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The behaviour of mixtures of iso- and syndiotactic poly(methyl methacrylate) (PMMA) as a function of time
and polymer whole concentration in several solvents has been studied by light scattering and laser light
scattering. The different solvents investigated in this study are acetonitrile, ethyl acetate, dimethylformamide
(DMF), tetrahydrofuran (THF) and 1,4-dioxane. We have found that the last one behaves as a weakly
complexing solvent, while the others show a complexing power decreasing from acetonitrile to THF.

Anincrease in polymer whole concentration induces a higher aggregation of the macromolecular coil, while
the compaction process of stereocomplex particles is not strongly influenced. The influence of time in
stereocomplex behaviour depends on the nature of the solvent employed. In strongly complexing solvents
there is initially a strong increase in the aggregation process and a decrease in compaction. However, in
weakly complexing solvents these kinetic processes are less important.

(Keywords: Iaser light scattering; complexing solvent; aggregation process; stereocomplex; syndiotactic length sequence;

second virial coefficient; radius of gyration)

INTRODUCTION

The mixing of solutions of isotactic and syndiotactic
poly(methyl methacrylate) (it- and st-PMMA) in suitable
solvents leads to the formation of a stereocomplex by
intermolecular association of isotactic and syndiotactic
sequences. The study of the PMMA stereocomplex has
aroused increasing interest in the last couple of
decades! 732, but the stereoassociation still remains an
unexplained phenomenon.

This behaviour occurs in most solvents, but to a
different extent. The solvents can be classified into three
groups according to their behaviour: the strongly
complexing, the weakly complexing and the non-
complexing.

Up to now, the study of this phenomenon has been
investigated by various physical methods: viscometry! =3,
light scattering®’ and turbidimetry®, sedimentation
analysis®, osmometry'®, high-resolution and broad-line
n.m.r. spectroscopy’! 13, infra-red spectroscopy'?, flow
birefringence’>, thin-layer chromatography!¢!’, X-ray
diffraction'®!°,  thermal analysis?®~24  dielectric
measurements?5, and dynamic mechanical measure-
ments?2. Recently, Belnikevitch et al.®2, using light
scattering, have studied the ratio of stereopolymers and
the stereocomplex formation as a function of total
concentration of polymer, and of time. It was found that
the increase in molecular weight during growth of
stereocomplexes i1s accompanied by a macromolecular
coil contraction.

0032-3861/86/050742-05%03.00
@© 1986 Butterworth & Co. (Publishers) Ltd.

742 POLYMER, 1986, Vol 27, May

One of the principal characteristics of the phenomena is
their kinetic character. Accordingly, we have studied this
phenomenon by laser light scattering in several pure
liquids (THF, DMF, acetonitrile, ethyl acetate and 1,4-
dioxane) as a function of steric content of the syndiotactic
PMMA, polymer whole concentration and time.

We have employed in all experiments the ratio between
both stereopolymers as 1:2 (it:st). In the literature some
authors have reported different values of this optimum
ratio, ranging between 1:1 and 1:2.

EXPERIMENTAL

Isotactic PMMA was prepared by anionic polymeri-
zation in toluene at low temperature (195K) with
phenylmagnesium bromide asinitiator33, Several samples
of syndiotactic PMMA were prepared by free radical
polymerization using different solvents and temperatures,
and 1,2-azobisobutyronitrile as initiator. All samples were
fractionated by solubility (benzene/methanol) and
divided into eleven fractions. Polydispersity, as
determined by g.p.c., lay between 1.2 and 1.5.

The weight average molecular weight, M,,, measured by
light scattering has been determined in ethyl acetate and
acetone solutions at 298 K. The g.p.c. measurements have
been made in THF, at 298 K, with two u-Shodec columns
(A 80M) calibrated with polystyrene standards. The
tacticities of the two PMMA samples were determined in
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solution in chloroform at 318 K by a 200 MHz 'H n.m.r.
spectrometer. Molecular and structural parameters of the
fractions employed in this paper are given in Tuble 1.

Solvents used in this study were dimethylformamide
(DMF), tetrahydrofuran (THF), acetonitrile (ACN), ethyl
acetate and 1.4-dioxane; they were purified by standard
procedures and freshly distilled before use. Solutions of
the individual stereoisomers were optically purified by
centrifugation at 15000 rev/min for 2h. After
centrifugation both solutions were mixed directly into the
light scattering cells to obtain different concentrations of
both polymers.

