accessible molecular parameters of
the polymer product in our proposed scheme under even
ideal conditions becomes of interest.

It should be recognized that our measurement scheme
is limited mainly to solution and bulk polymerization
processes and that we have neglected convective motions
which often exist in a chemical reactor. Such convective
motions, which could be produced by flow of reactant(s)
and product(s) and/or by thermal gradients, would in-
variably affect the light scattering spectrum and the
translational diffusive motions of the polymer product(s).
However, these problems may be resolved by varying ex-
perimental conditions or they can be investigated for
specific systems. For example, flow can be measured by
using laser Doppler velocimetry! and thermal gradients can
be alleviated by changing the chemical reaction vessel
design.

In this paper, we report some of the results of our studies
on the thermal polymerization of methyl methacrylate
(MMA) using a combination of Raman scattering and laser
light scattering® whereby we have been able to measure
many of the main variables of interest in terms of known
molecular parameters, namely, the rate of conversion, the
weight-average molecular weight M, of the polymer
product, poly(methyl methacrylate) (PMMA), and esti-
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mates of the polymer polydispersity. Furthermore, due
to the specific nature of the polymerization process, i.e.,
for free radical polymerization, we know the molecular
weight of the polymer formed to remain relatively constant,
we have been able to establish Zimm plots in dilute solu-
tions and to determine both the second virial coefficient
A, and the radius of gyration R, in addition to the
weight-average molecular weight. Ign the same dilute so-
lutions, precise measurements of the time correlation
function permit us to determine the z-average translational
diffusion coefficient Dr, its corresponding equivalent hy-
drodynamic radius R}, and the polydispersity index (uy/T?)
as well as to estimate the line width distribution function
G(T'), which is related to the hydrodynamic size (or the
molecular weight) distribution. At higher solution con-
centrations in the semidilute regime, we have succeeded
in determining the osmotic compressibility (87/3C)pr and
the cooperative diffusion coefficient D, and in confirming
the existence of a very slow characteristic decay time which
mimics but is not the self-diffusion coefficient D, as a
function of concentration (time). As the very slow char-
acteristic decay time has a size dependence, more careful
time correlation function profile analysis also suggests a
scheme whereby we can estimate size polydispersity from
a correlation function profile analysis of the slow mode in
semidilute solutions. It should be emphasized that we have
not yet completed our development of a practical con-
centration and molecular parameter probe for polymer-
ization process control. The present article is concerned
mainly with the potential of such a scheme under relatively
ideal conditions.

II. Theoretical Rationale

Light scattering and Raman spectroscopic techniques
have been used to study the thermal polymerization of
styrene.”® The techniques are noninvasive and can share
the same light source and detection eléctronics.

1. Raman Spectroscopy. Raman spectroscopy has
been a useful tool to elucidate the structure of polymers.
On occasion, it has been used to determine concentrations
of monomer sequences in copolymers.* In a chemical re-
action, some bonds are broken and others are being formed
while most remain relatively unchanged. Therefore, Ra-
man peaks which are characteristic of the respective
chemicals of interest can be used to monitor the concen-
trations of those chemicals, while the peaks which show
no change during the polymerization process can be used
to monitor the laser incident intensity and act as some
form of an internal built-in reference standard useful for
normalization purposes. On closer examination, Raman
polymer peaks may depend on other factors in addition
to polymer concentration, and the location and shape of
Raman peaks may change slightly due to structural var-
iations during the polymerization process. Therefore, in
using the Raman spectroscopic technique as a probe to
monitor concentration of chemical species, we should also
use other analytical analysis to confirm the scheme.

2. Intensity of Scattered Light.> The Rayleigh ratio
(R,,) for vertically polarized incident and unpolarized
scattered light at finite concentrations in dilute solution
has the approximation form

HC _ -1 16xn®  , . 2(2)
= (M, + 2A20)(1 + ang? R.* sin 2 1)

Ry,

where H, in units of mol cm? g2, is equal to 47°n?(dn/
3C)?/(Narh), with n, C (g/cm?®), Ny, A, and dn/3C being
the respective refractive index, concentration, Avogadro’s
number, wavelength in vacuo, and refractive index incre-
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ment; R, (cm™) is the excess Rayleigh ratio due to con-
centration fluctuations of the polymer solution using
vertically polarized incident and unpolarized scattered
light; M, is the weight-average molecular weight, 4, (mol
cm® g?) is the second virial coefficient, and R, (cm) is the
root-mean-square radius of gyration.

According to eq 1, the second virial coefficient A,, the
weight-average molecular weight M, and the radius of
gyration R, can be determined by using a Zimm plot
whereby

. HC 1 K°R;
m e, S\ 1T @
lim gc = M—l— + 24,0 @)
and
. HC 1
im e =L @
#—0

where K [=(4x/)) sin (8/2), with X = N\g/n] is the mag-
nitude of the momentum transfer vector. Equation 1 is
no longer valid at higher concentrations. However, we can

write
. HC _ 1 (o
}{1210 R, - RT( aC)T,P ®)

where the concentration-dependent osmotic compressi-
bility term, (8x/3C)rp, is independent of the polymer
molecular weight, at least for specific polymer solutions
in a good solvent.

3. Spectrum of Scattered Light.>® The light scat-
tering spectrum of a polymer solution contains a wealth
of information which can be related to the translational,
and possibly rotational, motion as well as many forms of
internal motions of the polymer molecules. We shall limit
our discussion to photon correlation measurements.

The measured single-clipped photoelectron count au-
tocorrelation function for a detector of finite effective
photocathode has the form

GyP(r) = N(np)(n) (1 + blgD(n)P) (6)

where g¥(r) is the first-order normalized time correlation
function of the scattered electric field, & is the clipping
level, 7 is the delay time, (n,) and (n) are mean clipped
and unclipped counts per sample time, and N, is the total
number of samples with the base line A = N, (n,)(n).
N (n;) and N (n) are the total clipped counts and total
unclipped counts, respectively. b is a spatial coherence
factor, depending upon various experimental conditions
such as coherence and receiver areas, and is usually taken
as an unknown parameter in the data-fitting procedure.
Equation 6 is valid for an extensive class of signals having
Gaussian field probability distribution.®

For a monodisperse sample of noninteracting macro-
molecules in solution (or colloidal particles in suspension)

(Ab)/2gW(K,7) « I(K) exp(-T(K)7) (M

where the scattered intensity I(K) = Ni(K), with N and
i being the number of macromolecules in the scattering
volume V and the scattered intensity from each macro-
molecule, respectively. T’ (=D1K? when KR, << 1) is the
characteristic line width, with Dy (cm? s!) being the
translational diffusion coefficient. At finite but dilute
concentrations and in the presence of interactions

