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SUMMARY 

By applying high resolution solid state 13C-NMR with proton en- 
hancement and with magic angle spinning technique it is demonst- 
rated that the rotational states in semicrystalline polymers 
may be analyzed for the crystalline as well as for the amorphous 
phase. In erythrodiisotactic poly(1,2-dimethyltetramethylene) 
the signals of the chemically different nuclei could be disting- 
uished in the crystalline and in the amorphous regions. The int- 
erpretation of the solid state spectrum is consistent with the 
solution spectrum of the polymer and with that of the analogous 
low molecular weight compound, meso 4,5-dimethyloctane, under 
slow exchange conditions. It is concluded that the crystalline 
parts of the macromolecular chain exhibit g+aaag-aaag+.., conf- 
ormation (gauches for the CH-CH bond), which is in agreement 
with the X-ray structure analysis by NATTA et al. Another stable 
conformation derived from semiempirical atomistic calculations 
could be excluded for the crystalline phase. An estimation of 
the conformational balance in the amorphous state has been ach- 
ieved by comparing the relevant shift data of the solid state 
erythrodiisotactic poly(1,2-dimethyltetramethylene) with those 
occuring in the fast exchange spectrum measured in solution. 

INTRODUCTION 

In preceeding papers of this series high-resolution 13C-NMR inv- 
estigations on ditactic poly(1,2-dimethyltetramethylene)s and on 
their low molecular weight analogs in solution have been rep- 
orted I-3). From 13C chemical shift under fast exchange condit- 
ions it has been concluded that meso-4,5-dimethyloctane is the 
low molecular weight model representative for erythrodiisotactic 
poly(1,2-dimethyltetramethylene). The temperature dependent pop- 
ulations of the conformers competing within the macromolecule 
could be related to the fast exchange chemical shift, in agreem- 
ent with slow exchange data measured on the low molecular weight 
models. Assignments for all types of carbons within the polymers 
of different tacticities have been made. 

Conventional high-resolution NMR measurements are limited, how- 
ever, to the solution or the molten state because of sufficient 
mobility within the flexible chains. Modern solid state NMR- 
techniques - spinning under the magic angle combined with proton 
enhancement - allow, however, to resolve the signals of discrete 
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rotational isomeric states of molecular segments. By curtesy of 
Dr. FORSTER, BRUKER, Karlsruhe, the chance has been offered to 
perform solid state 13C-NMR measurements on poly(1,2-dimethyl- 
tetramethylene)s on the BRUKER CXP-3OO instrument. Because inv- 
estigation could be carried out at ambient temperature only, 
partially crystalline erythrodiisotactic poly(1,2-dimethyltetra- 
methylene) was investigated. It offered the chance to analyze 
discrete signals arising from crystalline as well as from amor- 
phous phase and to correlate them with the solution data. 

EXPERIMENTS AND DISCUSSION 

Melt and glass transition have been determined 343 and 240 K by 
differential scanning calorimetry. Figure I presents the PE-MAS 
13C-NMR spectrum of erythrodiisotactic poly(1,2-dimethyltetra- 
methylene) at 303 K, 75.42 MHz, together with the CDCI 3 solut- 
ion spectrum registered at the same temperature. Both spectra 
are related to TMS as standard, the originally adamantane rel- 
ated solid state chemical shifts being converted for TMS stand- 
ard as described later on 4). Due to the type of synthesis - by 
cis-butene-2 - ethylene copolymerization - the sample contains 
longer ethylene sequences besides the head-to-head tail-to-tail 
propylene sequences. This is visible in the solution spectrum 
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of different mobility are influenced strongly be the choosen 
cross-polarization times. Consequently an estimation of the 
crystalline-amorphous ratio is not possible. The amorphous sign- 
als show up generally a little upfield the resonances found in 
the solution spectrum: 38.0 ppm for CH, 32.74 for CH 2 and 16.88 
ppm for CH 3. These signals arising from amorphous regions exist- 
ing far above the glass transition exhibit much broader profile 
(A~I/2 = 40-50 Hz) than the crystalline region signals. The 
signal at 30.18 ppm has to be assigned to the longer CH 2 sequ- 
ences. It coincides well with the solid state signal of amor- 
phous polyethylene I). The signals arising from the crystalline 
regions - 41.15, 40.8, 36.30, 27.85, 20.78 and 12.74 ppm - ex- 
hibit significantly smaller linewidth mostly (A~I/2 = 12-15 Hz) . 
The correct assignment of the amorphous and of the crystalline 
signals could be verified by measurements carried out with diff- 
erent contact times of the 7H- and 13C-spin systems. The 13C 
nuclei within the crystalline regions show up longer spin-lattice 
relaxation times than the 13C nuclei within amorphous regions. 
Consequently their intensities diminish more with smaller cross- 
polarization time. This is demonstrated in Figure 2. 

