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The molecular conformation and the phase structure of syndiotactic polypropylene gel were studied by 
infra-red and solid-state high resolution 13Cn.m.r. spectroscopies. It was found that the trans-trans- 
gauche-gauche molecular conformation, that is most energetically stable in the bulk crystalline state of this 
~olymer, is also formed in the gel. However, the methylene resonance lines of the gel observed in solid-state 
3C n.m.r, spectrum are somewhat different from that of the bulk crystal. The origin of this difference is 

attributed to a difference in the intermolecular interaction. The investigation of the phase structure revealed 
that the gel generally comprises three phases; the crystalline phase, noncrystalline amorphous phase, and 
crystalline-amorphous interphase in a similar manner to the bulk crystals. About 64% of solvent molecules 
in the gel are incorporated in the crystalline-amorphous interphase as bound solvent and another 34% are 
in the amorphous phase as free solvent. Copyright © 1996 Elsevier Science Ltd. 

(Keywords: syndiotactic polypropylene; solid-state n.m.r.; phase structure) 

I N T R O D U C T I O N  

Interest in the gel structure of  synthetic polymers from 
the scientific point of  view has been growing for the last 
decade. The network structure formed in gel closely 
relates to macroscopic physical properties. Therefore, 
elucidation of the molecular structure is fundamentally 
important in order to clarify the whole scope of gel. 

De Gennes has treated gel as a material in which the 
crosslinking point is constructed either by chemical 
reaction or physical coagulation 1. The former makes an 
irreversible gel due to covalent bonds. The latter is 
classified into three models; crystalline, multi-helical 
structure and nodule structure. It is generally considered 
that the crystalline polymers form microcrystallite as 
crosslinking points. Syndiotactic polypropylene (sPP) is 
one of the most typical crystalline polymers. By recent 
improvement of polymerization catalysts, sPP with high 
stereoregularity has become available. As sPP forms 
a stable definable gel at room temperature, sample 
suitable for this work can be obtained 2. The crystal 
structure and morphology of this polymer in the bulk 
state have been widely examined by X-ray and electron 

3 13 diffraction exper iments -  , solid-state high resolution 
13Cn.m.r. spectroscopy 14-17, and vibrational spectro- 

18 20 scopy . In relation to the molecular conformation, 
three types of  helical structure are confirmed. The most 
stable form consists of  a trans(t) trans(t)-gauche(g)- 
gauche(g) molecular sequence (referred to as Form I or 
T T G G  form), but a metastable form all trans 

* To w h o m  cor respondence  shou ld  be addressed  

conformation (Form II or TT form)-is  also formed by 
cold drawing. In addition, the formation of the 
ttggtttntgg sequence (Form III) is recently reported 
when the cold drawn film is exposed to a solvent vapour 
such as toluene 14. To elucidate these molecular 
conformations of  the bulk-crystalline sPP, solid-state 
high resolution 13Cn.m.r. spectroscopy has been found 
very effective, since the spectrum reflects sensitively the 
molecular conformation and coagulation. It is particu- 
larly stressed that the resonance of  the methylene carbon 
exhibits strong dependence of  the conformation. 
Characteristic chemical shift and splitting are observed 
for the sPP crystals. These are explained on the basis of  
the three bond interaction or the so-called 7-gauche 
effect 15'16. That  is, the splitting is attributed to a strong 
shielding by carbon atoms that are separated by three 
bonds and located at gauche position. For  Forms I and 
III having the ,y-gauche effect, the methylene carbon 
shows two or three split resonance lines, whereas Form II 
without the "y-gauche effect shows a single peak at the 
most downfield. Moreover, the methylene carbon 
resonance of  isotactic polypropylene (iPP) in c~-form 
crystal (monoclinic crystal) is observed as a doublet. This 
is because each methylene carbon may occupy one of  two 
sites that differ in the magnetic environment 21-23. Thus, 
the different crystal morphologies give rise to recog- 
nizably different spectra, enabling the n.m.r, technique to 
explore both intra- and intermolecular interactions. 