D = Dy(1 + kyC) (8)




928 Chu and Lee

where D, is the diffusion coefficient at infinite dilution.
The hydrodynamic and thermodynamic factors are com-
bined in the second virial coefficient for diffusion k4, which
is system specific. The subscript T has been dropped.
In semidilute solution and in the small KR, range, which
avoids the complication of internal polymer motions, the
time correlation functions measures the cooperative dif-
fusion coefficient D, and another much slower relaxation
time which has been related to the self-diffusion coefficient
D, Identity of this slow relaxation time to D, has been
open for discussion. We shall refer to a brief listing of
current results in the Conclusion. Suffice it to say that
the measured slow relaxation time can be utilized to
characterize molecular (or clustering) properties of the
polymer product formed in semidilute solutions regardless
of the source of discrepancy. Generally, we can express
D, and D, to be in their respective pseudogel (Kf, « 1)
and reptation (KR, « 1) regimes, with £, being the
screening length of concentration blobs. The cooperative
diffusion coefficient is independent of molecular weight
and is proportional to C%* and C! in semidilute-good and
semidilute-0 solvents, respectively. On the other hand,
the self-diffusion coefficient depends on the molecular
weight and we have, according to the scaling concept

D, = EM2C/*
= k*M2C3

where k, and k.* are proportionality constants. Therefore,
under appropriate conditions, perhaps eq 9 can suggest a
scheme to calibrate the molecular weight and its poly-
dispersity of the polymer product at semidilute concen-
trations.

4. Correlation Function Profile Analysis.®? For
a polydisperse sample

lgW(r)| = j;wG(I‘) exp(-I'7) AT (10)

semidilute-good region
semidilute-0 region )]

where G(T') is the normalized distribution of decay rates.
In practice, eq 10 uses a measured |gV(r)| which has noise
and is bandwidth limited. Furthermore, the limits of in-
tegration have both upper and lower bounds, yielding

b
(7)) = j; G(I') exp(-T'r) dT (10

As the Laplace transform of eq 10’ is ill-conditioned, we
can only approximate G(I') using methods which can put
further constraints on the problem. In this article, we shall
consider only the multiexponential approach with solutions
to be evaluated by the singular-value decomposition me-
thod.'! We approximate G(I') as a sum of equally spaced
single exponentials

m
j=1
or as a sum of logarithmically spaced single exponentials
m
j=1

where m is a small number, usually 3 or 4, depending upon
the signal-to-noise ratio of g¥)(+) and the b/a ratio. The
superscript asterisk signifies a change of variable from T’
to In . According to eq 4 and I(K) = Ni(K), we have

N (M) « Ii(M;)/M? (13)
where N;(M,;) is the number of representative polymer

molecules with molecular weight M; and I;(M)) is the
corresponding scattered intensity from N; polymer mole-
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cules. In eq 13, we have taken the limit of K — 0 and C
— (. In dilute solution, first-order correction due to the
contributions from P(KR,) and A, can be introduced.
Then, we have

N{M)) = LM)[1 + KR, A(M)) /3 + 2A,CM;] /M
(14)

where we have taken P! ~ 1 + K?R.%/3 and A, to be the
measured second virial coefficient over the concentration
range of eq 1.

Having obtained an estimate of the normalized distri-
bution of translational diffusion coefficient G(D), we define
the number molecular weight distribution

FuM) = leja(M - M) (15)
£

and relate each representative translational diffusion
coefficient, D;, with a molecular weight, M;, and a char-
acteristic molecular parameter, X; (KR, ), by use of the
following molecular weight scaling laws% for D and R

D = kM0 (16)
R, = kpMex 17

The two scaling laws are also closely tied to the intrinsic
viscosity scaling law exponent such that if [n] = k,M*, ap
= (1+ «,)/3. We can evaluate the preexponential factors
kp and kg by using the measured values of M, and R, from
static light scattering studies provided that ap and «y are
known. In the iterative procedure, we first estimated kp
by assuming that P(X) = 1 and then adjusted kg by com-
paring the measured and computed R, values using the
first approximate F,,(M;). We then vary kp by comparing
the measured and computed values of M,,. The iterative
procedure was terminated when a kp value could yield an
M, ca1a Which was in agreement with the measured M;, from
our static light scattering measurements. For completeness
we note that

Mw.cald = ZNJMJQ/ ZN]M} (18)
Rg,cald = kRZNij(2+aH)/ZNij2 (19)

and
Foam® = f F,0DM dM/ [ F,00M M (20)

where F,, .,n(M) is the normalized cumulative weight-av-
erage molecular weight distribution.

In the semidilute solution regime, eq 9 suggests a pos-
sibility to estimate information on the polymer molecular
weight and perhaps even its polydispersity. Since we can
determine the concentration using Raman spectroscopy,
we should be able to calibrate &, from one simultaneous
analysis of D, and M for a specific polymer solution at
temperature T. Once k, is known for the system, it be-
comes feasible to estimate M from measurements of the
self-diffusion coefficient D, and C from Raman spectros-
copy. There is an experimental limitation in the concen-
tration range to which this approach is practical because
the characteristic time related to D, is very slow in sem-
idilute solutions.

An approximate estimate to the polydispersity effect
from D, may be explored as follows. At some overall
concentration, we may write

<D3> = kSZJVJM]zMJ_z/ZJVJMJ2 (21)

where we have assumed [;; « N;M? to remain valid in
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Figure 1. Plot of dn/dC vs. temperature for PMMA in MMA
at Ay = 436 nm (V) and A\, = 546 nm (O).

semidilute solutions since the molecular weight dependence
of I;, due to self-diffusion only is not known. Nevertheless,
eq 21 can be simplified in terms of M,, and M, to

(Dy) = k*/ (MuM5) (21)
Similarly
(D2) = kM M_,)" (M, M) (22)
where
M. '= X NM7™2/ENM™? (23)
M. 1= NM1/EN,; (24)

Thus, we have for the variance u,/I? in D,
(D) ) MM,
(D) T MM,

a curious index, which nonetheless depends upon the po-
lydispersity.

IIl. Experimental Methods

Raman spectra were obtained with a conventional Spex 1302
double-monochromator (0.5 m, 1200 grooves/mm). The Raman
spectrometer was modified to accept a high-temperature cell for
the thermal polymerization of MMA and to measure the absolute
light scattering intensity and spectrum at four different scattering
angles. The details will be described in a subsequent article on
polyphosphazene reactions where the temperature can be con-
trolled to 0.5 at 250 °C. Both Raman scattering and light
scattering intensity measurements were recorded and controlled
by a HP 9830 calculator. We used an argon ion laser operating
at 448.0 nm as the incident light source for both Raman and light
scattering measurements. Integrated scattered intensities were
measured by a standard photon-counting detection system while
the single-clipped photoelectron count autocorrelation function
was measured with a Malvern K7023 correlator. Temperatures
were controlled to £0.01 °C near room temperature and to £0.05
°C at high temperatures.

