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Abstract

The structure and stereocomplex formation of multi-stereoblock poly(methyl methacrylates) in three different sol-
vents, acetone, tetrahydrofuran (THF) and chloroform, corresponding to strongly-, weakly- and non-complexing sol-
vent, respectively, were investigated by a combination of static and dynamic laser light scattering. Our results revealed
that the stereocomplex was caused by weak interactions, and could be melted at higher temperatures. In THF, the inter-
molecular and intramolecular interactions could be clearly separated at lower temperatures, and the structure of aggre-
gated chains was linear. In acetone, a more compact structure was obtained, which was corroborated by the fact that
the stereocomplex had a higher melting temperature than in THF.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Stereocomplex formation between isotactic and syn-
diotactic poly(methyl methacrylates) (PMMA) has been
investigated since 1958 [1]. Most of this work has been
reviewed by Spevacek et al. and te Nijenhuis et al.
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[2,3]. Stereocomplex formation depends on stereoregu-
larity [4], mixing ratio [5-8] and concentration of tactic
polymers [5,9,10], as well as on the temperature [11-
14], and most of all, the solvent type [15-18]. Solvents
can be classified according to their tendency to stimulate
the stereocomplex formation: strongly complexing sol-
vents(e.g., dimethylformamide (DMF), acetonitrile, tetra-
chloromethane, acetone); weakly complexing solvents
(e.g., toluene, benzene); and non-complexing solvents
(e.g., chloroform, dichloromethane) [11,12]. It is known
that the stereocomplex of stereoregular PMMA chains
form helical structures in solution, which exist naturally,
especially occurring in biopolymers, such as proteins,
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Table 1

Characteristics of poly(methyl methacrylate) from gel permeation chromatography (GPC) at T=40 °C in THF, and '"H NMR
spectrum

Samples M, /(g/mol) MM, Triad distribution mm/rr/mr Average degree of polymerization (monomer units)
PMMA-1 3.19 x 10* 1.25 40.3/37.1/22.6 5

PMMA-2  329x10* 1.24 37.0/38.7/24.3 4

polysaccharides and DNA [19-21]. Because of this, ste-
reocomplex formation between PMMA chains may be
applied to study the polymeric assembly from solution
as a model system. The stereocomplex formation of uni-
form stereoblock PMMA especially attracted attention,
for an intramolecular complexation and an intermolecu-
lar complexation are both obtained [6,7].

Among the studies of stereocomplex formation of
PMMA, various physical and physico-chemical methods
have been used, including dilute solution methods (tur-
bidimetry [11,18,22], classical light scattering [23-25],
spin label methods [26,27], gel permeation chromatogra-
phy (GPC) [6,7,24], and viscometry [28,29], etc.), meth-
ods for concentrated solution and gels (differential
scanning calorimetry (DSC) [11,30], X-ray diffraction
[31], etc.), and molecular spectroscopic methods (NMR
spectroscopy [32], IR and Raman spectroscopy [30]). It
has been convinced that the complexation was caused
by weak interaction, with their results enhanced by
cooperative effects. The stoichiometries reported in the
past concern the ration of the weight fractions of
it- and st-PMMAs. Stereocomplex forms between the
stoichiometries it/st = 1.5 and 0.5, and the melting point
of the complex decreases with the decreasing tacticity of
the st-component. There exists a minimum chain-length
required for the stereocomplex formation, which varies
with solvent [2]. However, the structure of the complex
formation is still ambiguous, and data evidence for com-
plexation in solution is still less.

In this paper, a combination of dynamic light scatter-
ing and static (classical) light scattering is used for the
first time to study the stereocomplex formation of
PMMA in solution. Three solvents, acetone, tetrahydro-
furan (THF) and chloroform, corresponding to
strongly, weakly and non-complexing solvents, respec-
tively, were used to study the stereocomplex formation
of stereoblock PMMAs. The present work may give a
better understanding of the relationship between poly-
mer structure and properties.

2. Experimental
2.1. Sample preparation
Multi-stereoblock poly(methyl methacrylates) were

offered by Prof. Eugene Y. Chen of Colorado State Uni-
versity. The details of the synthesis can be found else-

where [33]. Both samples have relatively narrow
molecular weight distributions and high stereoregularity
of both isotactic and syndiotactic blocks. GPC and 'H
NMR results for the two samples are listed in Table 1.

All the samples are dissolved to a desired concentra-
tion. Before LLS measurement, the solution was kept at
—23 °C for 24h, then aged at the desired temperatures
until no change.