In addition to the molecular conformation and 
packing, important information on the molecular 
mobility can be obtained by examining the magnetic 
relaxation phenomena of  the resonance lines. The 
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Figure I D.s.c. thermogram of sPP/o-dichlorobenzene gel (13.6 wt%). 
Heating and cooling rate was 5°Cmin I 
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Figure 2 Gelation time at different temperatures measured by the 
tilting method for sPP/o-dichlorobenzene system: O, 5 wt%; 0 ,  10 wt% 

examination of  longitudinal and transverse relaxations 
provides detailed information about the phase structure 
of  crystalline polymers 23 25. It is confirmed by Saito et al. 
that iPP crystal in c~-form comprises three phases that 
differ in molecular conformation and mobility; the 
crystalline phase, noncrystalline amorphous phase and 
crystall ine-amorphous interphase 23. This paper deals 
with the molecular conformation and phase structure of  
the sPP gel. The experimental results of this gel are 
discussed, referring to the results mentioned above in 
relation to the sPP and iPP crystals. 

E X P E R I M E N T A L  

Samples 
The sPP sample was supplied by Sumitomo Chemical 

Co. Ltd. The molecular weight was 8.2 × 106gZ.mol l 
and the racemic triad was estimated to be 95%. The 
sample was dissolved completely in o-dichlorobenzene at 
150°C and the gel samples were prepared by quenching in 
iced water. The concentration of the solution was 
13.6 wt%. The gelation time was determined by tilting 
method. A solution sealed in a glass test tube was first 
heated to a temperature high enough to be free from 
gelation, and transferred in a thermostat kept at a given 
temperature, and the change in the fluidity of  the 
solution was checked by tilting it until the solution no 
longer flowed. The gel was transparent when it was made 
and became somewhat translucent with time but further 

aspect change was not recognized. The T T G G  crystal 
used as a reference was obtained from the melt-quenched 
film by annealing at 150°C for 2 h. 

13 C n . m . r .  

The 1H dipolar decoupling/magic angle spinning (DD/ 
MAS) 13Cn.m.r. measurements were carried out at a 
field strength of 4.7tesla with the Bruker MSL200 
spectrometer at room temperature. The 13C resonance 
frequency was 50.3 MHz, and the B I strength used was 
65kHz for both 13C and 1H. The MAS of 4kHz  was 
achieved by the double bearing system. Even for the gel 
sample, this MAS could be achieved without trouble. 
The thermal equilibrium spectrum as well as the 
longitudinal and transversed relaxation were studied 
according to the method used previously 24. 

Infra-red spectroscopy 
The infra-red spectra were taken using a JASCO 

FTi.r. 8300 spectrometer with 1 cm -1 resolution equipped 
with a DTGS detector. 

RESULTS A N D  DISCUSSION 

Sol gel transition 
A stable and homogeneous gel was formed in sPP/ 

o-dichlorobenzene system at room temperature. A typical 
differential scanning calorimetry (d.s.c.) thermogram for 
a sPP/o-dichlorobenzene gel quenched at 0°C is shown in 
Figure 1. An endothermic peak at 80°C on heating and 
an exothermic peak at 44°C on cooling were recognized, 
corresponding to melting of the gel and re-gelation, 
respectively. The distribution of crystal size broadens the 
gel melting temperature. A simple one-step sol gel 
transition suggests that the gel forms a homogeneous 
system. Inherently, the gelation process is similar to the 
crystallization from dilute solution except for the 
formation of a three dimensional network. The gelation 
strongly depends on concentration and temperature. In 
Figure 2 the gel-forming time in logarithm is plotted 
against temperature. These data were obtained by the 
tilting method. The gelation time increases mono- 
tonically with temperature. In the vicinity of 80-90°C, 
depending on concentration, the gelation does not 
occur, even after long time periods. This temperature 
corresponds to the critical temperature for gelation. It is 
almost identical to the melting temperature observed by 
d.s.c. In the case of  a syndiotactic polystyrene (sPS)/ 

26 27  decalin system, two critical temperatures are observed ' , 
while in the present case, the sol gel transition is not so 
complicated. In order to investigate the molecular 
structure under the same gelation condition, we used 
the gel sample quenched at 0°C in the following 
experiments. 