Among the three samples we have studied, sample 2 was de-
gassed by several freeze-pump cycles, with the inhibitor (hy-
droquinone monomethyl ether) being left undisturbed. Both
sample 1 and sample 3 were first distilled, adding 1 drop of mother
undistilled MMA in order to introduce a trace amount of the
inhibitor and then degassed. The trace amount of inhibitor
provided time for us to manipulate the MMA before the polym-
. erization reaction could start. All solutions were filtered through
a Millipore filter of nominal 0.22-um pore diameter before
measurements.

We used benzene as a reference for computing the Rayleigh
ratio R,, and took R, = Ry, + Ry, = 3.86 X 107° cm™ for benzene
at 6 = 90°, Ay = 488 nm, and 23 °C.

The refractive index of MMA at A\, = 488 nm was estimated
to be 1.3731 and 1.3999 at 90 and 50 °C, respectively. dn/dC was
determined with a Brice Phoenix differential refractometer at

1 (25)
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Figure 2. Several Raman spectra obtained during the course of
thermal polymerization of MMA at 50 °C showing the decrease
in C=C peak at 1639 cm™* and the constant intensity in the C=0
peak at 1732 cm™! for sample 3 at 13 h (solid line), 54.5 h (dotted
line), 266 h (dashed line), and 351 h (dash—dot line). A more
complex polymer peak at 1430 cm™ is not being evaluated in this
study, partly because the polymer peak may depend on macro-
molecular properties, partly because we have been interested in
conversion studies up to <50% completion before the laser in-
cident intensity damages the polymer glass being formed, and
partly because the peak overlaps with another monomer peak.

two different wavelengths (436 and 546 nm) and three different
temperature (30, 50, and 70 °C) as shown in Figure 1. By
extrapolation, we estimated dn/dC = 0.100 at 90 °C and dn/dC
= 0,0838 at 50 °C. The densities of MMA and of PMMA were
adopted from the “Polymer Handbook”, which showed values of
0.880 and 0.918 g/cm® for MMA and values of 1.171 and 1.182
g/cm® for PMMA at 90 and 50 °C, respectively. The viscosities
of MMA are 0.26 and 0.42 cP at 90 and 50 °C, respectively.

IV. Results and Discussion

Raman spectra were used to determine the concentra-
tion of the reactant (monomer) and of the product (poly-
mer). From the product formed as a function of time, we
can study the kinetics of polymerization processes in terms
of conversion and the Trommsdorf effect. In dilute solu-
tions, we can make full use of light scattering intensity and
line width data to obtain many of the pertinent molecular
parameters of the polymer formed during the polymeri-
zation process. At higher concentration (C > C*) where
polymer coils overlap, we have made use of D, to infer the
molecular weight of the polymer product in semidilute
solutions.

1. Raman Spectra. We first measured the Raman
spectra of the monomer MMA and of the polymer PMMA.
We then selected the 1732-cm™ peak due to the carbon-
oxygen double bond (C=0) stretching as our internal
standard and the aliphatic carbon-carbon double bond
(C=C) at 1639 cm™ as a probe for the monomer concen-
tration. Figure 2 shows several Raman spectra obtained
during the thermal polymerization of MMA at 50 °C. The
decrease in the C=C peak at 1639 cm™ with increasing
time shows that the monomers are being used up during
the polymerization process while the relatively constant
peak of the C=0 bond at 1732 cm™ confirms that our
entire light scattering system has remained stable over
extended periods of time, i.e., over a period of 15 days.
Laser intensity stability is not an important issue here
because we can always use the internal reference, C=0
peak, to normalize the intensities of other peaks of interest.
It was not necessary to have the laser on during the entire
course of the experiment. The polymer peak at 1430 cm™
reveals the formation of PMMA. However, in the initial
stages, the appearance of a polymer peak has relatively low
signal-to-noise advantages. So, a direct determination of
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Figure 3. Fractional conversion of monomer vs. time obtained
from the height change of the C=C peak for sample 1 reacted
at 90 °C. The solid line is represented by eq 28 with a, listed
in Table I

the polymer concentration is more difficult to detect from
the appearance of a Raman peak when the polymer con-
centration is low. Furthermore, it is not certain whether
this polymer peak is independent of its molecular prop-
erties and depends only upon the polymer concentration.
The overlapping neighboring monomer peak may also
affect our evaluation of the polymer peak. It should be
recognized that the polymer peak could yield useful in-
formation as the polymerization process progresses toward
its complete conversion. However, we have not used the
polymer peak in our present study.

In the Raman spectra, we have observed that the shape
of the Raman peaks and the half-width of the monomer
characteristic peak at 1639 cm™ as well as that of the C==0
bond stretching at 1732 cm™ remains relatively unchanged.
Although the fractional conversion of the monomer can
best be determined by using the ratio of the integrated
peak area of the C=C stretching intensity at 1639 cm™
to that of the C=0 reference peak at 1732 cm™!, we have
used the C=C peak height h_ and normalized it by the
C=0 peak height A, in order to obtain the fractional
conversion of the monomer f,, and the fractional conver-
sion of the polymer f, (=1 ~ f,) with

ha(t) R
h(t) B0

where the superscript zero represents the peak height
values at t = 0. The concentration of polymer formed, C,
(g/cm?®), has the form

CP = fpdmdp/(fpdm + fmdp) (27)

where d; and d,, are densities of PMMA and of MMA, in
g/cm?, respectively. In eq 27, we have assumed no in-
teraction between PMMA and MMA; i.e., the volume of
mixing is zero. Figure 3 shows a typical plot of initial
fractional conversion of monomer as a function of time for
sample 1 reacted at 90 °C. The approximate linear be-
havior is represented by

fo = 1 - exp(-a;t) (28)

with the numerical values for q, listed in Table I. Samples
2 and 3 were reacted at 50 °C mainly for our own con-
venience because the lower reaction temperature permits
us to have ample time to carry out our light scattering line
width measurements and to check for reproducibility.
Figure 4 shows plots of fractional conversion of monomer
vs. time for samples 2 (with a large amount of inhibitor)
and 3 (with only a trace amount of the inhibitor from 1
drop of undistilled MMA) at 50 °C. The induction period
(much longer for sample 2) has been omitted in the plots.

fmlt) = (26)

Macromolecules, Vol. 17, No. 4, 1984

Table 1
Conditions and Fitting Parameters in Evaluating the
Time Dependence of Fractional Conversion of Monomer
during the Thermal Polymerization of MMA?

sampleb
1 2 3

temp, °C 90 50 50

a,h! 1.72 x 107 4.85x 107" 2.43x10°*
a,, g/em® 1.44 x10°? 6.25 X 1073
a,, g/em? 6.89 2.67

a, -9.04 -8.45

a,, h! 4.01x10°? 1.83 x10°?

