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Abstract

Anionic polymerization of N,N-dimethyl-2-methylene-3-buten-1-amine (5-(N,N-dimethylamino)-isoprene, DMAI) in toluene yields
highly regio- and stereoregular polymers. The polymerization proceeds fast compared to non-polar dienes like butadiene or isoprene and
polymers with almost exclusive trans-configuration are obtained. The amount of frans-connected monomer units is found to rise with
decreasing polymerization temperature and with increasing molecular weight to a limiting value of about 95% at 25 kg/mol. Kinetic
investigations reveal a polymerization behavior which does not follow simple first- or second-order kinetics with respect to monomer
concentration. Poly[5-(V,N-dimethylamino)-isoprene] (PDMAI) synthezised in this way is semicrystalline with a degree of crystallinity of
55-60%. It shows a broad melting interval at 70°C besides a glass transition at —30°C. With the help of DSC, WAXS as well as cross-
polarized light microscopy, the existence of two different crystal modifications is proven. The observed polymorphism is very similar to the
one known from structurally related trans-polyisoprene (TPI). © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The polymerization behavior of 2-substituted butadienes
other than isoprene as well as the structure and properties of
the resulting polymers have received increasing attention
over the last 20 years. It has been known for a long time,
that 2-substituted 1,3-dienes can be polymerized to form
four constitutional isomeric microstructures. Using anionic
polymerization techniques, the stereochemistry is found to
depend on counter ion, solvent, monomer and chain end
concentration as well as temperature and added polar modi-
fiers [1]. Non-polar dienes typically give high amounts of
1,4-addition with lithium or lithium alkyls in bulk [2] or in
non-polar solvents [3,4], whereas high vinyl contents are
obtained using counter ions other than lithium [5,6], by
polymerizing in polar solvents [7,8] or by adding polar
modifiers [9-14]. An increase of steric hindrance of the
non-polar side chain generally leads to higher degrees of
1,4-addition even in polar solvents [15-20]. 2-substituted
dienes bearing amine functionalities have rarely been inves-
tigated to date. Interesting results from Nakahama et al. who
analyzed the microstructures of a series of four different 2-
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[(N,N-dialkylamino)-dimethylsilyl]-1,3-butadienes in THF
and in heptane [21] show that high amounts of 1,4-addition
in THF (83-91%) and exclusive 1,4-addition in heptane
with the ratios of cis/trans-addition varying with chemical
structure are achieved.

2. Experimental section
2.1. Materials

5-(N,N-dimethylamino)-isoprene was prepared from
isoprene by bromination followed by dehydrohalogenation
yielding 2-bromomethyl-1,3-butadiene and subsequent
nucleophilic substitution with dimethylamine. The mono-
mer was purified by fractionated destillation as well as
degassing and condensing onto dried dibutylmagnesium
(1.0 M solution in heptane, Aldrich) and stirring under a
N, inert atmosphere for 1h. Toluene (p.a., Merck) was
purified the same way by degassing and condensing onto
dried dibutylmagnesium in a N, inert atmosphere followed
by stirring for several hours. Both monomer and solvent
were then condensed into a glass ampoule for transfer into
the reaction vessel. Sec-butyllithium (1.3 M solution in
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Table 1
Reaction conditions of the polymerizations of DMAI in toluene

Temperature (°C) [M], (mol 17" [I]¢/107% (mol 171 1072 X [1]¢/[M],

+20 0.24 1.1 4.58
+6 0.18 0.8 4.44
-35 0.22 1.0 4.55

cyclohexane/hexane, Acros) was used without further puri-
fication.

2.2. Polymerization procedure

Anionic polymerizations were carried out in a 1000 ml
stirred glass reactor (Buechi) with a thermostated cooling
jacket under N inert gas atmosphere. Monomer and solvent
were added via glass ampoule and brought to the desired
polymerization temperature. The required amount of sec-
butyllithium was charged via syringe through a rubber
septum. Through a small capillary outlet equipped with a
tap, small portions of the reaction solution could be taken off
the reactor in the course of the polymerization. After
removal of solvent and unreacted monomer under reduced
pressure conversions were determined by gravimetric analy-
sis. The polymerizations were terminated by addition of
1 ml of degassed methanol. The polymer solutions were
precipitated in acetone yielding colorless powdery polymer
in all cases. 2—3 reprecipitation cycles were carried out in
acetone after redissolution of the polymer in THF. Yields
were always quantitative.