2.2. Laser light scattering (LLS)

A commercial LLS spectrometer (ALV/SP-125)
equipped with a multi-tau digital time correlator
(ALV-5000) and a He—Ne laser (JDS Uniphase corpora-
tion, model 1145p-3083, output power = ~35 MW at
A=632.8 nm) was used. In static LLS, the angular
dependence of the excess absolute time-average scattered
intensity, i.e. Rayleigh ratio R,,(¢), of a dilute dispersion
leads to the weight-average molar mass M., the second
virial coefficient 4, and the root-mean square z-average
radius of gyration (R;);/ % (or simply as (Rg)), where ¢

4nn sin(%

is the scattering vector, equals to g = — ), where n
is the reflective index of the solvent, 0 is the scattering
angle and 4 is the wave length of the light. In dynamic
light scattering (DLS), the cumulant analysis of the mea-
sured intensity—intensity time correlation function
GP(¢.,7) in the self-beating mode provides an average
line-width ((I')), and Laplace inversion analysis provides
the line-width distribution (G(I")) [34,35]. For a pure dif-
fusive relaxation, I can be related to the translational
diffusion coefficient D via I' = Dg” in the limit of ¢ — 0
and ¢ — 0 [34], where ¢ is the concentration of scatters.
The hydrodynamic radius (Ry,) can be calculated by the
Stokes-Einstein equation D = kgT/(6mnRy,). where kg is
the Boltzmann constant, 7 is the absolute temperature,
and # is the solvent viscosity. Therefore, G(I") can be
converted to a hydrodynamic radius distribution f{Ry,):
From each line width distribution G(I') or hydrody-
namic radius distribution f{R},), we calculate an average
line width ((I'), defined as [;° G(I')I'dI’) or an average
hydrodynamic radius ((Ry,), defined as j(fo S (Rp)RndRy)
characteristic of the sample. Polydispersity Index
(PDI) is calculated from the second moment
(ko = [;°(I' = T)’G(I')dI), was PD.I. = =3

The PMMA solutions were clarified by 0.45 um Mil-
lipore Nylon filters to remove dust. R,,(¢q) and G®(t,q)
were simultaneously measured during the experiments.
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The detail of the LLS instrumentation can be found else-
where [36].

3. Results and discussion

Fig. 1(a) and (b) show the temperature dependence of
the average hydrodynamic radius ({(Ry)), and weight
average molar mass ({My)) in THF, respectively. Both
(Ry) and (M) of the PMMAs decrease with the increas-
ing temperature, until ~28 °C, at which they are
unchanging. It indicates that the intermolecular stereo-
complex is formed at lower temperatures and decom-
posed at higher temperatures, which is consistent with
the results given in Ref. [6,7]. The complex formation
of PMMA-1 is more pronounced than PMMA-2, which
is reasonable due to the higher stereoregularity. It
should be noted that both the size and molar mass chan-
ged rapidly with temperature, which reveals that the
intermolecular stereocomplex is caused by weak interac-
tions and sensitive to temperatures.

Fig. 2 shows typical decay time (t) distributions of
PMMA-1 in THF at different temperatures in heating
process. It is interesting to see that the decomposition
of the stereo-complex can be divided into three temper-
ature regimes. First, at low temperatures, there are two
peaks, one is attributed to the intramolecular complex,
which appears as a fast mode. The other one is attrib-
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Fig. 1. Temperature dependence of the average hydrodynamic
radii and the weight average molar mass of PMMAs in THF,
where Cpyimas = 4.29 x 1072 g/ml.
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Fig. 2. Temperature dependence of the hydrodynamic radius
distributions of PMMA-1 in THF, where Cpyma—i1=
4.29% 1073 g/ml and 6 = 15°. The inset is temperature depen-
dence of the polydispersity index of PMMA-1 in THF.

uted to both the intermolecular complex and non-com-
plexed single chains, which appears as a slow mode.
These two peaks are clearly separated in the first regime.
In the second regime, as the temperature increases, the
two separated peaks merged into a single narrowly dis-
tributed peak. This regime is before the single chain
stage, because a relatively slower motion than the final
state is observed. Note that the decay time is propor-
tional to the average hydrodynamic radius from
Stocks—Einstein equation t = &% In the third temper-
ature regime, which is higher than 32 °C, neither intra-
nor intermolecular stereocomplex can be seen, and the
scattering is completely due to the single chains, which
results in a little broader peak because of the polydisper-
sity of the single chains. The inset shows the temperature
dependence of the polydispersity index (PDI). It shows a
decreasing tendency at first, until reaching the tempera-
ture around 32 °C, then a little increase with tempera-
ture. It is noted that in the second regime, the small
fast peak due to the intramolecular complex disappeared
altogether. However, the slower mode appeared to be
caused by intermolecular complexation, corresponding
to the low PD. I. This result is an additional evidence
for the three stages scheme we discussed above.