@ Note: f, =1- exp(-a,t) (eq 28) and In [(/, - a,)/
(a, — fp)l = a, + ast (eq 29). ° Conditions (all samples
were dpegassed): sample 1, distilled + 1 drop of undis-
tilled MMA; sample 2, undistilled MMA (with inhibitor);
sample 3, distilled + 1 drop of undistilled MMA.

0. 45

COVERSION

100 200 300

TIME/HOUR

Figure 4. Fractional conversion of monomer vs. time obtained
from the height change of C=C peak for sample 2 (O, experi-
menta!l data; solid line A, fitted curve) and sample 3 (v, exper-
imental data; solid line B, fitted curve) at 50 °C. The solid lines
A and B for samples 2 and 3 were fitted according to eq 28 and
29 with numerical values listed in Table I. We have arbitrarily
separated the results into two parts: one before the gel effect (eq
28) and the other in the presence of the gel effect. The longer
induction period for sample 2 due to the presence of a much larger
amount of the inhibitor is not shown.

It should be noted that the reaction rate is affected by the
amount of inhibitor in MMA. This is one of the reasons
why the proposed scheme will be useful for monitoring
polymerization processes.

We have arbitrarily separated the polymerization process
into two parts. The linear behavior with a constant re-
action rate is represented by eq 28. A rapid increase occurs
at about 5% of f,, for the thermal polymerization of MMA
at 50 °C. The acceleration due to the “gel effect” has often
been referred to as the Trommsdorf effect, which is ac-
companied by high viscosities. The relationship between
the onset of the autoacceleration rate and solution prop-
erties of the monomer-polymer system has been discussed
by many authors.!>8 We shall use only a simple kinetic
scheme!® to represent the polymerization of MMA as
shown in Figure 4:

In [(f, — az) /(as - fp)] = a, + ast (29)

where the a;’s are the appropriate constants. The results
are summarized in Table L

2, Intensity of Scattered Light. By means of eq
27-29, we can determine the polymer concentration C, at
any time during the polymerization process. We shall now
combine this information with light scattering (intensity)
measurements to examine the molecular properties of the
polymer product(s) formed. The intensity of scattered
light at four different scattering angles (35, 60, 90, and
135°) were measured. By extrapolation to zero scattering
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Figure 5. Rayleigh ratio R, (6 = 0) vs. concentration (g/cm?)
for sample 1 (plus signs), sample 2 (hollow squares), and sample
3 (inverted hollow triangles).

Table IT
Molecular Parameters in Dilute Solution
sam- M, A,, mol Ry,
ple x10°°¢ cm’® g2 nm C* g/em?®

1 2.00 2.0 x 107 52.2 2.833 x 107
2 3.70 1.8 x10°* 74.5 1.49x10°?
3 4.54 1.5x10™ 84.5 1.24x10°?

angle and subtracting the scattered intensity of MMA, we
have determined R, (§ = 0) as a function of concentration
for samples 1, 2, and 3, as shown in Figure 5. Sample 1
(90 °C) exhibits intensity behaviors slightly different from
those of samples 2 and 3 (both at 50 °C). For example,
the maximum for sample 1 occurs at a slightly higher
concentration than those of samples 2 and 3. We shall
return to this data set after we have made an analysis first
in dilute solutions.

In a free radical polymerization process we know that
the polymer molecular weight remains relatively constant
during the initial polymerization process. So in a Zimm
plot as illustrated in Figure 6 for samples 1, 2, and 3, we
can determine the molecular weight M., the second virial
coefficient A, and the radius of gyration R, of the polymer
product(s) formed according to eq 1-4. The polymer
concentration C, was determined by means of eq 27-29
by using conversion data of Figure 4 from Raman scat-
tering. The results are summarized in Table II. The
linear behavior in the Zimm plots strongly suggests our
supposition that the molecular weight of the polymer in-
deed remains constant. The top, middle, and bottom parts
of Figure 6 represent the thermal polymerization of MMA
to form PMMA under three different conditions. Mean-
ingful results can be achieved at different polymerization
temperatures with different amounts of inhibitors. It
further implies why the maximum for sample 1 in Figure
5 occurs at a slightly higher concentration. Conversely,
from R, (6 = 0), we can always determine M, in dilute
solutions if A; and C are known. In semidilute solutions,
we may want to examine the static property of the polymer
solution in terms of M(dn/3C)/RT as a function of reduced
concentration C/C*, where C* (=M/N,R, %) is the overlap
concentration as shown in Figure 7 and Table II.

The universal curve in the molecular weight range which
we have illustrated can be represented by straight lines
over limited ranges in the semidilute solution regime, as
shown in Figure 7. Measurements of the osmotic com-
pressibility in semidilute solutions permit us to determine
the polymer concentration independent of the polymer
molecular weight. The solid straight line in Figure 7 can
be represented by

M6 /3C) /RT = ky(C/C*)™ (30)
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Figure 6. (Top) Zimm plot for sample 1. Distilled MMA + 1
drop of undistilled MMA (representing introduction of a trace
amount of inhibitor) thermally polymerized at 90 °C. (Middle)
Zimm plot for sample 2. Undistilled MMA (with inhibitor)
thermally polymerized at 50 °C. (Bottom) Zimm plot for sample
3. Distilled MMA + 1 drop of undistilied MMA (representing
mtrodugtion of a trace amount of inhibitor) thermally polymerized
at 50 °C.

where m varies from an initial slope of 1.3 at low ranges
of C/C* (<1) to ~2 for C/C* > 2. According to the scaling
law, m = 1/(3ap - 1), i.e., 1.3 and 2 for ap = 0.59 and 0.50,
respectively. The crossover region is very broad from
dilute to semidilute concentrations. We note that in the
limit of zero concentration, eq 4 and 5 combine to yield

lim (3 /9C)/RT = 1/M, (31)