3. Characterization

'H and "C NMR spectra were obtained using a Bruker
AC 250 spectrometer (250 MHz for "H-nuclei, 62.9 MHz
for *C-nuclei). The CDCI; solutions had concentrations
between 25 and 70 mg/ml for 'H- and 120-250 mg/ml for
BC-spectra. All NMR measurements were carried out at
298 K using tetramethylsilane as internal standard.

Size exclusion chromatography (SEC) was performed on
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Fig. 1. Time-conversion plots of DMAIi polymerizations at different
temperatures.

a WATERS system with refractive index and UV (254 nm)
detection, using polyester filled columns (Gr_am columns
from Polymer Standard Service, PSS) with pore sizes of
100, 3% 10° and 10* A and a particle size of 10 um. The
elution solvent was THF, the flow rate being 1 ml/min in all
cases. A relative calibration with standard polystyrenes was
used.

Membrane osmometry was carried out on an Osmomat
090 from Gonotec at 35°C in toluene using a membrane of
regenerated cellulose with a cut-off molecular weight of
20 kg/mol.

Differential scanning calorimetry (DSC) was accom-
plished by using a Perkin—Elmer DSC-7 instrument after
calibration with chloroform and indium. Glass transition
temperatures were taken at the inflection points and extra-
polated to a heating rate of 0 K/min. Melting and crystal-
lization temperatures were determined from their peak
maxima.

Wide angle X-ray scattering (WAXS) was carried out on
a D 8 Advance from Bruker AXS (40 kV, 40 mA) using
CuK,-radiation. Measurements were performed on 1 mm
thick films at an angle interval of 5° < 26 < 60° in theta—
theta geometry on reflection at room temperature.

Small angle X-ray scattering (SAXS) was carried out on a
Bruker AXS Nanostar (40 kV, 40 mA) using CuK,-radia-
tion and a 2D-detector at an angle interval of 0.15° < 26 <
4.50°. Measurements were performed on 1 mm thick films
in vacuum at room temperature in transmission.

Transmission electron microscopy (TEM) was performed
on a CEM 902 transmission electron microscope from Zeiss
with an accelerating voltage of 80 kV. Sample preparation
involved cryosectioning of the solvent cast film at —60°C
followed by staining with OsOy.

Cross-polarized light microscopy was carried out with an
Orthoplan II Pol BK microscope from Leitz with a camera
MPS 11 from Wild attached to it. A drop of a 5 wt% solution
of the polymer under investigation was freed from dust and
isothermally crystallized on a glass slide on a Mettler
FP82HT hot stage.

Atomic force microscopy (AFM) was accomplished
using a Dimension 3100 microscope from Digital Instru-
ments in the tapping mode. The samples used were identical
with the ones used in light microscopy experiments.

4. Anionic polymerization of 5-(V,N-dimethylamino)-
isoprene (DMAI)

Satisfying results of the anionic polymerization of DMAIi
can only be obtained in non-polar solvents. The use of THF,
diethyl ether, 1,4-dioxane, triethylamine or non-polar
solvents with additives such as N,N,N',N/-tetramethylethy—
lendiamine (TMEDA) or crown ethers seems to slow down
the polymerization in a way that high conversions are not
achievable even after days [22,23]. This behavior is
remarkably different from other anionically polymerizable
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Fig. 2. Analysis of polymerizations of DMAIi assuming (a) first-order
kinetic behavior; and (b) second-order kinetic behavior with respect to
monomer concentration.

monomers as enhanced charge separation between the
living chain end and counter ion in polar solvents usually
accelerates the growth rate. So far no satisfying explanation
has been put forward.
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Fig. 3. Possible ways of DMAI addition onto the growing chain end.