Light scattering measurements were made at eleven
angles between 30° and 150° for each solution, at 298 K.
Two light scattering photometers have been used. The
first was a modified Fica 4200 light scattering photometer.
Both light source and optical block of the incident beam
were replaced by a He—Ne laser (Spectra Physics model
157), which emits at 633 nm with a power of 3mW. The
photo-goniodiffusometer was calibrated with pure
benzene by using natural light and taking the Rayleigh
ratio as Rg=896x10"°cm~'>* A FicaSO light
scattering photometer was also employed. The apparatus
was calibrated with pure benzene by using vertically
polarized light of wavelength 546nm and taking the
Rayleigh ratio at right-angles to the incident beam as
22.53x 107 °ecm™ 1.

The angular dependence technique or Zimm plot was
employed for determination of M¥* and R%%:

Kc 1 16n2RE . 0
?j :MT<1 Tstln22> -+ 2A2C

Apparent molecular weight, M, is the molecular weight
calculated from experimental data at finite concentrations
using the equation valid for infinite dilution only

By extrapolating towards zero angle in the light scattering
general expression, we obtain the apparent molecular

weight
R
M¥= J)
(KC 0—-0

To evaluate the K parameter, it was necessary to
measure the specific refractive index increment, dn/de. A
Brice—Phoenix differential refractometer equipped with a
special glass cell was used for measurements of refractive
increments at 298 K and 4= 546 nm. Aqueous solutions
of KCl at 298 K were used for calibration of the

Table 1 Molecular and structural parameters of the fractions used in
this work

1 H S M, x 1073 M./M,
oCs 2 24 74 265 125
PO3 5 40 55 1.50 1.52
11003 99 1 0 4.18 1.24
FB2 99 0 6.20 125
FB3 99 | 0 4.68 125
FB4 99 1 0 311 1.26
FBS 99 | 0 2.12 1.25
FBé6 99 1 0 1.37 1.23

Table 2 Refractive index, n, and refractive index increments, dn/dc, for
PS and PMMA in various solvents at /=633nm

dn/de

Polymer Solvent Mg 33 (mlg™')  Reference
PS Benzene 1.4947 0.1047 36
Toluene 1.4905 0.106 36
1.4-dioxane 1.4185 0.166 36
THF 14037 0.186 36
Ethyl acetate 1.3686 0.2158 36
PMMA 1.4-dioxane 14185 0.068 36
THF 1.4037 0.087 36
Ethyl acetate 1.3686 0.118 36
DMF 1.4268 0.060 This work
Acetonitrile 1.3383 0.140

This work

differential refractometer®®. For the dn/dc measurements
at A=633 nm it was necessary to calibrate the differential
refractometer employing the literature data3® (Table 2).
The light source used was a He—Ne laser (Spectra Physics
model 156), which emits at 633 nm with a power of 1 mW.

RESULTS AND DISCUSSION

In Tuble 3 we can see that the ethyl acetate and acetonitrile
are strongly complex-forming liquids. Likewise, the DMF
and THF are considered to be liquids that are highly
complexing. However, in this Table a great difference in
the complexing power of these liquids can be seen,
depending on the polymer considered, i.e. if we choose
PMMA OC5 we observe a large increase of apparent
molecular weight at initial time. But for PMMA PO3 the
results obtained are very different, as can be seen in Table
2. This is due to the different steric distribution of
syndiotactic triads of both polymers (Table I and Figures
I and 2).

Spevacek and Schneider'! have shown that a threshold
value of syndiotactic length sequence is necessary for the
appearance of polymer complexing effects. Sequence
length distributions for both polymers can be taken from
Figures 1 and 2, as calculated by Johnsen®’ using first-
order Markow statistics. In these figures we can see for
PMMA OCS5 that the sequence length of highest
statistical weight is for six monomeric units, while, for
PMMA PO3, it is for three. Likewise, in PMMA PO3
we can observe that the statistical weight decreases more
quickly with the increase of sequence length than in
PMMA OCS5. This means that the association in the
PMMA OCS 1s more favoured than in the other polymer.
This explains the behaviour of this polymer in THF and
DMF.

