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ABSTRACT: Highly isotactic (iz-) and highly syndiotactic (s¢-) 25mers and 50mers of MMA
have been isolated from it- and sz-PMMAs, respectively, by means of the preparative supercritical
fluid chromatography (SFC) using carbon dioxide/ethanol as mobile phase and silica gel as
stationary phase. The 25mers and S0mers with definite molecular weight (2561 and 5064) were
useful as the standard materials in GPC for the calibration of molecular weight and the direct
evaluation of instrumental spreading. The it-50mer eluted faster than the sz-50mer in the GPC
using THF as eluent. When a solution of a 1:1 mixture of the it- and st-50mers in THF was
subjected to the GPC measurement at 3°C, the chromatogram showed two peaks at the elution
volumes corresponding to the 50 and 100mers. The elution peak for the 100mer suggests that the
it- and sz-50mers form stereocomplex in a 1:1 ratio. The peak area for the stereocomplex varied
from 0 to 9.0% of the whole chromatographic peaks, depending on the conditions (time and
temperature) under which the mixed solution of the it- and st-50mers was allowed to stand.
Stereocomplex formation was not observed for a mixture of the iz- and st-25mers by similar GPC
experiments.
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Various types of oligomers have been
prepared as the low molecular weight ana-
logues of synthetic polymers. However, only a
limited number of examples have been known
as the linear and uniform (monodisperse)
oligomers with a degree of polymerization
(DP) exceeding 50. Those examples are
oligoethylenes' ~® and oligo(oxyethylene)s,*
both of which were synthesized by the repeated
coupling of the homogeneous building-blocks.

Much interest has been devoted in recent

years to the chromatographic separation of
oligomer mixtures. Particularly, supercritical
fluid chromatography (SFC) is one of the most
promising techniques for the separation of high
DP oligomers,® ~® because supercritical mobile
phase offers the advantage of high diffusibilities
along with widely controllable power of solva-
tion. In the previous paper,® we reported the
fractionation of highly isotactic (iz-) and highly
syndiotactic (sz-) oligo(MMA)s by means of
preparative SFC; the individual oligomers from

t Stereoregular Oligomers of Methyl Methacrylate VII.

Part VI, ¢f. ref 9.
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the 19mer to the 29mer obtained in several
tens milligrams each were analyzed by 'H and
13C NMR spectroscopies and by differential
scanning calorimetry. The series of oligo-
(MMA) samples served to elucidate the DP
dependence of glass transition temperature.
Some differences in solid-state properties were
also shown to exist between the PMMAs with
and without molecular weight distribution
(MWD).

In order to extend the studies on the uniform
oligo(MMA)s, we have attempted to isolate the
it- and st-50mers whose molecular weight is
5064 (including terminal groups). The iz- and
st-oligo(MMA)s with this extent of molecular
weight are expected to form stereocomplex!®-!*
when they are mixed under appropriate con-
ditions. Katime and Quintana carried out
gel permeation chromatography (GPC) of the
mixtures of it- and sz-PMMAs with MWDs
(M,,>1.8 x 10%), and examined the complexa-
tion stoichiometry in dilute solution. The
resulting stereocomplex was highly poly-
disperse and a part of the mixture gave a
microgel which was retained in the filter be-
fore the GPC column.!? The stereocomplex
between the iz- and sz-50mers avoids such
experimental difficulties arising from MWD,
and provides a straightforward approach to the
complexation studies.

The uniform oligomers with definite mo-
lecular weight are interesting not only as the
model compounds of polymers but also as
reference materials in analytical science. For
example, usefulness of pure oligo(ethylene
glycol)s* and some dendritic macromole-
cules'®'* as standard materials in GPC was
recently stated. We have applied the uniform
oligo(MMA)s to the calibration of molecular
weight in GPC analysis and also to the evalu-
ation of instrumental spreading in the chroma-
tography.