4.1. Results

4.1.1. Polymerization kinetics

Sec-butyllithium initiated polymerizations of DMAI in
toluene were carried out at three different temperatures
while keeping the concentration of monomer [M], and the
ratio of initiator/monomer [I],/[M], constant. Table 1 lists
the details of these polymerizations. During the course of
the polymerizations, small portions were taken from the
reaction mixtures to determine the conversion by gravi-
metric analysis. The results are shown in Fig. 1.

The polymerizations proceed quickly with their rate
increasing with increasing temperature, as expected. At a
polymerization temperature of 20°C full conversion is
already obtained after 2 min, while at a temperature of
—35°C, the polymerization is finished after 15 min. The
living anion is completely colorless as long as polymeriza-
tion temperatures do not exceed —20°C, otherwise a yellow
color occurs. Its intensity varies with temperature and which
disappears instantaneously after termination of the polymer-
ization with methanol.

Generally, non-polar dienes follow polymerization
kinetics which are first order in monomer concentration in
non-polar solvents as well as with added Lewis bases or in
polar solvents [1]. The polarity of the solvent, besides influ-
encing the rate constant, usually only effects the order by
which the concentration of active species enters the kinetic
equations. The equation In([M]o/[M],) = ket with the
apparent rate constant k,,, = lEp[P*J, where |P*| denotes the
concentration of active centers and k, is the true rate
constant (generally being the mean of all involved rate
constants), describes the polymerization as being first
order in monomer concentration. Because it has been
possible in the past to describe the polymerization kinetics
of DMAI in n-hexane by assuming a second-order kinetic
behavior with respect to monomer concentration [23] this
was also attempted here. 1/[M], — 1/[M], = k,,,t describes
this second-order dependence.

As can bee seen from Fig. 2, the polymerization kinetics
can be fitted neither by assuming first- nor second-order
kinetic behavior with respect to monomer concentration.

app

4.1.2. Microstructure

The influence of both temperature and monomer/initiator
ratio on the obtained microstructure in the anionic polymer-
ization of DMAI in toluene initialized with sec-butyllithium
was investigated in detail.

In principle, four different ways of monomer addition are
conceivable in the polymerization of DMAI as shown in Fig.
3. The designation follows the one used in polyisoprene
polymerization, where ‘4,1’ and ‘4,3’ indicates the attack
of the living anion at carbon 4 of the monomer.

'H NMR spectroscopy allows to differentiate and quan-
tify these four different ways of monomer linkage. As can be
seen from Fig. 4, only one distinct signal appears in the
vinylic region between 4.5 and 6.0 ppm which is due to
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Fig. 4. "H NMR spectrum of a PDMAI synthezised in toluene at —40°C (CDCls, 250 MHz).

the vinylic proton of the 4,1-connected monomer. The doub-
let occurring at 2.70/2.85 ppm is caused by the methylene
units adjacent to the amino group. NOE-NMR experiments
showed that the less shielded signal at 2.85 ppm has to be
assigned to the 4,1-trans-addition and the more shielded
signal at 2.70 has to be assigned to the 4,1-cis-addition
[22]. Only at a high magnification of the spectrum, small
amounts (1-2%) of 4,3-added units are detectable.

The relative amounts of 4,1-cis and 4,1-trans addition are
found to depend on temperature; keeping all other polymer-
ization parameters fixed, the amount of 4,1-cis connected
monomer units increases slightly with increasing
temperature, whereas the amount of vinyl- (4,3-) linkage
does not change within experimental error as can be
seen from Table 2.

The microstructure significantly depends on the ratio of
monomer/initiator concentration under otherwise identical
polymerization conditions. Fig. 5(a) shows the results of a
number of polymerizations with different ratios of mono-
mer/initiator. The amount of 4,1-trans connected units in the
resulting polymers increases with increasing monomer/
initiator ratio, i.e. with increasing molecular weight, reach-
ing a limiting value of about 95% 4,1-trans connected
monomer units at a molecular weight of about 25 kg/mol.
This high stereoregularity is best appreciated in *C NMR
spectroscopy (Fig. 5(b)).