From the Zimm plot we have obtained the second virial
coefficients for the different systems studied (Table 4).
These values are not absolute because of the fact that
stereocomplex formation depends on concentration, as
can be seen in Figure 3. As the virial second coefficient is
related to the intermolecular interactions of the system,
and taking into account that the stereocomplex formation
is a kinetic process that depends on the polymer
concentration, it is necessary to know the size distribution
and its dependence on concentration to determine the
absolute values of the second virial coefficient.

It should be taken into account that the stereocomplex
formation is a kinetic process that depends on the whole
polymer concentration; at constant time, as polymer
concentration increases, the size of the stereocomplex also
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Table 3 Molecular weight of the mixture of both polymers, My, and apparent molecular weights, M%, after 4 h at ¢ = 1.20 x 1073 g ml~! polymer

whole concentration

PMMA M, x1073 M¥% x 103 (Stereocomplex)
Syn. Iso. mixture dioxane DMF Ethyl acetate THF ACN
OCs FB4 2.80 3.06 73.0 170 - -~
PO3 11003 240 4.00 -
PO3 FB2 3.07 27.0 3.65 236
PO3 FB3 2.56 - 115 - - -
PO3 FBS 1.71 - 5.25 - 1.80 -
PO3 FB6 145 - 400 - - -
Table 4 Apparent second virial coefficients for the different systems
O+ measured in several solvents
A% x 10*
PO3 Polymers (cm mol g~ %) Solvents
PO3/11003 1.96 THF
K PO3/FB2 222
PO3/FBS 3.37
0.051- PO3/FB5 —~2.00 DMF
PO3/FB6 —2.80
ocs PO3/FB2 —-0.34 Ethyl acetate
PO3/FB2 0.52 Acetonitrile
ol_1 ( ( ex10®
2 10 20 30 40 0 2 4 6 8
m
Figure 1 Differential weight distribution, w, of syndiotactic sequences 61~
of length m monomeric units in st-PMMA samples
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Figure 2 Weight fraction, f;, of syndiotactic sequences longer than m
units as a function of m in st-PMMA samples

increases. So the influence of concentration on apparent
molecular weight is effected by the absolute molecular
weight and second virial coefficient. For this reason the 4,
values that we have calculated are A%, and so we cannot
give a definitive physical meaning to these values.

A% values are shown in Table 4. As can be seen, there are
three kinds of values: positive for THF, negative for DMF
and practically zero for ethyl acetate and acetonitrile.
These values can be explained by taking into account the
above discussion and the different complexing character
of liquids.

THF is the weakest complexing solvent among all that
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measured at 3 h after mixing ([ll) and ethyl acetate measured at 3 h (@)
and 20 h () after mixing, at 298 K. AI =(I —I,), where I and I, are the
scattered intensity of the solutions and solvents, respectively

we have studied. However, in the literature this liquid is
classified as a strongly complexing solvent. This can be
explained is we consider the low syndiotactic triads of the
PMMA used in this paper (ca. 55%). For this polymer the
complexing phenomenon goes slowly. At t=4h, the
stereocomplex formation is still small, as can be seen in
Table 2. This behaviour can explain the positive values of
A%

The negative values of A, for DMF can be explained by
taking into account its highly complexing character.
Considering that the stereocomplex particle size depends
on concentration, the more concentrated solutions show
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As interesting as working with these apparent
magnitudes is using a ratio that represents an absolute
property. Considering the Zimm plot shown in Figure 6,
the weight average molecular weights are calculated by
using the expressions

1
—— =ordinate P
M,

and

1 1
<m>c ZMT“ + 2A2C =ordinate Q

The values of R; and R are given by the expressions

2 _af %o Y slope PA
RZ=3 ,
4nn, / ordinate P

Figure 4 Variation of apparent molecular weight, M?, and radius of
gyration, R, as a function of time for ethyl acetate (A), DMF (@) and
1,4-dioxane (M), at 298 K (concentration =0.60 x 10" 3gml| ™)

higher M¥ values at the measuring time. Owing to this,
1/M* has a smaller value and the variation with
concentration is negative.

For ethyl acetate and acetonitrile, the observed small
values for A% can be explained by considering their very
highly complexing character (for acetonitrile the
minimum sequence length necessary for stereocomplex
formation is of the order 3)''. This produces a very fast
complexation, which indicates that the whole polymer is
associated at the measuring time (7able 3). So the
concentration dependence of the complexing kinetics is
not considered.