EXPERIMENTAL

The ir- and s--PMMAs were prepared as
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reported previously.'>1® Living isotactic po-
lymerization of MMA was initiated with ¢-
C,H,;MgBr ([MMA]/[t-C,H,MgBr]=45
mol/mol) in toluene at — 78°C and the reaction
was terminated 96h after the initiation by
adding a small amount of phenol dissolved in
toluene to the polymerization mixture.!>!”
The termination with phenol is necessary for
the selective formation of meso diad at the
chain-end.!” The mixture was poured into
methanol and the soluble part (yield 82.7%,
DP=40.8, M, /M,=1.12, mm:mr:rr=959:
3.5:0.6) was subjected to fractionation by
SFC. Living syndiotactic polymerization re-
action was carried out with -C,HgLi/(n-
C,H,);Al ([Al]/[Li] = 3/1 mol/mol, [MMA]/
[t-C,HoLi]=40 mol/mol) in toluene at
—93°C, and the reaction was terminated with
t-butanol 48h after the initiation.’®'” The
termination with #-butanol gives high syndio-
tacticity at the chain-end diad.!® The polym-
erization mixture was poured into hexane and
the insoluble part (yield 97.7%, DP=41.4,
M, /M,=1.05 mm:mr:rr=0:7.2:92.8) was
subjected to SFC.

SFC was performed on a JASCO SUPER-
200 chromatograph equipped with a Hewlett-
Packard 5890 column oven. A 10mm i.d.
x 250mm column packed with non-bonded
silica gel (Develosil 100-5, Nomura Chemical
Co., Ltd., particle size 5um) was used. The
system consists of two pumps, one is for the
delivery of liquefied CO, as mobile phase (flow
rate=9.0mlmin '), and the other for ethanol
as entrainer (flow rate=2.5mlmin~'). Con-
centration of the entrainer in the mobile phase
was kept constant throughout the experiments.
The fluid pressure was controlled by a back-
pressure regulator to 205+ 1kgem™2. The
column temperature was set initially to 80°C
for the it-PMMA or 95 °C for the st--PMMA,
and the temperature was lowered at a rate of
1°Cmin~' to 40°C immediately after the
injection of sample solution to the column.
Chromatograms were recorded using a UV
detector operated at a wave length of 220 nm.
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Figure 1. SFC traces of isotactic PMMA (DP=40.8, M, /M,=1.12, containing the authentic samples
of the 22 and 28mers) (a) and the S0mer isolated from (a) (b).

GPC was performed on a TOSOH CCPD
chromatograph equipped with a Shodex GPC
column KF-803 (8.0 mm i.d. x 300 mm, max-
imum porosity=7 x 10*) employing tetra-
hydrofuran (THF) as eluent. The flow rate was
0.5mlmin~'. The column temperature was
controlled to 25.0 or 3.0°C by means of a
water-jacket. A Shodex SE-61 RI detector was
used. Sample concentrations were 0.10 %(w/v)
for PMMA and 0.05 %(w/v) for polystyrene
standards. The volume of sample solution was
3 to 30ul. The polystyrene standards (M,=
42800, M,/M,= 1.01; M,=17000, M /M,=
1.04; M,=6200, M, /M,=1.04; M,=2800,
M, |M,=1.05) were obtained from Toyo Soda
Manufacturing Co., Ltd. and Chemco Scien-
tific Co., Ltd.

RESULTS AND DISCUSSION

Fractionation of PMMA by Means of SFC
Figure 1a shows an SFC curve of the it-
PMMA (DP=40.8, M,/M,=1.12) prepared
by the stereospecific living polymerization of
MMA initiated with -C,HyMgBr in toluene.
The polymer was separated into the individual
homologues from the 16mer to the 88mer. The
chromatographic conditions were adjusted to
achieve the best separation for the components
from the 40mer to the 60mer. A small amount
of the authentic samples of ir-22mer and
it-28mer, which were isolated in our previous
work,® was added to the i-PMMA as the
internal standards of DP; the elution peaks due
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to the 22mer and the 28mer are distinguishable
by their enhanced intensities. The DP of the
authentic samples was based on the results of
'H NMR and FD mass spectroscopies.