Molecular structure Jormed in gel 
Figure 3 shows the DD/MAS 13Cn.m.r. spectrum for 

the sPP/o-dichlorobenzene gel at the thermal equilibrium 
state. In order to obtain this equilibrium spectrum, 
a single pulse sequence (7r/2 - FID)n was used (FID = 
free induction decay). The waiting time between pulses 
was fixed as more than five times the longitudinal 
relaxation time, Tic, to ensure the sufficient recovery to 
the equilibrium magnetization. In this case, the 1H -13C 
cross-polarization (CP) was not used to avoid the 
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F i g u r e  3 Equilibrium DD/MAS 13C n .m. r ,  spectra of  sPP/o-dichloro- 
benzene gel (13.6 wt%). The waiting time between the measurement 
pulses was fixed as 300 s, a long enough time to recover the equilibrium 
magnetization of  all structural components. In the lower part the 
equilibrium spectrum of  TTGG (Form I) crystal is shown as a reference 
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F i g u r e  4 Actual spectra in the time progression of  the saturation 
recovery (Tic relaxation) of sPP/o-dichlorobenzene gel 

complication that may arise from different CP efficiencies 
for different phases in the gel system. For  comparison, 
the spectrum of the T T G G  crystal (Form I) is also shown 
in the lower part of  the figure. These equilibrium spectra 
are thought to reflect faithfully the contributions from all 
structural components in the samples. At first glance the 
spectrum for the gel is somewhat different from that of  
the T T G G  crystal. Several additional resonance lines are 
recognized in the gel spectrum, that are not recognized 
in the T T G G  crystal spectrum. These lines are to be 
assigned to polymer carbons, because the resonance lines 
from the solvent carbons, o-dichlorobenzene, are 
thought to appear in the range of  ca. 130 ppm. 

In order to examine the molecular conformation in the 
gel, we have to assign these resonance lines. First it can 
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F i g u r e  5 Actual spectra in the time progression of  the transverse 
relaxation (T2c relaxation) of  sPP/o-dichlorobenzene gel, obtained by 
the pulse sequence used previously 24 

Table 1 Chemical shifts and T1C values of sPP/o-dichlorobenzene gel 
(13.6 wt% ) and TTGG crystal 

TTGG crystal Gel 

shift(ppm) Tic (s) T2c (ms) shift (ppm) Tic (s) T2c (ms) 

CH3 19.9 0.3 14 
20.7 a 0.2 0.077 20.6 0.3 0.052 
20.9" 0.2 0.077 

CH 26.2 30 0.022 26.2 23 0.010 
27.4 0.2 11 

CH 2 39.1 63 0.014 39.0 58 0.012 
46.4 0.2 13 

47.7 63 0.014 47.7 53 0.015 
49.0 53 0.016 

The splitting of  the methyl resonance was reported in detail in 
reference 16 

be plausibly assumed that the resonance lines at 
ca. 20ppm are assigned to the methyl carbon, and 
those in the ranges of 25 -30ppm and 35-55ppm to 
the methine and methylene carbons, respectively. To 
provide further detailed assignment of  these lines we 
have examined the longitudinal and transverse 
relaxations. Figure 4 shows a series of  spectra obtained 
in the time progression of  the saturation recovery pulse 
sequence. In this sequence the shorter Tic contributions 
appear first and the longer Tic contributions follow. 
Figure 5 gives a series of spectra in the time progression 
of  the transversed relaxation. The magnetization 
recovered in the direction of the static field by the 
saturation recovery pulse for 30 s was turned 90 °, and 
after allowing the transverse relaxation for chosen 
times the FID was observed and the spectra were 
obtained by the Fourier transform. In this sequence 
the shorter T2¢ contributions disappear first and the 
longer Tzc contributions remain longer. The Tic and Tzc 
values were obtained by analysing these data. The 
values are summarized in Table 1 together with those 
of the T T G G  crystal. We can distinguish the resonance 
lines of the equilibrium spectra shown in Figure 3, 
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referring to these time progression spectra and the Tic 
and T2c values. 