Table 2
Temperature dependence of the microstructure

Temperature (°C) 4,1-trans (%) 4,1-cis (%) 4,3 (%)
—40 83 16 1
-20 80 18 2
+20 74 24 2

4.1.3. Size exclusion chromatography

SEC characterization of these PDMAI is not possible
using standard SEC columns filled with crosslinked poly-
styrene gel. The high basicity of the tertiary aliphatic amine
causes complete adsorbtion of the polymer on the column
material. Only by using a special polyester gel (gr_am
columns from Polymer Standards Service) and THF as
eluent, the determination of the molecular weight distribu-
tions became possible. Fig. 6 shows a typical SEC trace of a
PDMAI having a molecular weight of 75 kg/mol determined
by membrane osmometry.

SEC traces are monomodal in all cases and almost
symmetrical so that a broadened distribution due to adsorp-
tion processes can be ruled out. In all cases comparatively
broad molecular weight distributions between 1.2 and 1.4
are obtained. Polydispersities of this range are often found
when the initiation of the polymerization is slower than its
growth. In all the kinetic studies of the polymerization beha-
vior of 5-(N,N-dimethylamino)-isoprene, however, there
never was any indication for a slow initiation.

4.2. Discussion

Taking into consideration the unusual kinetic behavior of
the DMAI polymerization as well as the unexpected high
regio- and stereospecificity of the monomer addition and the
relatively broad molecular weight distribution of the result-
ing polymers, a complex growth mechanism has to be
assumed. A possible explanation lies in the existence of
several differently associated species adding monomer at
different rate constants. An association of the living chain
end could take place through complexation of amine func-
tionalities of free monomer as well as of already polymer-
ized amine units through the lithium counter ion. If the
addition of monomer to these different associated species
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Fig. 6. Typical SEC trace of a poly[5-(N,N-dimethylamino)-isoprene];
molecular weight: 75 kg/mol (determined by membrane osmometry); poly-
dispersity: 1.29.

was quicker than the interconversion between the species,
the resulting molecular weight distribution would broaden
as observed. Such a complexation could also explain the
high regio- and stereoregularity of monomer addition and
the peculiar slow growth in polar solvents.

5. Crystallization behavior of
poly[5-(V,N-dimethylamino)-isoprene] (PDMAI)

The emphasis of the characterization of the poly[5-(N,N-
dimethylamino)-isoprenes] was laid on the crystallization
resulting from the high stereoregularity. Although several
PDMAI of high molecular weight and almost exclusive
4,1-trans microstructure were synthesized, only results on
solution cast PDMAIi with a molecular weight of 65 kg/mol
and 95% 4,1-trans units are discussed.



7986 R. Bieringer, V. Abetz / Polymer 41 (2000) 7981-7992

Heat FlowEndo Up (MW) ——— =————
& 8 E B

8

40 60 60 100 120 130
Temperature (*C)

Fig. 7. DSC traces of PDMAI at different heating rates.

5.1. Results

5.1.1. DSC investigations

DSC measurements reveal a glass transition temperature
of —30°C (extrapolated to 0 K/min) and a broad melting
interval between 50 and 120°C at first heating. By rapid
cooling of the sample, the recrystallization can be
suppressed completely so that a totally amorphous sample
is obtained. This quenching of the sample allows the deter-
mination of its degree of crystallinity by determining the
corresponding changes in heat capacity of the semicrystal-
line and the amorphous sample (curves (1) and (2) in Fig. 7).
From this analysis, PDMAi with a degree of crystallinity
close to 60% is obtained. For a closer investigation of the
melting and crystallization behavior of PDMAi, more
detailed DSC tests were run. For the annealing experiments
the following procedure is employed:

1. Extinction of thermal history: the sample is kept at 130°C
for 5 min;

2. Cooling down to the desired recrystallization tempera-
ture T: the sample is cooled down to 7, with 10 K/min;

3. Isothermal crystallization: the sample is kept at the crys-
tallization temperature 7, until it is completely recrystal-
lized;

4. Melting: the sample is heated with 10 K/min from T,
until it is entirely molten (110°C).

Fig. 8 shows the isothermes (step 3) as well as the heating
curves (step 4) of PDMAI.