Therefore, the universal curve in Figure 7 starts at values
very slightly higher than 1 in dilute concentrations and it
increases with increasing concentration because of a pos-
itive A, in good solvent, such as our system of PMMA in
MMA. However, A, is related to M and C*. So, the
universal curve is valid over the entire concentration range
from dilute to semidilute solutions, including the crossover
region. More quantitative behavior using renormalization
group techniques has been reported.®® Therefore, in fairly
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Table II1
Numerical Parameters in Time Correlation Function Profile Analysis Using Single-Exponential Fit, Second-Order
Cumulant Method, and When Applicable, the Multiexponential Singular-Value Decomposition Technique

Figure 9
top plot second plot third plot bottom plot
1. Sample Identification (8 = 35°)
sample 2 3 3
reaction time, h 3 4 31.5 124
coneentration, g/cm? 1.34 x1073 8.569 x10™ 6.71 x 1073 2.60 x 107
2. Single-Exponential Fit
r,s™! 1.81 x 10° 1.35 x 10° 815 1.55 x 104
D, ecm?/s 1.54 x 1077 1.15x 1077 6.94 x 1071 1.32x10°°
. 3. Second-Order Cumulant Fit
r,s™ 2,22 x 10° 1.72 x 10° 15.9 1.64 x 10°
D, em?fs 1.89x 107" 1.46 x10°7 1.35x10"° 1.39 x10°°
u, /T2 0.20 1.06 0.06
_ 4. Third-Order Cumulant Fit
r,s™ 28.3
D, cm?/s 2.31 x10°°
u, /T2 1.66
5. Multiexponential Fit

r,s™ 2.29 x 10° 1.78 x 10°
D, ecm?/s 1.95x 1077 1.51 x 107
w,/T? 0.26 0.27

T

%
|

M (af1/ 20> /RT

Lol

Ll el

0.1 1 1C
crc”
Figure 7. log-log plot of M(3x/3C)/RT vs. C/C* for sample 1

(plus signs), sample 2 (hollow squares), and sample 3 (inverted
hollow triangles).

good solvents, Figure 7 can be used to extract the polymer
concentration from measurements of absolute scattered
intensity at zero scattering angle (R, (6 — 0)) provided that
the refractive index increment of the polymer—-solvent
system is known. While theory deals mainly with mono-
disperse polymers, an experiment on the thermal polym-
erization of MMA yields PMMA with a fairly polydisperse
distribution, i.e., M,,/M, ~ 2. In constructing this par-
ticular universal curve, we have implicitly assumed that
the polydispersity effect is negligible since 7 is independent
of molecular weight in semidilute solutions. The fact that
the data points do overlap suggests that it is valid for us
to make such approximations. Furthermore, the agree-
ment between the theoretical and the experimental value
for m at C/C* ~ 1 strengthens our suppositions, which
will again be verified by our light scattering line width
measurements. It should be noted that once we have
demonstrated such a universal curve from experiments,
its utility is not restricted to PMMA in MMA. Changes
of polydispersity will invariably affect the crossover region
in the universal curve; but the application can certainly
be expanded to polymer products with fairly constant
broad molecular weight distributions.? In Figure 7, the
universal curve is likely to break down if we try to ap-
proach the © condition or to go below the © temperature

for high molecular weight polymers, where we may en-
counter critical effects in the crossover region,?! because
in this simple scaling plot we have not fully taken into
account all of the effects due to solvent quality. We may
also construct a log-log plot of (87/3C)/RT vs. C as a
function of M as shown in Figure 8, where we have dem-
onstrated how M can be determined from such a surface
in dilute solutions if (d=/dC)/RT and C are known.? At
constant temperature, Figure 8 can be collapsed to one
universal curve as shown in Figure 7 over the entire con-
centration range from dilute to semidilute solutions. The
experimental surface as shown in Figure 8 becomes parallel
to the molecular weight axis in semidilute solutions, in-
dicating (37 /8C)p r to be essentially independent of mo-
lecular weight.

3. Spectrum of Scattered Light. Figure 9 shows
typical plots of G,®(r) and % dev as a function of delay
channel number during the polymerization process, where

= (Ab)l/zlg(l)(T)lmeasd - (Ab)l/zlg(l)(T)Icalcd
) (48)Y/HgM (1) | megad

X 100

(32)

where (Ab)V/%, q and (Ab)V/2 4 may not be the same.
In the initial analysis, we used the second-order cumu-
lant method?? with

Ablg(1)2 = Ab expf2[-T'r + (1/2)(uo/TH(T'7)?]}  (33)

where y, = G -T)?dland I' = fG(IT dI. Some
of the results of our analysis in Figure 9 are listed in Table
III. The first and second plots of Figure 9 show the time
correlation functions in the beginning of the polymerization
process when the polymer solution concentration is rela-
tively low. In dilute solutions, we have made single-ex-
ponential, cumulant, and multiexponential analyses. The
Dy and py/T? values are and should be in reasonable
agreement using the method of cumulants and the mul-
tiexponential model because both approaches try to take
into account the polydispersity effect. However, in view
of the broader size distributions, there are more uncer-
tainties associated with the second-order cumulant method
because we cannot use only the T’ and w, terms to force fit

% dev
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Figure 8. Three-dimensional plot of osmotic compressibility
(87 /AC)p p as a function of concentration and molecular weight
for PMMA in MMA, see also Figure 1 of ref 3 for polystyrene
in trans-decalin at 45 °C. It should be recognized that the osmotic
compressibility becomes independent of polymer molecular weight
in semidilute solutions. Therefore, the log (37/8C)p 1 vs. log C
vs. M surface is parallel to M in semidilute solutions.

the time correlation function |g®(7)] of a fairly polydisperse
polymer solution. For polydisperse polymer solutions the
single-exponential model does not represent the measured
time correlation function and it can only be used as an
estimate to other more complex models.

The application of eq 33 is delicate as it is difficult to
determine whether we have fitted the measured time
correlation function in the appropriate frequency range.
Values of T’ can remain reliable even for fairly broad line
width distributions (u,/I? S 0.3); but values of u, can be
in error easily by as much as 50%. The multiexponential
fit yields reliable values for both T and u,.