The influence of time on molecular parameters (M ¥ and
R¥) has also been studied as a function of the complexing
character of the liquids and polymer whole concentration.
Figure 4 shows the M* and R variation against time for
1,4-dioxane, DMF and ethyl acetate at a polymer whole
concentration of 0.60 x 1073 g ml~!, at 298 K. As can be
seen in this Figure, ethyl acetate is the stronger
complexing solvent and 1,4-dioxane is the weakest. Ethyl
acetate complexing character is so strong that the
polymer gel formation can be observed 30 h after mixing
the iso- and syndio-PMMA solutions.

As can be seen, M* and RZ tend to a limiting value for
these liquids. For strong complexing solvents, M* and R
experience a fast increase during the first moments,
tending soon towards their limiting values. However, for
weak complexing solvents, this increase is slower and the
limiting value is reached very late. Likewise, we find for
strong complexing solvents a great increase of M¥*
compared with the smaller increase of RE. This behaviour
gives us an idea of the great compaction of the
stereocomplex particles.

Figure 5 represents the variation of M* and R¥ with
time as a function of the whole polymer concentration in
ethyl acetate solutions. We can observe how the
stereocomplexation is faster at increasing concentration.
This is because the probability of intermolecular contacts
increases with the latter. Similarly, the limiting values of
MZ* and R¥ also increase with concentration, as is clearly
evident in Figure 5.
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Figure 5 Variation of apparent molecular weight, M, and radius of
gyration, RE, as a function of time for ethyl acetate at four
concentrations, at 298 K: A, 121; B, 0.90; C, 0.60: and D,
031x 10" *gml!
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sin” (8/2)+k'c
Figure 6 A Zimm plot model. Al =(I—1I,) and a=sin 6/(1 +cos )

Table 5 (Ré/Mw) x 10? values for the system PMMA (FB4/OC5) in
1,4-dioxane, at different polymer concentrations and time. R values are
expressed in dngstroms

cx10% (gml™")

t(h) 031 0.60 0.90 121
7.8 20.1 19.7 225 22.8

101.0 154 14.3 144 142

268.5 12.3 115 11.8 122

Taking into account that slope PA =slope QB, then

RE: M
R M,

From this expression we can obtain the relation between
both radii of gyration

R2
R¥?=— 9 __
¢ T 1424,cM,

In Tables 5-7 the (RE/M,,) values for the systems studied
and their variation with time and polymer whole
concentration are presented. As can be seen, the values
decrease with time and tend to a limiting value. Likewise,
strong complexing solvents (DMF, ethyl acetate) tend
approximately to the same limiting value, while weak
ones (1,4-dioxane) yield a value that is markedly different
and bigger.

What is the physical sense of this magnitude? It is
related to the stereocomplex segment density. This means
that stereocomplexes obtained in liquids with high
complexing power present a strong interpenetration of
the coils. This leads to a greater segment density of the
stereocomplex particles compared with that observed in
the original polymers.

In weak complexing solvents we can observe that the
values of Rg/M, are much higher than those
corresponding to DMF and ethyl acetate. This fact can be
explained by considering that intermolecular interactions
between isotactic and syndiotactic chains occur near the
molecular surface.

REFERENCES

1 Liu, H. Z. and Liu, K. J. Macromolecules 1968, 1, 157
2 Borchard, W., Pyrlik, M. and Rehage, G. Makromol. Chem. 1971,
145, 169

746 POLYMER, 1986, Vol 27, May

Table 6 (RZ/M,,)x 10? values for the system PMMA (FB4/OC5) in
ethyl acetate, at different polymer concentrations and time. R values
are expressed in dngstroms

cx 10* (gml™Y

t(h) 0.62 1.20 1.79 242
14 6.9 4.9 58 3.9
9.0 45 34 4.3 34

1953 40 32 3.1 29

Table 7 (Ré/Mw) x 107 values for the system PMMA (FB4/OCS5) in
dimethylformamide, at different polymer concentrations and time. Ry
values are expressed in dngstroms

cx 10* (gml™Y)