The plot of the isothermes (Fig. 8a) shows that the recrys-
tallization at first proceeds faster with decreasing crystal-
lization temperature T, but then slows down. This behavior
is generally observed in polymer crystallization. On the one
hand, on decreasing the crystallization temperature the ther-
modynamic driving force rises thus accelerating the crystal-
lization, while on the other hand, the viscosity of the

polymer melt increases, ultimately reducing the crystalliza-
tion rate.

With higher crystallization temperatures, a second melt-
ing point is observed at reheating (Fig. 8b) although the
recrystallization isothermes in all cases show only one,
however broad, crystallization peak. This indicates that
two different crystallization processes coincide with one
crystallization isotherme.

As the melting point of a semicrystalline polymer gener-
ally depends on its thermal history, in particular on the
crystallization temperature and the employed heating
rate, it is useful to determine its equilibrium melting
temperature by extrapolation. This can best be done by
the method of Hoffman and Weeks [24] using the heating
curves in Fig. 8(b). Fig. 9 shows the extrapolation of
the two observed melting points onto the straight line
where T, (melting temperature) =7, (crystallization
temperature).

For the determination of the exact equilibrium melting
temperatures a correction for the finite heating rate has to
be performed. Therefore, for one selected temperature
(35°C) the dependence of the heating rate on the obtained
melting points is determined by using heating rates of 10, 5,
2,1, 0.5 and 0.2 K/min and extrapolating to 0 K/min. The
error amounts to 2.5 K resulting in a T2 of the higher melt-
ing fraction of 77.2°C and for the lower melting fraction of
72.3°C.

5.2. WAXS measurements

With the help of wide angle X-ray scattering the crystal-
lization behavior of PDMAIi was further examined. There-
fore, a PDMAI film cast from chloroform about 1 mm thick
was melted (110°C, 30 min) and allowed to recrystallize at
different temperatures for intervals of 20-40h. Fig. 10
shows the obtained WAXS intensity profiles at four differ-
ent temperatures i.e. 6, 20, 45 and 60°C.
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Fig. 8. (a) Isothermes; and (b) Heating curves of PDMAI.

Apart from the fact that the degree of crystallinity is
considerably higher at higher crystallization temperatures
due to a greater mobility of the polymer chains closer to
the melting point, it is clearly seen that two different crystal
modifications appear. The arrows in the magnification in
Fig. 10 mark reflexes which are more intense in the samples
that were recrystallized at low temperatures, where a second
crystal modification becomes important.

Efforts to determine the exact crystal structure by index-
ing the reflexes has not been successful. Although two
distinct crystal modifications can be distinguished, they
never could be obtained purely. An assignment of the
smaller reflexes to one of the two modifications thus turned
out to be impossible.

Distinct differences in the WAXS profiles are obtained by
different methods of film preparation from solution. Fig.
11(a) shows the profile of a PDMAIi sample which was
dissolved in n-hexane at 50°C and allowed to recrystallize
at 6°C. In Fig. 11(b) the profile obtained by film casting
from chloroform at room temperature is displayed. The
comparison with the profiles obtained by melting and
recrystallization at different temperatures shows that the
sample obtained on recrystallization in n-hexane resembles
the one obtained on melting (110°C) and recrystallizing at
60°C, whereas the profile of the chloroform-cast sample
shows a greater similarity to the one obtained on melting
and recrystallizing at 20°C although it obviously contains
larger amounts of the other modification as well.
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5.3. Texture

The occurrence of two different crystal modifications can
lead to the formation of two distinct textures as shown e.g.
for trans-poly(1,4-isoprene) TPI [25,26].