First it is noted in Figures 4 and 5 that the sharp 
resonance lines at 19.9, 27.4 and 46.4 ppm quickly appear 
on the saturation recovery and remain for a relatively 
long time on the transverse relaxation experiments. The 
Tic and Tzc are 0.3s and 14ms for the 19.9ppm line, 
0.2s and 11 ms for the 27.4ppm line, and 0.2s and 13ms 
for the 46.4ppm line, respectively, as seen in Table 1. 
These relaxation times are typical of  the rubbery state 
of  polymers or rubbery amorphous components in 
crystalline polymers. The chemical shifts, 19.9, 27.4 and 
46.4ppm, are almost identical to those of methyl, 
methine and methylene resonance lines in solutions of 
this polymer. Hence the resonance lines at 19.9, 27.4 and 
46.4 ppm are assigned respectively to the methyl, methine 
and methylene carbons in the noncrystalline amorphous 
component of the gel. On the other hand, other lines are 
assignable to crystalline carbons, because these lines 
are generally associated with relatively long Tic and very 
short T2c that are identical to those of the T T G G  crystal, 
Thus the lines at 26.2 ppm and at 39.0, 47.7 and 49.0 ppm 
are assignable respectively to the methine and methylene 
carbons in the crystalline component in the gel. The line 
at 20.6ppm is also assigned to the methyl carbon in the 
crystalline component of the gel, because this is 
associated with a very short T2c (0.052ms) and the 
chemical shift of  20.6ppm is very close to 20.7ppm for 
the methyl carbon in the T T G G  crystal. We note here 
that the T~c values of the crystalline methyl carbon are as 
short as 0.2 0.3 s for both T T G G  crystal and gel. Such 
a short T i c  value is also reported for the crystalline 
methyl carbon of  iPP 23. These short TIC values could be 
a result of rapid molecular motion of the methyl carbon 
in the time scale of Tic (in the order of  the Larmor 
frequency of  13C and 1H, i.e. ca. l0 s Hz) in the crystal 
lattice. The methyl group is thought to undergo 
a diffusional rotation such as 3-fold rotation even in 
the crystal lattice, holding the molecular conformation 
unchanged 2s29. However, the T2c is as short as 0.052 ms, 
because the molecular motion of  the methyl carbon in 
the time scale of T2c (ca. 106Hz), relating to the 
molecular conformational change, is limited in 
the crystalline region. 

As mentioned above, we could assign all lines 
appearing in the equilibrium spectrum for the gel. 
Now we consider the molecular conformation in the 
crystalline component of the gel. For  the T T G G  crystal 
two split lines are recognized for the methylene carbon at 
39.0 and 47.7 ppm. This splitting can be the result of  the 
",/-gauche effect as mentioned in the introductory section. 
It is semiempirically confirmed that the adjacent methine 
carbon separated by three bonds at the gauche position 
makes the methylene resonance shift by ca. 5ppm 
upfield. The peak at 47.7ppm is assigned to the 
methylene carbon of tg-gt sequence without such 
gauche methine carbons in the T T G G  crystal, whereas 
the upfield 39.0ppm line is assigned to the methylene 
carbon of the gt tg sequence with two gauche methine 
carbons. On the other hand three distinguishable lines 
are recognized at 39.0, 47.7 and 49.0ppm to the 
crystalline methylene carbon in the gel. The intensity 
ratio of the three lines is 1/2/3. The chemical shifts of the 
former two, 39.0 and 47.7ppm lines, are the same as 
those of the T T G G  crystal (Form I) and that of the last 
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Figure 6 Infra-red spectra of TT crystal, TTGG crystal and sPP/ 
o-dichlorobenzene gel (13.6 wt%). The spectrum of the gel shows only 
the contribution from the polymer, that was obtained by subtracting 
the contribution from the solvent component 