t(h) 0.31 0.60 0.90 1.21
38 4.5 4.6 4.5 4.6
513 38 34 33 32
2228 34 3.0 2.8 2.8

3 Quintana, J. R. Ph.D. Thesis, University of Bilbao, 1984
4 Challa, G.,de Boer, A.and Tan, Y. Y. Int. J. Polym. Mater. 1976,
4,239
5 Quadrat, Q. and Belnikevitch, N. G. Polymer 1983, 24, 719
6 Liquori, A. M., de Santis Savino, M. and d’Alagni, M. J. Polym.
Sci. 1966, 4, 943
7 Chiang, R., Burke, J. J., Threlkeld, J. O. and Orofino, T. A.
J. Phys. Chem. 1966, 70, 3591
8 Vorenkamp, E. J. and Challa, G. Polymer 1981, 2, 1705
9 Dayantis, J., Reiss, C. and Benoit, H. Makromol. Chem. 1968, 120,
113
10 Vorenkamp, E. J. and Challa, G. Polymer 1981, 22, 1705
11 Spevacek, J. and Schneider, B. Makromol. Chem. 1974, 175, 2939
12 Spevacek, J. and Schneider, B. Makromol. Chem. 1975, 176, 729
13 Spevacek, J. and Schneider, B. Colloid Polym. Sci. 1980, 258, 621
14 Dybal, J,, Stokr, J. and Schneider, B. Polymer 1983, 24, 971
15 Mekenitsakaya, L. J., Golova, L. K. and Amerik, Yu. B. Polymer
Sci. USSR 1980, 22, 987
16 Buter, R, Tan, Y. Y. and Challa, G. Polymer 1973, 18, 141
17 Miyamoto, T. and Inagaki, H. Macromolecules 1969, 2, 554
18 Bosscher, F., Brinke, G. T. and Challa, G. Macromolecules 1982,
15, 1442
19 de Boer, A. and Challa, G. Polymer 1976, 17, 633
20 Katime, L., Quintana, J. R. and Veguillas, J. Polymer 1983,24, 903
21 Katime, 1., Quintana, J. R. and Veguillas, J. Thermochim. Acta
1983, 67, 81
22 Feitsman, E. L., de Boer, A. and Challa, G. Polymer 1975,16, 515
23 Biros, J., Masa, Z. and Pouchly, J. Eur. Polym. J. 1974, 10, 629;
Krause, S. and Roman, N. J. Polym. Sci. 1965, A3, 1631
24 Konnecke, K. and Rehage, G. Colloid Polym. Sci. 1981, 259, 1062;
Konnecke, K. and Rehage, G. Makromol. Chem. 1983, 184, 2679
25 Borchard, W., Mohadjer, B., Pyrlik, M. and Rehage, G. in
‘TUPAC Int. Symp. on Macromolecules, Helsinki 1972°, Preprint
Vol. 3, p. 59
26 Watanabe, W. H., Ryan, Ch. F., Fleischer, P. C. and Garrett, B. S.
J. Phys. Chem. 1961, 65, 896
27 Liquori, A. M., Anzuino, G., Coiro, V. M.,d’Alagni, M., de Santis,
P. and Savino, M. Nature, Lond. 1965, 206, 358
28 van der Berg, W. B., Hijmans, B., Piet, P. and Heikens, O. Nature,
Lond. 1968, 217, 949
29 Miyamoto, T. and Inagaki, H. Polymer J. 1970, 1, 46
30 Liu, L. J. Pure Appl. Chem. 1974, 38, 65
31 Veeman, W. S. and Menger, E. M. Bull. Magn. Reson. 1981,2,77
32 Belnikevitch, N. G., Mrkvickova, L. and Quadrat, Q. Polymer
1983, 24, 713
33 Goode, W. E., Owens, F. H., Fellmann, R. P., Snyder, W. H. and
Moore, J. E. J. Polym. Sci. 1960, 46, 317
34 Ochoa, J. R., Caballero, B., Valenciano, R. and Katime, I. Mater.
Chem. Phys. 1983, 9, 477; Katime, 1. ‘Quimica Fisica
Macromolecular’, Del Castillo, Madrid, 1979
35 Kruis, A. Z. Phys. Chem. 1936, 834, 13
36 Millaud, B. and Strazielle, C. Makromol. Chem. 1979, 180, 441
37 Johnsen, U. Kolloid-Z. Z. Polym. 1961, 178, 161