This behavior is indeed observed for semicrystalline
PDMAI. Solvent evaporation and crystallization of a drop
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Fig. 10. X-ray diffractogramm of PDMAI after melting and annealing at
different temperatures: (a) entire profile; (b) magnification.
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Fig. 11. X-ray diffractogramms of PDMAIi: (a) comparison of the film
annealed at 20°C with the sample recrystallized from n-hexane; and (b)
comparison of the film annealed at 60°C with the chloroform-cast film.

of a 5% chloroform solution of PDMAi on a microscopy
glass slide at room temperature results in cross-polarized
optical micrographs as shown in Fig. 12. The question
why in some cases this procedure exclusively yields the
fine crystalline structures of Fig. 12(a), whereas in other
cases also up to 50 wm large spherulites with Maltese
cross are formed (Fig. 12(b), cannot be explained conclu-
sively. It may depend on the local concentration of the solu-
tion and the rate of evaporation of the solvent as well as on
heterogenieties on the glass slide acting as nucleation sites.

A more detailed characterization of the fine crystalline
structure was achieved with the help of AFM. Therefore,
the sample from the optical microscopy investigations was
examined in the tapping mode. The small magnification in
Fig. 13 (10 pm) shows that the crystal growth proceeds in a
spherical way; in the higher magnification of a spherulite
rim one can clearly see the radially running crystal lamellae
and their merging into one another. This proves the
existence of spherulites which are too small for detection
by light microscopy.

For the determination of the morphology of the polymer
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Fig. 12. Cross-polarized optical micrographs of PDMAI; films cast from chloroform.

chains in the semicrystalline PDMALI, thin cuts were exam-
ined via TEM after staining with osmium tetroxide. A film
of PDMAI (about 1 mm thick) was also investigated by
SAXS. For both techniques chloroform-cast films (5% solu-
tion by weight) were used. The results are shown in Fig. 14.

The TEM micrograph shows a lamellar structure of the
sample which arises because the polymer chain in the crys-
talline regions of the polymer folds forth and back in a
regular way. The lamellar thickness was determined from
this micrograph to be about 10 nm. A more exact value was
obtained from SAXS measurements; the electron density
difference between amorphous and crystalline regions of
the sample is high enough to get sufficient scattering
intensity. The SAXS intensity profile in Fig. 14(b) shows
a broad reflex with its maximum corresponding to a lamellar
distance of d = A/2 sin # = 13.5 nm (A = 0.154 nm).

If the structure from Fig. 12(b) is heated at 5 K/min to

0 10.0um 0
data type height data type

100°C, one observes the melting of the fine crystalline struc-
ture at about 75°C while the large ringed spherulites do not
melt until a temperature of about 82°C is reached. These
melting points agree well with the ones obtained from DSC
experiments (72.3 and 77.2°C) if one takes into considera-
tion the error due to the finite heating rate. Thus it is possible
to distinguish between the two different crystal modifica-
tions by optical microscopy. Fig. 15(a) shows the sample at
room temperature and Fig. 15(b) shows the sample after
heating to 75°C. Because the birefringence of the large
ringed spherulites turned out to be rather low, a compensator
(A-plate; retardation 550 nm) was used for contrast
enhancement.

Another proof via optical microscopy for the existence of
two modifications having different melting points is shown
in Fig. 16. The structure shown here is obtained from a
sample identical with the one in Fig. 12(b) (fine crystalline

10.0pm 0 10.0pm
amplitude data type phase

0 1.0pm 0

data type height data type

1.0pm 0 1.0um
amplitude data type phase

Fig. 13. AFM micrographs of PDMAI; films cast from chloroform.
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Fig. 14. (a) TEM micrograph and (b) SAXS (CuK,-radiation) of semicrys-
talline PDMAI.

structure and large ringed spherulites) after heating to 77°C
and holding at 65°C for 2 days. This experiment again
proves the existence of two different crystal modifications
with two different melting temperatures which crystallize
into two different textures. The modification which can
only be obtained in a fine crystalline structure from solution
can be annealed after melting at a temperature close to its

Fig. 16. Chloroform-cast film of PDMAI after heating to 77°C and anneal-
ing at 65°C for 2 days to allow for recrystallization.

melting point in a way that large spherulites are obtained.
Fig. 17 shows micrographs of a sample with a fine crystal-
line structure identical with the one presented in Fig. 12(a).
If this structure is melted and allowed to recrystallize at a
temperature close to the melting point, i.e. closer to thermal
equilibrium, large spherulites showing a distinct bire-
fringence and a radial running dendritic pattern are
obtained.