line at 49.0ppm is identical to that of the TT crystal 
(Form II). The methylene chemical shift of Form III 
could split into three, corresponding to the methylene 
carbons in the tt-tt, gt tg and gt-t t  sequences. 
Nevertheless, the triple splitting of  the methylene 
resonance of the gel cannot be attributed to the existence 
of  a Form III crystal because of  the lack of a 44 ppm line 
from the gt-t t  sequence resonance with one "7-gauche 
effect. To confirm whether the gel structure consists of 
the mixture of  TT and T T G G  crystals or not, we have 
measured the infra-red (i.r.) spectra that are very 
sensitive to the molecular conformation. The number 
of  normal vibrational modes drastically depends on the 
molecular conformation based on the selection rule of 
the symmetry species. Kobayashi et al. confirmed the 
vibrational modes assignable to the ttgg conformation in 
the i.r. spectrum for the gel from sPP/carbon disulfide 
system 2. In this work, however, we have used o-dichloro- 
benzene as solvent. We have examined whether the gel 
structure depends on solvent. Figure 6 shows the i.r. 
spectra of TT and T T G G  crystals and the gel. Here the 
spectrum of  gel was obtained by subtracting the 
contribution from o-dichlorobenzene by computer ana- 
lysis. The differences in the number of  detected i.r.-active 
bands between the TT and T T G G  crystals reflect the 
number of monomeric units contained in the fibre period 
as well as the factor group symmetry. It is recognized 
that all vibrational modes of the gel are completely the 
same as T T G G  crystal. This indicates that the con- 
formation formed in the gel takes a ttgg sequence as 
reported for sPP/carbon disulfide gel. The absorption 
bands characteristic of TT crystal, such as those at 1234, 
1131 and 830cm ~, cannot be recognized in the gel 
spectrum. This result is evidence that the two crystal 
forms, T T G G  and TT, do not coexist in th~ gel. 

A possible explanation for the results of 13Cn.m.r. and 
i.r. spectra observed in this work will be given by taking 
a molecular packing effect into account that can yield 
a triplet resonance to the methylene carbon in DD/MAS 
t3C n.m.r, spectrum. Since the i.r. spectrum indicates the 
existence of only ttgg sequence, all split lines of the 
methylene carbon should be assigned to the ttgg 
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Figure 7 Component analysis of methine (upper) and methyl (bottom) 
resonances. The relatively narrow dotted Lorentzians centered at 26.2 
and 20.6 ppm represent the contributions from the methine and methyl 
carbons in the crystalline phase, and those centered at 27.4 and 
19.9 ppm represent the contribution from the respective carbons in the 
amorphous phases. The broad dotted Lorentzians centered at ca. 25.3 
and 20.8 ppm represent the contributions from the respective carbons in 
the crystalline-amorphous interphase 

sequence. It is assumed that the resonance due to the tg- 
gt sequence is further split into 47.7 and 49.0ppm 
because of  the molecular packing effect, and because the 
gt- tg  sequence stays as a singlet at 39.0ppm. Sozzani 
et al. observed the 49.0ppm peak (50.2ppm estimated 
by them) in an as-polymerized sample 15. They did not 
regard it as the t t - t t  conformation. Since the tg-gt 
methylene locates at the outer position of  the helical 
structure of  sPP, an enhanced interaction with neigh- 
bouring helical molecular chains is expected. Therefore 
there will be two distinct magnetic environments pos- 
sible for the tg-gt methylene to yield the splitting. The 
splitting width of 1.3 ppm observed here for the gel is 
comparable to that in the case of a-crystal of  iPP 
(1.0 ppm) 2°'21. This splitting is understood as being due 
to the existence of  inequivalent sites for methylene 
carbons due to the molecular alignment in the crystal 
lattice. In the case of  sPP gel, the same effect is predicted. 
Further structural investigation will be reported in the 
following paper. 

Phase structures 
It is confirmed by high resolution solid-state 13C n.m.r. 

that iPP crystal consists of  three phases; the crystalline, 
noncrystalline amorphous phase and crystalline-non- 

723 13 crystalline interphase . We have analysed the C n.m.r. 
spectrum to study the phase structure of  sPP gel by 
a method similar to that used previously 23. For  this 
purpose the methine and methyl resonances are most 
pertinent because of the simplicity of the spectral shape. 