In semidilute solutions, the faster cooperative diffusion
coefficient D, is independent of molecular weight and can
be fitted with a single-exponential function while the slow
mode which is now assumed to be proportional to D, de-
pends upon molecular weight as shown by eq 9. Fur-
thermore, as R, = 84.5 nm and KR, = 2.15 at § = 90° for
sample 3, we cannot use I, = DBK{. Instead, we assume
that the structure factor correction® for internal motions
of polymer coils in dilute solution

I'= K2Dr(1 + fR2K? + ...) (34)
is applicable to D, in semidilute solutions and write
T, = K'D,(1 + fRK? + ..) (35)

where f = 1/; and !/, without and with preaveraging of the
hydrodynamic interactions for linear polydisperse polymer
coils with a Flory “most probable” distribution. From eq
35, we get Dy = 2.22 X 107° and 2.23 X 107° cm?/s at 6
= 35° and 90°, respectively, and C = 6.72 X 107 g/cm?
using f = !/, and R, = 84.5 nm at both scattering angles.
For sample 3, C* = 1.25 X 1072 g/cm?, which is greater than
C = 6.72 X 10~° g/cm?. However, for polymer viscoelastic
fluids, we have the crossover concentration C,, representing
the onset of entanglement behavior. In 0 solutions, C, <
C*. Figure 10 shows log-log plots of ‘D, and D, as a
function of concentration in semidilute solutions. The
experimental curves exhibit slopes which are in very good
agreement with theoretical predictions as listed in Table
IV. From here on, we identify D, behavior with D,
behavior and let Dy, = D,. ~

In computing D, from correlation function measure-
ments obtained at § = 90°, we have found f =~ !/, to be a
reasonable correction factor for eq 35, as shown in Figure
10, where D, values measured at different concentrations
and at 8 = 35° and 90° are in reasonable agreement. The
second-order cumulant method is approximately valid in
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Figure 9. Typical plots of Ablg™”(7)]? and % dev vs. delay channel
number and delay time for samples 2 and 3. Numerical param-
eters are listed in Table II1. Top plot: delay time increment =
At =12 us. Solid curve is represented by Ab|gV(7)|* = 1.87 X
10° exp{2[-2.22 X 1037 + 1/,(9.84 X 10%)7%]}. The dash-double
dot curve is represented by AbJg(7)[2 = 1.69 X 10° exp(-3.62 X
10%7). Second plot: Ar = 18 us. Solid curve is represented by
AblgV(r)|? = 8.10 X 10° exp{2{-1.72 X 10°r + 1/,(6.12 X 10%)7%]}.

.The dash-double dot curve is represented by Ablg™(r)|? = 2.73

X 10° exp(~2:70 X 10312. Third plot: Ar = 650 us. Solid curve
is represented by Abjg® (‘r):l2 = 2.83 X 10° exp{2[-28.37 + 1/,(1.33
X 10%)72 = 1/4(1.80 x 10%)7%. The dash-double dot curve is rep-
resented by Abjlg®(r)|2 = 2.51 X 10° exp{2[~(15.97 + 1/5(2.70 X
10%)72]}. Bottom plot: Ar = 1.6 us. Solid curve is represented
by Ablg®(r)2 = 2.76 X 10° exp|2(~1.64 X 10*r + 1/,(1.59 X 107)72]}.
The dash~double dot curve is represented by AbjgV(r)|? = 2.69
X 10° exp(-8.11 X 10*r). In the deviation plots, the top, second,
and bottom plots have hollow squares representing single-expo-
nential fits and third plot has hollow squares representing a
third-order cumulant fit. All inverted hollow triangles represent
a second-order cumulant fit.
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Figure 10. log-log plots of diffusion coefficients D, and D, vs.
concentration of sample 1 measured at § = 35° (plus signs), sample
2 at 6 = 35° (hollow squares) and 6 = 90° (filled squares), and
sample 3 at § = 35° (inverted hollow triangles) and § = 90°
(inverted filled triangles). 1, 2, and 3 on the abscissa represent
C* values for samples 1, 2, and 3. D, corresponds to the slow mode.

Table IV
Numerical Values of Limiting Slopes® according to
Scaling Laws for Osmotic Compressibility, Cooperative
Diffusion Coefficient, and Self-Diffusion Coefficient
M(om/3C)/RT = kyy(C/C*¥)™  with m = 1/(3ag ~ 1)

obsd slope in

QR m Figure 7 for C/C* < 1
0.5 2
0.54 1.61 1.61
0.6 1.25
55 = ksM—zc(aD—z)/(aozD—x)
(ap — 2)/ obsd slope in
ep (Bap - 1) Figure 10
0.5 -3
0.54 -2.36 ~2.38
0.6 -1.75

D= chaD/(saD» 1)

obsd slope in

ap ap/(8ap = 1) Figure 10
0.5 1

0.54 0.87 0.87
0.6 0.75

@ It should be noted that 0.6 > ap > 0.54 and ap >
ap for our PMMA in MMA.

the evaluation of ), because we have observed a fairly large
variance for D,. However, since the time correlation
functions for D, contain more noise, we have attempted
to use the cumulant method only up to third-order, in
order to determine more precise values of D, and p,/T%.
Nevertheless, it is satisfying to note that the slopes ex-
pressing the concentration dependence of (8x/9C)rp/RT
in Figure 7 and those of D, and D, (third-order cumulant
fit) in Figure 10 are self-consistent over the limited con-
centration range C/C* <1 as listed in Table IV. We may
conclude from our analysis that the entanglement con-
centration in shear viscosity, C,, describes a better dy-
namical crossover regime from Rouse-like motions to
reptation because D, and D, can be measured below C*,
that the power law is valid only over a very limited con-
centration range in semidilute solutions, because the curves
are not really straight lines, and that according to Figure
7, a log-log plot of M(8=/9C)/RT vs. C/C* exhibits
universal behavior over the entire concentration range,
including crossover regions from dilute to semiconcentrated
solutions. As the cooperative diffusion coefficient is in-
dependent of molecular weight, the top plot of Figure 9
clearly demonstrates that the time correlation function for
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Figure 11. (Top) Plots of line width distributions in I; vs. T based
on candidate solutions in p® with & = 2, 3, and 4 for sample 3
at § = 35° and C = 8.59 X 10™* g/cm3. The norm of the solution
vector ||p™]| is defined by {]p®|| = [Z .71/, with N being the
number of § functions used in the approximation for G(I').
(Bottom) Plot of logarithm of residual norm ||r(’°’}J vs. logarithm
of l®l. [Ir®l] = [Z108° Mexpul = 187 gaieal) 1%, with M being
the number of data points in txﬁe correlation function. The k =
3 solution is postulated on the optimal solution as it has the lowest
solution vector norm with an acceptably low residual norm.

D, has a single-exponential behavior with T' = 1,55 X 104
s7! using a single-exponential fit and T' = 1.63 X 10¢ s!
using a second-order cumulant fit where u,/T? = 0.06,
confirming essentially the single-exponential behavior.
The internal consistency exhibited by the slopes in Figures
7 and 10 also suggests that the molecular weight of the
polymer product formed remains relatively constant in
semidilute solutions (C/C* 2 1) because D, depends on
the polymer molecular weight and could not exhibit a slope
obeying the values listed in Table IV if the polymer mo-
lecular weight (or clustering behavior) changes during the
polymerization process. The curvatures shown respectively
in Figures 7 and 10 for (87 /3C)pr and D, are independent
of polymer molecular weight.