If such samples are recrystallized at lower temperatures
the spherulite size decreases; at room temperature the struc-
ture is identical with the one obtained from solution-cast
samples. This second modification preferentially forms
when crystallization takes place from solution at low
temperatures. Fig. 18 shows the result of a sample which
was cast at 6°C from chloroform. Here the large ringed
spherulites showing a marked Maltese cross dominate.
Using the A-plate again shows that this modification is
substantially less birefringent than the small spherulites of
the first modification.

6. Discussion

A comparison of the crystallization behavior of PDMAIi

a)

b)

Fig. 15. Optical micrographs using crossed polarizers and A-plate of PDMALI: (a) film from CHCl;; and (b) after heating to 75°C.
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b)

Fig. 17. (a) Chloroform-cast film of PDMAI after heating to 100°C and holding at 60°C for 2 days to allow for recrystallization; and (b) with A-plate.

with trans-polyisoprene (TPI) shows great similarities. TPI
shows similar degrees of crystallinity [27-29] and also
crystallizes in two different crystal modifications
[24,26,30-35,40] exhibiting two different melting points
[36-40] and two distinct spherulitic textures [25,26]
are described. Investigation of TPI at room temperature
yields a long period of the same order of magnitude as
found for PDMAIi (13.5 nm from SAXS) of about 15 nm
[28].

The results of the DSC and WAXS investigations in
combination with the literature data of TPI enables the
assignment of the two modifications.

The fine crystalline, highly birefringent structure
observed in cross-polarized light microscopy experiments
(where only through AFM a spherulitic structure can be
proven) can be obtained as larger spherulites showing a
Maltese cross without ringing and a dendritic pattern if
annealing experiments at higher temperatures are
performed. These spherulites have a melting temperature
of about 75°C as determined from light microscopy experi-
ments on a hot stage which agrees well with the melting
temperature of the second melting point appearing in DSC
measurements at higher crystallization temperatures of
72.3°C. Therefore, this structure is identified as the low

melting form (LMF) in analogy to the corresponding modi-
fication of TPI.

The strongly ringed large spherulites with Maltese cross
and low birefringence have a melting temperature observed
in cross-polarized light microscopy experiments on the hot
stage of approximately 82°C which compares well with the
melting point of 77.2°C found in DSC measurements.
Therefore, this structure corresponds to the high melting
form (HMF). In agreement with the results from DSC it
was shown by optical microscopy that the HMF preferen-
tially forms at low crystallization temperatures. The HMF
could never be obtained from the melt. This is consistent
with the results from WAXS measurements where the
second modification only appears in small amounts after
melting and recrystallization at different temperatures.

7. Conclusions

We have studied the kinetics of the sec-butyllithium
initiated anionic polymerization of 5-(N,N-dimethyla-
mino)-isoprene (DMAi) in toluene as well as the
microstructure of the obtained polymers and their depen-
dence on temperature and molecular weight. Polymerization

a)

b)

Fig. 18. PDMAI: (a) chloroform-cast at 6°C; and (b) using a A-plate.
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conditions resulting in almost exclusive 4,1-tfrans addition
of monomer were found. The so synthezised polymers are
semicrystalline with degrees of crystallinity of about 55—
60% and show polymorphic behavior. DSC experiments
reveal two melting points at 72.3 and 77.2°C with the rela-
tive amount of the LMF increasing with higher crystalliza-
tion temperature. WAXS intensity profiles of PDMAI films
show two different crystal modifications depending on the
condition of film preparation. Under cross-polarized light
both modifications can be distinguished because they form
different spherulitic textures.

The comparison with TPI shows that the PDMAi with
95% 4,1-trans connected units shows properties very simi-
lar to TPI. Both polymers possess equal degrees of crystal-
linity; they both show polymorphism and with DSC, WAXS
and cross-polarized light microscopy the two crystal modi-
fications can be distinguished. Although the identification of
the crystal modifications of PDMAi by WAXS was not
possible they are found to be somewhat similar to the
ones observed in TPI as far as melting points and textures
are concerned.
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