Table 2 The phase fraction of sPP/o-dichlorobenzene gel (13.6 wt%) 

Crystalline Noncrystalline Interphase 

CH 0.43 0.19 0.38 
CH 3 0.44 0.22 0.34 

2 ,  
I 

U 
",~ 0 

10 0 
T i m e  / s 

Figure 8 13C longitudinal relaxation of the 130 ppm resonance line of 
o-dichlorobenzene observed in saturation recovery pulse sequence. D, 
Relaxation behaviour in gel; O, relaxation behaviour in pure solvent 

Figure 7 shows a line shape analysis ofmethine and methyl 
resonances of the DD/MAS 13C n.m.r, spectrum, where a 
Lorentzian function is assumed for each component. The 
sharp Lorentzian components centred at 26.2 and 
20.6ppm, and 27.4 and 19.9ppm are assignable to the 
methine and methyl carbons in the crystalline and 
amorphous phases, respectively, as discussed in the last 
section. In addition to these components, broad Lorent- 
zian components are recognized centred at ca. 25.3 and 
20.8ppm for the methine and methyl carbons. It was 
confirmed by minutely examining their longitudinal and 
transverse relaxations shown in Figures 4 and 5 that these 
components are associated with Tic values as short as 0.2- 
0.3 s and very short T2c values comparable to those of the 
crystalline phase. Hence these broad components are 
assigned to the methine and methyl carbons in 
the crystalline-amorphous interphase. We conclude 
that the sPP of the gel involves three phases, the crystalline, 
amorphous phases, and crystalline-amorphous interphase 
in a similar manner to the bulk crystal. 

The mass fractions of  these three phases are shown in 
Table 2. It is seen that the crystalline fraction is relatively 
small, at 0.43 or 0.44. This low level of crystallinity may 
arise from relatively strong molecular entanglement due 
to the network structure. This phase structure of  the gel 
should be reflected on the mobility of  the solvent that 
makes the gel. Figure 8 shows the longitudinal relaxation 
for 130ppm line of o-dichlorobenzene. The open circles 
indicate the data of  the pure solvent and closed ones 
those of  the gel. The relaxation of  the pure solvent 
evolves exponentially with T~c of  3.0 s, whereas that of  
the gel evolves nonexponentially. This indicates that 
there are some solvent molecules in the gel that differ in 
their mobility. The nonexponential decay including ith 
components follows the next equation 

I = ~ I0i[1 - exp(-y/Tl i )]  (1) 
i 

Here T is the variable delay time, I denotes the total 
intensity at T and Ioi the intensities at T = ~ for the / th  
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Table 3 The mass fractions of the bound and free solvent and those of 
the interphase and amorphous phase in the noncrystalline phases of the 
polymer 

Bound region Free region 
(or interphase) (or amorphous phase) 

Solvent a 0.70 0.30 
Polymer b 0.64 0.36 

The mass fractions of bound and free solvents determined from 
equation (1) 
b The mass fractions of polymer molecules in the two noncrystalline 
phases. The average of the values from CH and CH 3 data in Table 2 is 
shown 