4. Molecular Weight Distribution Analysis. In
dilute solution, we can relate the line width distribution
function to the molecular weight distribution function.!2%
So, it is worthwhile to make an approximate Laplace
transform of g¥(r) using the multiexponential model. By
means of the singular-value decomposition technique, we
can obtain an approximate G(I') as shown in the top part
of Figure 11. The k& = 3 solution yields the best fit ac-
cording to our minimization scheme,!' as shown in the
bottom portion of Figure 11.

Figure 12 shows Ab|g™(7)|? and % dev as a function of
delay channel number for the same sample 3 at C = 8.59
X 10 g/cm? and 8 = 85°, where the candidate solutions
in terms of G(T') for k = 2, 3, and 4 have been expressed
in Figure 11. It should be recognized that the k£ = 3 can-
didate solution is selected not only because it shows the
minimum in the bottom portion of Figure 11 but also
because we know physically that I; is positive and G(I')
is essentially unimodal. Figure 13 shows that the shape
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Figure 12. Plot of AblgW(r)|? and % dev vs. delay channel
number for the same sample and conditions as in Figure 11.
Numerical values from the multiexponential fit G(T") have been
presc)anted in Figure 11. In the % dev plot, & = 2 (¥), 3 (O), and
4 (v).

arbitrary units

e
/.

1D7D . (cmz/sec)

Figure 13. Unnormalized line width distribution for sample 2
(dash~double dot curve) at k = 3, C = 1.34 X 1073 g/cm?®, and 4
= 35° (same data as in Figure 9, top) and sample 3 (solid curve)
atk =3,C =859 X 10 g/cm?, and § = 35° (same data as in
Figure 9, second plot). Note that we have used eq 8 to shift the
x axis to Do [=D/(1 + kpO)], with kp = 0.943 X 10° cm?/g.
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Figure 14. Molecular weight distributions for samples 2 (dash-
double dot curve) and 3 (solid curve) with ap = 0.56.

of G(T') for sample 2 and the shape of G(TI') for sample 3
are similar, with D = 1.95 X 10”7 cm?/s for sample 2 and
1.51 X 1077 em?/s for sample 3. On the basis of discussions
related to eq 13-19, we can transform a plot of G(Dy) vs.
D, into a plot of Fy, 4ir vs. M, where F\, 4 is the polymer
differential molecular wieght function with an “assumed”
ap = 0.56, as has been justified indirectly in Table IV.
Figure 14 shows the molecular weight distributions of
PMMA obtained by thermal polymerization of MMA with
different amounts of inhibitors (samples 2 (dash—double
dot curve) and 3 (solid curve) with ap = 0.56). The con-
sistency of our results can best be expressed in Table V,
which shows effects of ap values on the polydispersity
index M /M,. For ap ~ 0.55, M, /M, ~ 2 for samples
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Table V
Effects of ap on the Polydispersity Index M, /M,
My, /M,
ap sample 2 sample 3
0.50 2.08 2.19
0.52 2.01 2.14
0.54 1.97 2.07
0.56 1.91 2.01
0.58 1.87 1.96
0.60 1.82 1.91
1.00 T T T i
g 0.75 b
% 0.50 + -
8]
&y
“ o.est ! -
O. DO ‘ 11 lllllll Jo 1 1L llll( 8| Ll
10° 105 107 10
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Figure 15. Cumulative molecular weight distributions for samples
2 (dash—double dot histogram) and 3 (solid histogram) based on
the analysis of Figure 14.
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Figure 16. Molecular weight distributions for sample 3 with «p
= 0.5 (dash—-double dot curve), ap = 0.56 (solid curve), and ap
= (0.6 (dashed curve).
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Figure 17. Cumulative molecular weight distributions for sample
3 with ap = 0.5 (dash-double dot histogram), ap = 0.56 (solid
histogram), and ap = 0.6 (dashed histogram).

2 and 3, in good agreement with the theoretical prediction
of 2 for the thermal polymerization of MMA in the dilute
solution region. Figure 15 shows the cumulative molecular
weight distribution Fy, (M) based on the results of Figure
14. The molecular weight of PMMA varies over a range
of about 30. It should be recognized that the value of
M, /M, increases with decreasing ap values as listed in
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Table V and shown schematically in Figures 16 and 17.
With small variations in ap, such as 0.54-0.56, the results
of our studies remain unchanged.

V. Conclusions

We have investigated many of the macromolecular pa-
rameters of PMMA in MMA during the thermal polym-
erization of MMA using a combination of Raman spec-
troscopy and laser light scattering. In the process, we have
made use of the scaling concept to interpret the experi-
mental data as well as the experimental data to support
some aspects of the scaling theory. Our results are in-
ternally consistent in terms of the concentration behavior
of osmotic compressibility, cooperative diffusion coeffi-
cient, and the very slow characteristic relaxation time (D,).
In dilute solutions, we have been able to determine the
molecular weight distributions of PMMA as well as M,,
Ay, R,, and kp, provided that the PMMA molecular weight
has remained relatively constant during the polymerization
process. The linear concentration dependence in osmotic
compressibility (87 /9C)rp and the translational diffusion
coefficient Dy seems to strengthen this supposition.
Furthermore, in semidilute solutions, the concentration
dependence of D, follows the constant molecular weight
behavior as shown in Figure 10 and Table IV. Thus, we
have demonstrated a scheme whereby we can indeed in-
vestigate pertinent macromolecular parameters during
solution polymerization kinetics.

In semidilute solutions, we have experimentally observed
the slow mode at concentrations below M,/ (N,R,%), sug-
gesting that the overlap concentration C, is the more ap-
propriate parameter. As the osmotic pressure becomes
independent of molecular weight in semidilute solutions,
we cannot use the osmotic compressibility to determine
the polymer molecular weight. On the other hand, the
universal curve in a plot of (87 /dC)p 1 vs. C in semidilute
solutions suggests that we can determine the polymer
concentration in semidilute solutions by measuring only
the osmotic compressibility. The universal curve in a plot
of M(@x/3C)pr/RT vs. C/C* shows a broad range of
crossover concentrations, signifying the relative inacces-
sibility of the asymptotic behavior for the scaling law ex-
ponents even with polymer molecular weights exceeding
108, As the cooperative diffusion coefficient is also inde-
pendent of polymer molecular weight, the slow charac-
teristic time (D,) becomes the only accessible parameter
capable of revealing information on polymer molecular
weight in semidilute solutions. However, we should note
that D, (~(M,M,)" differs from D (~M,™?) in its av-
eraging process even if eq 9 is valid. Therefore, D, and Dy
behave differently in a polydisperse system. Similarly, the
variance of D,, u,/T2, provides a curious relationship to
the molecular weight averages, as shown in eq 25. In any
case, analysis of I, in a polydisperse system involves the
use of the cumulant method or a multiexponential singu-
lar-value decomposition technique in order to account for
the non-single-exponential behavior of [gV(r)|. Further-
more, at KR, > 1, we have to take into account the
structure factor as expressed in eq 35. It is interesting to
note that the expression computed by Stockmayer and
Schmidt can be extended to D, in semidilute solutions.