CROSS 
POLARIZATION 
TIME 3 msec 

3 
i < 0.3 msec 

Fi@ure 2: PE-MAS 13C spectra of 
erythrodiisotactic poly(1,2-di- 

The signals at 36.3Oand at 
27.85 ppm are shifted symmetric- 
ally upfield and downfield 
resp. versus the CH 2 signal 
of the methylene carbon within 
the amorphous region, 32.74 
ppm. Analogously the crystall- 
ine region CH3 signals, 20.78 
and 12.74 ppm center the amor- 
phous region signal, 16.88 ppm. 
Thus they show up the same 
splitting pattern like the 
CH 3 and CH 2 signals of meso 
4,5-dimethyloctane for the(g) 
gauche conformation of the CH- 
CH bond in the slow exchange 
solution spectrum. This is 
demonstrated by the scheme in 
Figure 3. The two remaining 
signals at 41.15 and 40.80 ppm 
consequently are those of the 
CH atoms within crystalline 
regions. Their shift versus 
the CH signal of the amorphous 
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Fi@ure 3: Scheme of the chemical shift of 4,5 dimethyloctane 
under fast and slow exchange conditions of the CH-CH rotamers 
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CH-CH bond, which does not influence the position of the C atoms 
situated y towards these nuclei, y-gauche effects for the methine 
atoms are caused by the rotational isomery around the CH-CH 2 and 
the CH2-CH 2 bond. Simultaneous downfield shift of both the CH 
signals has to be interpreted, consequently, by an anti position 
of both these bonds: The NMR spectrum demonstrates that (g~aaa) n 
is the conformation of the chain within the crystalline region. 
g+ and g- cannot be distinguished. It appears plausible, however, 
to argue that g+ and g- position have to alternate within the 
sequence because of the need of an ordered lattice: g+aaag-aaag+.. 
This is exactly the conformation which was calculated from X-ray 
data by NATTA, CORRADINI et al. 5) for erythrodiisotactic poly- 
(1,2-dimethyltetramethylene), and which is shown in Figure 4. 

Figure 4: g+aaag-aaag+.., conformation of erythrodiisotactic 
poly(1,2-dimethyltetramethylene) according to X-ray structural 
analysis (NATTA, CORRADINI et al.) and according PE-MAS 13C-NMR 
analysis (this paper) 

Besides this conformation 
semiempirical atomistic calc- 
ulations of the most stable 
conformations of single chains 
performed by BECK 6) gave an- 
other possible conformation, 
g+ag+g+g+a .... , according to 
Figure 5. This conformation 
can be excluded by the solid 
state NMR experiments. Down- 
field shift of both the CH 2 
signals and upfield shift of 
one CH signal should occur. 

The agreement of the conclus- 
ions from the 13C-NMR spec- 
rum with the results of the 

Figure 5: g+ag+g+g+a.., conf- 
ormation (6.1 helix) of er- 
ythrodiisotactic poly(1,2- 
dimethyltetramethylene) acc- 
ording to semiempirical at- 
omistic calculations (BECK) 
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X-ray structural analysis demonstrates the capability of high 
resolution 13C-NMR solid state spectroscopy for the analysis of 
sequences in macromolecules. Its limitation may be due to the 
fact that NMR offers insight only into small regions. It seems 
to be advantageous,however, that the information concerning the 
sequential arrangement is not depending on the type of crystal 
structure. The analysis is not limited to crystal regions. Sign- 
als of different conformers are resolved only, if the exchange 
is slow in comparison with the time scale of NMR spectroscopy. 
Temperature dependent measurements will offer excellent addit- 
ional chances for structural analysis of one- and two-phase 
polymers. Furthermore chances are offered by relevant relaxation 
experiments and by line shape analysis with the aim to get inf- 
ormation concerning the dynamics of macromolecular motions at 
a segmental level. 

Finally, the chemical shift data of the CH 2 and the CH 3 reson- 
ances of the amorphous regions in the erythrodiisotactic inv- 
erted polypropylene may be discussed shortly. Both are situated 
nearly in the midle of the corresponding signals which arise 
from the crystalline phase, with a small downfield deviation 
for the methyl and a somewhat greater upfield deviation for the 
methylene resonance. The conclusion that the conformation in 
the amorphous regions would be similar to that in the crystall- 
ine domains would be allowed only under the assumption that the 
CH-CH 2 and the CH2-CH 2 bonds are arranged all in anti also in 
the amorphous state. The CH signal of the amorphous part, how- 
ever, demonstrates that this is not the case. It is situated a 
little upfield the corresponding signal in solution, thus ind- 
icating that the conformational situation in the solid amorphous 
state is similar to that in solution. Because all signals in the 
amorphous part of the solid state spectrum, CH2, CH 3 and CH, are 
shifted somewhat upfield when compared with the signals in sol- 
ution, one may conclude that in the amorphous parts all bonds 
have a more pronpunced anti tendency than, at the same temper- 
ature, in solution. This seems to be plausible for the erythro- 
diisotactic poly(1,2-dimethyltetramethylene), which probably 
contains a relatively high concentration of tie molecules in 
the amorphous phase. Partly they may arise from the longer meth- 
ylene sequences, which are excluded from the crystalline phase 
and which exhibit anti conformation preferently. Effectively, 
no crystalline signal arising from such sequences can be det- 
ected. In contrast, for higly crystalline ZIEGLER type polyet- 
ylene an increased gauche content within the amorphous part 
between the well developed folding lamellas has been concluded 
by corresponding solid state 13C-NMR investigations, as reported 
in the following paper 4). It may be noticed, however, that the 
conclusions made concerning the conformational balance within 
the amorphous phase include certain incertainity, due to the 
transition from the adamantane to the TMS reference 4). Temp- 
erature dependent measurements in the solid state may offer 
more precise insight into the average conformations within am- 
orphous parts of semicrystalline polymers. 

Generally, solid state PE-MAS solid state NMR - including other 
nuclei besides 13C - seems to develop as a very promising tool 
in analyzing fixed as well as mobile conformations within am- 
orphous and partly crystalline homo- and copolymers, with incl- 
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usion of segmented copolymers. It is not limited, in principle, 
to polymers exhibiting one crystalline phase only. Competing 
crystalline states, e. g. those containing helices, should be 
analyzable with the aid of discrete signals. 
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