com ponen t .  Tli is the Tic  for  the ith componen t .  Ioi/ 
~-~i Ioi prov ides  the mass  f rac t ion  o f  the ith compone n t .  
Us ing  this re la t ion  the long i tud ina l  r e laxa t ion  in Figure 8 
could  fit well wi th  two re laxa t ion  terms.  W e  have 
o b t a i n e d  two different  Tic  s o f  2 .2s  and  9.2s. In  the 
gel, the existence o f  two k inds  o f  solvent  molecule  
referred to ' f ree solvent '  and  ' b o u n d  solvent '  is well- 
k n o w n  3°-32. The  two Tics  ob ta ined  here are t hough t  to 
co r r e spond  to those  for  these free and  b o u n d  solvents.  
The  shor te r  Tic  o f  2.2 s is a lmos t  equal  to tha t  o f  the pure  
solvent.  Hence  this f rac t ion  co r re sponds  to the solvent  
under  free state. The  o ther  c o m p o n e n t  wi th  Tic  o f  9.2 s 
can  be assigned to ' b o u n d  solvent ' .  The  mass  f rac t ions  o f  
these two c o m p o n e n t s  ob ta ined  by  eva lua t ing  Ioi / ~ i  Ioi 
are shown in Table 3. A b o u t  70% o f  the solvent  
molecules  are in a b o u n d  state.  The  solvent  molecules  
exist in the noncrys ta l l ine  a m o r p h o u s  phase  o r  the 
c r y s t a l l i n e - a m o r p h o u s  in te rphase  o f  sPP, because  they 
canno t  enter  in the crysta l  lat t ice o f  the po lymer .  In  the 
gel, a r o u n d  6 0 - 7 0 %  o f  the noncrys ta l l ine  po lyme r  
molecules  consists  o f  the c r y s t a l l i n e - a m o r p h o u s  inter-  
phase  as es t imated  f rom the d a t a  in Table 2. This mass  
ra t io  o f  po lymer  molecules  between the noncrys ta l l ine  
a m o r p h o u s  phase  and  the c r y s t a l l i n e - a m o r p h o u s  inter-  
phase  rough ly  co r r e sponds  to the mass  ra t io  be tween the 
free and  b o u n d  solvent,  as can be seen in Table 3. 
Therefore  it can be conc luded  tha t  the b o u n d  solvent  is 
t r a p p e d  in the in te rphase  between crys ta l l ine  and  
noncrys ta l l ine .  Since the solvent  molecules  are  s t rongly  
b o u n d  a m o n g  p o l y m e r  chains,  the f luidi ty  as a l iquid 
should  be restr icted.  In  o ther  words ,  the chain  entangle-  
men t  in the in te rphase  p lays  an i m p o r t a n t  role for  the 
solvent  molecules  no t  to flow out  f rom the ne twork  
s tructure.  The  high percentage  o f  in te rphase  region is 
essential  to  ho ld  the solvent  in the ne twork .  However ,  the 
free solvent ,  which  has  no in te rac t ion  f rom the su r round-  
ings, will be segregated  f rom the gel (known as the 
syneresis  phenomenon) .  I f  the p o l y m e r  chain  does  no t  
fo rm a signif icant  a m o u n t  o f  in te rphase  region,  gela t ion 
will not  occur  since mos t  o f  the solvent  molecules  are in 
a free state. Al te rna t ive ly  the aggrega t ion  o f  p o l y m e r  
chains  will lead to a p rec ip i t a t ion  such as the crysta l  
g rown f rom di lute  solut ion.  

C O N C L U S I O N S  

Syndio tac t i c  p o l y p r o p y l e n e  makes  a the rmorevers ib le  
phys ica l  gel consis t ing o f  crysta l  as a c ross l inking  point .  
I t  is found  by  sol id-s ta te  high reso lu t ion  13C n.m.r,  tha t  
the molecu la r  s t ructure  is different  f rom the three crysta l  
modi f ica t ions  k n o w n  for the bulk  crysta l  o f  this po lymer .  

As  for  the regula r  chain  sequence,  it takes  the same 
c o n f o r m a t i o n  as the T T G G  crystal ,  which is the mos t  
s table in bu lk  crystal .  The  sol id-s ta te  high resolu t ion  
13Cn.m.r. me thod  is power fu l  for ana lys ing  the phase  
s t ructure  as well as the crys ta l  s tructure.  The existence o f  
the in te rmedia te  phase  between crysta l l ine  and non-  
crysta l l ine  a m o r p h o u s  phases  is conf i rmed in the gel. The 
solvent  molecules  are classified into two states with 
different  mobil i t ies ,  free and  bound .  I t  is suggested that  
there  is a close re la t ionship  between the in terphase  and 
the b o u n d  solvent.  

A C K N O W L E D G E M E N T S  

This  work  was par t i a l ly  suppo r t ed  by  the Science 
Research  P r o m o t i o n  F u n d  o f  J a p a n  Pr iva te  School  
P r o m o t i o n  F o u n d a t i o n .  We also t hank  Messrs  Hi tosh i  
M i u r a  and H i r o a k i  K a t a y a m a  o f  S u m i t o m o  Chemical  
Co. Ltd.  for  p rov id ing  the highly syndio tac t ic  
po lyp ropy l e ne  sample.  