In the third plot of Figure 9 and Table III, we have noted
that the mean characteristic time for the slow mode is very
different whether we use a single-exponential fit or a
second-order cumulant fit. In other words, the time cor-
relation function requires a higher order cumulant fit. For
second- and third-order cumulant fits, we get u,/T.2 = 1.06
and 1.66, respectively, while u,/T'> = 3.24 according to eq
25. The effects of polydispersity on the self-diffusion
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coefficient have also been reported recently by Bernard
and Noolandi.?

In our analysis, we have noted that we can monitor the
evolution of polymer formation and, in dilute solutions,
measure many important molecular parameters of the
polymer product such as the weight-average molecular
weight M., the z-average radius of gyration (R.?),!/?
second virial coefficients A, and kp, the characteristic times
associated with translation and its corresponding equiva-
lent hydrodynamic radius R;, and estimates of the size (or
molecular weight) distribution. In semidilute solutions,
the accessible quantities such as the osmotic compressi-
bility (87/3C)p and the cooperative diffusion coefficient
D, become independent of molecular weight. However,
these quantities, while no longer properties of polymer
molecular weight, can be used to compute polymer con-
centration if a correspondence relationship is known.

We have observed a very slow characteristic time which
has been identified as the self-diffusion coefficient.”® In
addition to quasi-elastic light scattering (QLS), many
different techniques, including radioactive tracers,” in-
frared densitometry,”” NMR,® forced Rayleigh scattering
(FRS),® and fluorescence photobleaching recovery,® have
been used to medsure the self-diffusion coefficient. Gen-
erally, D, « M2 as determined by Klein,”” Klein and
Briscos,?! Bartels et al.,? Yu and co-workers,* Kimmich
and Bachus,? and Fleischer.?® The M2 result is in good
agreement with the scaling theory (eq 9). However, there
are exceptions.?? The concentration dependence of D, «
C-175 has been determined by Leger et al.”® and by Amis
and Han' and that of D, « C® by Han and co-workers.3
Unfortunately, the absolute value of Dy, from quasi-
elastic light scattering” is an order of magnitude lower than
that from forced Rayleigh scattering®® and NMR.3% In
any case, assignment of very slow characteristic times as
observed by QLS to self-diffusive motions is open for
discussion even though eq 9 with appropriate variations
in the concentration exponent, as shown in Table IV and
Figure 10 for PMMA in MMA, is almost certainly appli-
cable as an empirical equation which permits us to esti-
mate some molecular properties of the polymer (or its
clusters) in semidilute solutions. It should be noted that
in the present context we are mainly interested in using
existing known scattering techniques to monitor polym-
erization processes. Therefore, the interesting question
on the exact nature of the slow mode in semidilute solu-
tions can be settled as a separate issue. Nevertheless, we
can point to the fact that from measurements of the con-
centration and molecular weight dependence of the slow
mode we can obtain additional information on the polymer
product.

The interpretation and measurements on the coopera-
tive diffusion coefficient may be more complex® because
of the transient network lifetime rg. In Figure 10, we have
noted a leveling of the concentration dependence of D, at
higher concentrations (C > C*). This effect can best be
explained in terms of two distinct elastic moduli in polymer
solutions at semidilute concentrations: ’

D. = [Ku + (4/3)G]/f (36)

where K, G, and f are, respectively, the osmotic modulus,
the shear modulus, and the frictional coefficient with
concentration dependences of K, ~ C%, G ~ C% and f ~
C? in the O region. Thus, if G starts to dominate, the
concentration dependence of D, will level off. The details
of this investigation represent a very interesting problem
because we need to know the relations among K, G, f, 7g,
and K. We plan to utilize the polymerization reaction to
produce well-characterized polymer solutions in semidilute
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and semiconcentrated regimes to study the behavior of D,.
This represents the second aspect of our studies, i.e., to
use the polymerization data to investigate some aspects
of the scaling theory. Further experiments are in progress.
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ABSTRACT: Polymeric Langmuir-Blodgett (LB) multilayers! of the cadmium salt of hexacosa-10,12-diynoic
acid were investigated on gas-permeable polypropylene supports. Although the multilayer films are ma-
croscopically homogeneous, scanning electron microscopy revealed the influence of the support surface structure
on the microscopic perfectness of the deposited layers. The polymerization conditions and the surface pressure
during the monolayer deposition were varied and did not show any effect on the surface structure of the
multilayers. Such polymeric LB composite membranes reduce the gas flow of CH, markedly. Thus, such

membranes may be well suited for gas separation.

Introduction

Recent work on the application of monolayers and
multilayer systems?® has included the use for separation
processes.*® Analogous to the biological cell membrane,
LB multilayers and liposomes—as comparable, support-
free systems—should be well suited for separation pur-
poses, because of their extreme thinness and their overall
microscopically defined structure.

To overcome the lack of mechanical and chemical sta-
bility, reactive amphiphiles had been polymerized in
multilayers”® and in liposomes?® several years ago. It was
shown that LB multilayers and polymerized liposomes
show retention of ions and large molecules in aqueous
systems.!%! In this paper we discuss the potential ap-
plication of LB multilayers for gas separation. In the initial
state of our work, we used amphiphilic diacetylenes. It
is well-known that diacetylenes only polymerize under
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topochemical control to yield deeply colored polym.ers.m'13

The color gives an indication of the homogeneity of the
supported multilayer, the presence of macroscopic defects
in the layers, and the progress of the polyreaction. On the
basis of investigations of various amphiphilic diacetylenes
on various support materials,!4® we carried out detailed
studies with the cadmium salt of hexacosa-10,12-diynoic
acid (1) on three different polypropylene supports. The
surface structure of the LB films and the gas retention of
such LB composite membranes were investigated.

CH,(CHy),y~C=C-C=C-(CH,);COOH

Experimental Section

Materials. The synthesis of hexacosa-10,12-diynoic acid is
described elsewhere.'® The cadmium chloride was pure grade
(Merck). The water was distilled and purified by a Millipore water
purification system (Milli Q, Millipore Corp.). The polypropylene
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