Fractionation of the individual components
from the 40mer to the 60mer was carried out
45 times. The amount of the sample introduced
to the column was 25mg (50 ul of 50% (w/v)
acetone solution) for each chromatographic
run which took about 45 min. The fraction of
the iz-50mer was purified by repeated fractiona
tion by the SFC since the fraction contained a
small amount of lower DP components. The
purified it-5S0mer gave a single peak in the
chromatogram recorded under the identical
conditions (Figure 1b), indicating that the
it-50mer was uniform with respect to DP. The
amount of the uniform iz-50mer isolated was
10.6 mg.

An SFC curve of the st-PMMA (DP=41.4,
M, /M,=1.05) prepared by the stereospecific
living polymerization of MMA initiated with
-C,HyLi/(n-C,Hy);Al complex in toluene is
shown in Figure 2a. The oligomer components
from the 23mer to the 70mer were resolved
completely. The chromatographic conditions
were the same as those for the separation of
the i--PMMA except that the initial column
temperature was set to 95°C. A small amount
of the authentic sample of sz-24mer® was added
to the st-PMMA as an internal standard. Each
fraction from the 30mer to the 50mer was
collected 47 times. The crude fraction of the
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Figure 2. SFC traces of syndiotactic PMMA (DP=41.4, M,,/M,=1.05, containing the authentic sample
of the 24mer) (a) and the 50mer isolated from (a) (b).
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Figure 3. GPC curves of the | : 1 mixtures of the isotactic
25 and 50mers (——) and of the syndiotactic 25 and
50mers (——--) (a), and PMMASs with molecular weight
distribution (b).

st-50mer was purified by repeated fractiona-
tion. Reinjection of the st-5S0mer thus obtained
(16.6 mg) proved its purity (Figure 2b).

Use of the Uniform Oligo(MMA)s as the
Standard Materials in GPC
The mixtures of iz-25mer® and iz-50mer, and
of st-25mer® and st-50mer were prepared and
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Table I. Elution volumes® (ml) of isotactic and
syndiotactic uniform oligo (MMA)s
in GPC
Isotactic Syndiotactic
25mer 9.325+0.007 9.364 +0.006
50mer 8.611+0.006 8.729+£0.007

* The average of S determinations. Estimated standard
deviations are also given.

were subjected to GPC analysis (Figure 3a).
The sharpness of the elution curves compares
quite favorably with those of the original
PMMA samples (Figure 3b). Table I gives the
elution volumes at the elution maximum of the
uniform oligo(MMA)s. The elution volume
was measured five times for each sample, and
the average values had standard deviations less
than 0.007 ml. It was found from the data in
Table I that iz-25mer eluted significantly faster
than sz-25mer. More distinct difference of
elution volumes was observed between the
50mers. These results indicate that the
hydrodynamic volume of it-PMMA in THF is
larger than that of st-PMMA. A similar
phenomenon was found in the GPC measure-
ments of the i-PMMA (M,=6.34x 10,
M,/M,=121) and st-PMMA (M,=6.47 x
104, M, /M,=1.13) carried out in chloroform
at 39°C.'® On the basis of dilute solution
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properties, it has been known that the
st-PMMA coil is less extended than the
isotactic form in the unperturbed state
(@-solvents) and in several good solvents.!®
The difference of elution volume due to
stereoregularity brings about a problem in the
measurement of molecular weight by GPC.
When the M, of the it-PMMA was determined
by employing it-25mer and it-50mer as
molecular weight standards, the value agreed
well with the M, based on the end-group assay
by 'H NMR (Table II). However, use of st-

25mer and st-50mer as standard materials

made the M, value 8.6% larger. Similarly, the
M, of the st-PMMA calculated from the
chromatogram calibrated with it-25mer and
it-50mer deviated 8.9% from the M, value
obtained from the chromatogram calibrated
with sz-25mer and sz-50mer. The M, values of
the PMMAs as determined by the calibration
curve with polystyrene standards were in the
intermediate.