The dynamics of the disassembly of PMMA-1 com-
plexation at 7'=40 °C is shown in Fig. 3. The complex
was formed as described in the sample preparation sec-
tion and light scattering measurements was carried out
when temperature was stable. Both the size and the
molecular weight of the PMMA complex decrease with
time as power law function. Note that at small angle,
the scattering intensity (/) is proportional to the molec-
ular weight of the complex. The scaling between (Ry)
or I and ¢ follows (Rp) ~ 008120001 ", ;=0.063£0.001
We plot the decrease of I against the corresponding
average hydrodynamic radius (Rp) in Fig. 4 and get
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Fig. 3. Time dependence of the average hydrodynamic radii
and the scattering intensity of PMMA-1 in THF, where
Comma—_1 = 4.29x 1073 g/ml and T = 40 °C.
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Fig. 4. Scaling of the scattering intensity and the average
hydrodynamic radius of PMMA-1, where Cpyma_1 = 4.29 X
10-% g/ml and T = 40 °C.

I~ (Ry)*®¥*0%2 indicating that these PMMA-1 chains
stick to each other in a linear fashion.

Fig. 5a and b show that the average hydrodynamic
radius and the weight average molar mass of the PMMA
samples decrease with increasing temperature in ace-
tone. Both the average hydrodynamic radius and the
average aggregation number (N,g) in each complex,

_ My aggregate
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Fig. 5. Temperature dependence of the average hydrodynamic
radii and the weight average molar mass of PMMAs in acetone,
where Cpymas = 2.88 x 1072 g/ml.

larger than that of in THF. It also clearly shows that
the melting of such formed stereocomplex becomes more
difficult, and the completely melting temperature rises to
47 °C. It should be noted that in acetone, the intermolec-
ular complex is much stronger, which has overlapped the
information from the intramolecular complex.

In Fig. 6, we plot the increase of M, against the cor-
responding average hydrodynamic radius of PMMA-1
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Fig. 6. Scaling relationships between the weight average molar
mass and the hydrodynamic radius of PMMA-1 in THF and
acetone.
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Fig. 7. Temperature dependence of the average hydrodynamic
radii and the weight average molar mass of PMMAs in chlo-
roform, where Cpyinmas = 2.80 % 1073 g/ml.

in THF and acetone at different temperatures. In THF,
M, ~ (R,)?%! showing that each aggregate, on aver-
age, contains only a few chains, and these chains are
connected in a linear fashion, consistent with the helical
structure reported in the literature. In acetone,
M, ~ (R,)"7%!, The fractal exponents in both solvents
are larger than 1. This indicates the resultant stereocom-
plex has a rod-like fashion, where the cross section can
not be neglected comparing with the rod length. The
fractal exponent is much higher in acetone, reflecting a
more compact structure of the complexes.

Fig. 7a and b show the temperature dependence of
PMMA in chloroform. These data clearly show that
no complex was formed even at lower temperatures,
which is consistent with chloroform being a non-com-
plexing solvent for stereoblock PMMAs. The lack of
temperature dependence makes chloroform an excellent
eluent for sample calibration in GPC.

4. Conclusions

Novel synthetic multistereoblock poly(methyl meth-
acrylates) are studied in three different solvents: acetone,
THF and chloroform, which corresponding to strongly,
weakly and non-complexing solvents, respectively. A

combination of dynamic and static (classical) light scat-
tering is used for the first time to follow the stereocom-
plex formation in these solvents. Our results show that
the stereocomplex is caused by weak interactions, and
can be melted at higher temperatures. Compared with
acetone, THF is a particularly weakly complexing sol-
vent. In THF, the complex has a melting temperature
at 32 °C. The intermolecular and intramolecular interac-
tion can be clearly separated at lower temperatures.
There are three stages in the melting process. Firstly,
two peaks appear clearly at lower temperatures; sec-
ondly, the faster mode peak disappears, leaving one nar-
row peak, due to the intermolecular complex; and
finally, the intermolecular aggregates melt into single
chains, resulting in a broad peak. Acetone is a stronger
complexing solvent than THF, and the melting temper-
ature of the complex moves to a higher temperature of
47 °C. The stereocomplex formed in acetone is more
compact.
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