R E F E R E N C E S  

1 de Gennes, P.-G. 'Scaling Concepts in Polymer Physics', Cornell 
University Press, Ithaca, 1979 

2 Kobayashi, M., Nakaoki, T. and Ishihara, N. Macromolecules 
1990, 23, 78 

3 Natta, G., Pasquon, I., Corradini, P., Peraldo, M., Pegoraro, M. 
and Zambelli, A. Rend. Acd. Naz. Lincei 1960, 28, 539 

4 Natta, G., Peraldo, M. and Allegra, A. Makromol. Chem. 1964, 
75, 215 

5 Corradini, P., Natta, G., Ganis, P. and Temussi, P. A. J. Polym. 
Sci., Part C 1967, 16, 2477 

6 Lotz, B., Lovinger, A. J. and Cais, R. E. Macromoleeules 1988, 
21, 2375 

7 Lovinger, A. J., Lotz, B. and Davis, D. D. Polymer 1990, 
31, 2253 

8 Lovinger, A. J., Davis, D. D. and Lotz, B. Macromolecules 1991, 
24, 552 

9 Lovinger, A. J., Lotz, B., Davis, D. D. and Padden, F. J. 
Macromoleeules 1993, 26, 3494 

10 Lovinger, A. J., Lotz, B., Davis, D. D. and Schumacher, M. 
Macromoleeules 1994, 27, 6603 

11 Rosa, C. and Corradini, P. Maeromolecules 1993, 26, 5711 
12 Chatani, Y., Maruyama, H., Noguchi, K., Asanuma, T. and 

Shiomura, T. J. Polym. Sei., Part C 1990, 28, 393 
13 Chatani, Y., Maruyama, H., Asanuma, T. and Shiomura, T. J. 

Polym. Sei., Polym. Phys. Edn 1991, 29, 1649 
14 Tonelli, A. E. and Schilling, F. C. Acc. Chem. Res. 1981, 14, 233 
15 Sozzani, P., Galimberti, M. and Balbontin, G. Makromol. 

Chem., Rapid Commun. 1992, 13, 305 
16 Sozzani, P., Simonutti, R. and Galimberti, M. Macromolecules 

1993, 26, 5782 
17 Aoki, A., Hayashi, T., Date, T. and Asakura, T. Pol.vm. Prep., 

Jpn 1994, 43, 1473 
18 Snyder, R. G., and Schachtschneider, J. H. Spectrochim. Acta 

1964, 20, 853 
19 Schachtschneider, J. H. and Snyder, R. G. Spectrochim. Acta 

1965, 21, 1527 
20 Tadokoro, H., Kobayashi, M., Kobayashi, S., Yasufuku, K. 

and Mori, K. Rep. Prog. Polym. Phys. Jpn. 1966, 9, 181 
21 Bunn, A., Cudby, M. E. A., Harris, R. K., Packer, K. J. and 

Say, B. J. Polymer 1982, 23, 694 
22 Gomez, M. A., Tanaka, H. and Tonelli, A. E. Polymer 1987. 

28, 2227 
23 Saito, S., Moteki, Y., Nakagawa, M., Horii, F. and Kitamaru, 

R. Macromolecules 1990, 23, 3256 
24 Kitamaru, R., Horii, F. and Murayama, K. Macromolecules 

1986, 19, 636 
25 Hirai, A., Horii, F., Kitamaru, R., Fatou, J. G. and Bello, A. 

Macromolecules 1990, •3, 2913 
26 Kobayashi, M., Nakaoki, T. and Ishihara, N. Rep. Prog. Polvm. 

Phys. Jpn. 1989, 32, 427 

4838 POLYMER Volume 37 Number 21 1996 



Syndiotactic polypropylene gel." T. Nakaoki et al. 

27 Prasad, A. and Mandelkern, L. Macromolecules 1990, 23, 5041 
28 Gabrys, B., Horii, F. and Kitamaru, R. Macromolecules 1987, 

20, 175 
29 Horii, F., Chen, Y., Nakagawa, M., Gabrys, B. and 

Kitamaru, R. Bull. Inst. Chem. Res., Kyoto Univ. 1988, 66, 317 

30 Duff, I. D. and Derbyshire, W. J. Magn. Res. 1975, 17, 89 
31 Ablett, S., Lillford, P. J., Baghdadi, S. M. A. and Derbyshire, W. 

J. Colloid Interface Sci. 1978, 67, 355 
32 Maquet, J., Theveneau, H., Djabourov, M., Lebrond, J. and 

Papon, P. Polymer 1986, 27, 1103 

POLYMER Volume 37 Number 21 1996 4839 