Although the uniform oligo(MMA) samples
are free from MWD (ie., M,=M,), GPC
measurements of the 25mers and 50mers gave
the apparent M, /M, values ranging from 1.009
to 1.013. The apparent MWD of the uniform
oligomers comes from the instrumental spread-
ing of the elution band, and the values show
the lower limit of M, /M, in this GPC
instrument. When an ideal chromatographic
curve is assumed to be Gaussian, the solute
concentration (C) can be expressed by the
equation:

C= Cmax exp( _x2/20.2)

where x is the difference between the volume
eluted and the volume corresponding to the
maximum concentration (C,,,), and ¢ is the
standard deviation.?? The band width at 0.606
Conax €quals to 20. Use of the uniform oligomers
permitted us to evaluate the o directly from the
chromatogram. The GPC curves of the uniform
oligomers fitted well to Gaussian curves and
the ¢ was 0.070 ml when the volume of the
sample solution was 0.003 ml.
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Table Il. The M, and M, /M, values of
isotactic and syndiotactic PMMA
samples determined by the
GPC calibrated with
isotactic and syndiotactic
uniform oligo (MMA)s
(25 and 50mers)

it-PMMA st-PMMA
Reference
material M, MM, M, M,
it-25/it-50 4111 1.131 3853  1.054
st-25/st-50 4466 1.171 4229  1.062
PSt-mix?* 4340 1.122 4079  1.051
(*H NMR)® 4138 — 4190 —

* A mixture of four polystyrene samples.
® Determined from 'H NMR spectra.

Stereocomplex Formation of the Uniform

Oligo(MM A)s

It has been known that iz- and st-PMMA
chains associate to form stereocomplex in
certain solvents including THF.2! GPC mea-
surements of the complex in THF are usually
difficult because the complex gels in the eluent.
However, the mixture of the it- and st-50mers
in THF did not produce any gel nor precipitate
during the experiments described below. The
mixture was prepared by mixing 150 ul of each
solution in THF (0.10% (w/v)) at room tem-
perature. The column temperature was kept at
3°C.

Figure 4a shows the GPC curve of the
mixture recorded immediately after the prep-
aration of the mixture. The elution peak ex-
hibited a small splitting due to the difference
of elution volume between it- and sz-50mers as
mentioned before. An extra peak appeared at
the elution volume corresponding to ca. the
100mer (#M,=1.09 x 10*, based on a poly-
styrene standard) when the chromatogram was
measured after the mixture was allowed to
stand at —15°C for 5h (Figure 4b). The extra
peak is attributable to the stereocomplex
formed between the it- and st-50mers, since no
such peak was detected in the control experi
ments carried out for the individual 50mers.
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Figure 4. GPC curves of the 1 : 1 mixture of the isotactic
and syndiotactic 50mers stored at —15°C for (a), 0, (b)
5, (c) 10, and (d) 32h. The mixture (d) was allowed to
stand at —30°C for additional 24 h (f). The GPC curve of
the mixture of the isotactic and syndiotactic 25mers stored
at —30°C for 96h is shown in (e). Eluent, THF.

The monodispersity of she extra peak (M,,/
M,=1.007) indicates that the complex has an
exact stoichiometry; it is suggested from the
elution volume of the complex that the
complexation stoichiometry is iz-50mer : st-
50mer=1 :1. The stoichiometry of 1:1 may
be supported by the fact that the intensity ratios
of the elution peaks due to the remaining it- and
st-50mers (elution volumes of 8.69 and 8.81 ml)
were essentially identical between before and
after the appearance of the extra peak. The
area of the extra peak was 4.6% to the whole
chromatographic peaks. The area increased to
7.0 and 7.8% when the chromatography was
performed after the mixture was stored at
—15°C for 10 and 32 h, respectively (Figure 4c
and 4d). Keeping this mixture (—15°C, 32h)
for additional 24 h at —30°C enhanced the area
to 9.0% (Figure 4f). In the case where the
mixture had been stored at 3°C since its
preparation, however, the peak due to the
stereocomplex did not exceed 5.7% in its area
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even after 96 h (the figure is not shown). In-
terestingly, a 1: 1 mixture of it- and sz-25mers
did not show such extra peak in the chromato-
gram even after the mixture was allowed to
stand at —30°C for 96 h (Figure 4e).

A number of contradictory results have been
published about the stoichiometry of the
stereocomplex of PMMA (¢f. ref 11). Most
authors find the stoichiometry iz:st=1:2'%2!
but papers indicating the stoichiometry it: st =
1:122 or it:st=1:1.5'%23 also exist. Chiang
et al.** conclude that no defined stoichiometry
of the stereocomplex exists, while other
authors?’ assume that the composition lies
between it:st 1:1.5 to 1:2. Although the
reasons for the disagreements are not clear, our
results on the uniform 50mers suggest the ratio
it:st=1:1; it should be noted that the com-
plexation stoichiometry discussed in the
present work deals with the number of as-
sociated molecules whereas the stoichiome-
tries reported in the past concern the ratio of
associated monomeric units (or the weight
fractions of the two components). Our con-
clusion, however, is based on the assump-
tion that the hydrodynamic volume of the
complex do not differ very much from those
of the individual iz- and st-components (at
least, in a DP range <100). In order to obtain
further information of the composition, the
fraction of the extra peak in Figure 4f was
collected several times and was subjected to
500 MHz 'H NMR analysis. Although both
it- and st-50mers were detected in the spec-
trum, determination of the composition was
not possible because of a low signal-to-noise
ratio of the spectrum (over 30000 scans) and
severe overlap of the signals due to a small
amount of impurities. Extensive studies are
under way using a larger amount of the
oligomer samples.

The reason why only a part of the S0mers
(maximum 9.0%) formed the complex may be
attributed to imperfect stereoregularity of the
SOmers used. The stereoregularity of the it-
50mer is m=0.979 in diad and that of the s¢-
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S0mer is r=0.964. The configurational statis-
tics for the S0mer chains can be regarded as
Bernoullian because the persistence ratios
(=2[m][r]/[mr]) for the 50mers are close to
unity (1.17 for the it-S0mer and 0.96 for the
st-5S0mer). Therefore, the relative abundances
of the perfectly it- and perfectly sz-50mers are
calculated to be m*°= 0.353 and r*°=0.166,
respectively. If we assume that 50 consecu-
tive m or r sequences are required for the
complexation, the yield of the stereocomplex
between the it- and st-50mers used in the
present work should be not more than 16.6%.
Since the uniform 25mers did not form
stereocomplex, it is suggested that the mini-
mum sequence length necessary for the com-
plexation exists somewhere between 25 and
50.

Spévadek and Schneider reported, from 'H
NMR studies on mixtures of it-PMMA
(DP=270, mm=97%) and st-PMMA (26<
DP<1700) in benzene-d,, that the fraction of
associated monomeric units in the mixtures
increased from 30% to 89% as the rr-triad in
the st-PMMA increased from 65% to 88.5%.
On the basis of the results, they concluded that
the minimum length of associated syndiotactic
sequences required for stereocomplex forma-
tion was ca. 10 monomeric units in aromatic
solvents and ca. 3 such units in the more
strongly complexing solvents.?®> Because THF
used in our study is classified as a strongly
complexing solvent, our result that the min-
imum sequence length lies between 25 and
50 is considerably large as compared with their
values. The discrepancy is partly due to the
fact that the it-PMMA used in their work had
a much larger average DP than the uniform
oligo(MMA)s employed in the present work.
It is suggested that the uniform oligo(MMA)s,
which do not have a sufficiently large DP
to form three dimensional network (gel) by
stereocomplex formation, need longer tactic
sequences for the complexation.
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