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                           CHAPTER 1 

                         General Introduction 

      The success in the synthesis of stereoregular polymers by 

Natta and his coworkers in 19551 made an epoch in the field of 

polymer science. The "stereoregularity" or "tacticity" of polymer 

molecules is the fundamentally important concept to be taken into 

account in considering structures and properties of various series 

of polymeric materials. Isotactic polystyrene (abbreviated as 

IPS) is one of the typical stereoregular polymers synthesized 

by Natta et al. in the earliest stage of their works,2 and many 

studies have been made on the structures and physical properties 

of IPS in crystalline and non-crystalline states in comparison 

with stereo-irregular atactic polystyrene (APS) in order to 

elucidate the role of the regular isotactic configuration in 

various characteristic behaviors of IPS. Among the variouss 

phenomena that stereoregular polymers exhibit, the structural 

ordering processes occurring in various phases, such as 

crystallization, gelation and various types of phase transition 

are very fascinating problems to be clarified from the viewpoint 

of molecular level. 

     As for the crystallization of IPS, it has been established 

that the molecule forms a (3/1) helix with a regular repetition 

of trans (T) and gauche (G) conformations of the skeletal C-C 

bonds.2'3 The crystallization kinetics of IPS from the amorphous 

glass and from solutions were studied by many investigations. 

      Conformational ordering process of IPS occurring in carbon 

disulfide (CS2) solutions was investigated by Kobayashi et al.4 
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by means of infrared spectroscopy. They indicated that on cooling 

an IPS/CS2 solution down to -100°C long regular sequences (long 

as 12 or more monomeric units) of the TG conformation were 

formed in the polymer chains. For non-crystalline APS, such a 

conformational ordering in solution could not be detected. 

In order to clarify the ability of forming such an ordered 

conformation as well as the thermodynamic stability of the 

resultant structure in relation to the stereoregularity of 

polystyrene (PS), we need various PS samples having different 

tacticities ranging from highly isotactic to highly syndiotactic. 

Thus, preparation of syndiotactic polystyrene (SPS), the other 

counterpart of stereoregular polystyrene, has been eagerly awaited 

for a long time. However, it was not successful until Ishihara 

et al. obtained quite recently a series of highly crystalline SPS 

samples by using a Kaminsky type catalyst composed of titanium 

compounds and methylaluminoxane.5'6 With these samples together 

with the previously prepared IPS, APS and also non-crystalline 

PS samples derived from IPS by an epimerization reaction, we 

started a series of works on the molecular-level structures of 

polystyrenes formed in various aggregation states, including 

both crystalline and non-crystalline phases, the polymorphism, 

the phase transition behavior, the molecular vibrations, structural 

ordering process like crystallization and gelation, and so on. 

The author's attention has been focused to the role of the 

stereoregularity in the mechanism of the structural organization 

and the resultant structures. 

     In addition to the structure and properties of the bulk 
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polystyrenes, gels of various PS/solvent systems give us very 

fascinating subjects. It was demonstrated first by Keller and 

his coworkers that decalin solutions of IPS formed a clear gel 

at sufficiently high supercoolings. Since then many studies have 

been done on IPS8-19 and APS20-31 gels in order to elucidate 

the structure and properties of the gels and the gelation 

mechanism. The gel-forming behavior was found to be strongly 

influenced by the tacticity of PS and also by the solvent. However, 

details of the effect of stereoregularity still remain unclarified. 

For getting the full scope of the gelation of PS/solvent systems, 

investigation of the SPS gels is inevitable. From this standpoint, 

a comprehensive work on the structure of SPS gels and the gel 

formation was attempted by using various techniques, including 

the vibrational spectroscopy, the small angle neutron scattering, 

the thermal analysis and so on. 

     This doctoral thesis consists of the following eight chapters. 

      In Chapter 2, the stable conformation of SPS molecules in 

crystalline states are investigated by means of X-ray diffraction 

and vibrational spectroscopy along with the normal mode 

calculations. The infrared and Raman spectral data for the 

bands characteristic of the particular regular conformations 

are summarized. They are to be used as basic data for considering 

the conformations in the non-crystalline phases. The solid-

state phase transition of SPS accompanied with conformational 

change is also investigated. 

      Chapter 3 is concerned with the polymorphism in SPS. Various 

crystal modifications different in the molecular conformation as 

well as in the packing mode of molecules are considered by X-ray 
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diffraction, infrared spectroscopy and electron microscopy. 

Possibility of the formation of polymer-solvent complexes is 

also discussed. The change in the conformational order during 

the annealing process is another subject. 

     Chapters 4-6 deal with the gels formed in various PS/solvent 

systems. In Chapter 4, we are concerned with the gelation mechanism

and the molecular structures in gels of SPS/o-dichlorobenzene 

system. The phase diagram of the gels is obtained by DSC, and 

the ordered molecular conformation as well as the polymer-solvent 

interactions are discussed with the aid of the infrared spectro-

scopic method. The size of the cross-linking coagurates is 

investigated by small angle neutron scattering. 

      Chapter 5 deals with the IPS/CS2 gels. The process of 

conformation ordering during the gelation is followed by infrared 

spectroscopy. The stable conformation formed in gels is discussed 

in comparison with the results.reported by previous workers. 

      Chapter 6 is described about the gelation of APS/CS2 system 

by using infrared spectroscopy. The most important subject is 

to clarify what type of cross-linking structure is formed in 

non-crystalline APS gel. By using epimerized IPS, the tacticity 

dependence of gel structure is also investigated. 

      In Chapter 7, glassy states of SPS, IPS and APS is dealt by 

means of vibrational spectroscopy. The formation of preferred 

ordered conformation in relation to the stereoregularity is 

investigated. The result is to be connected to the dimension of 

chain in glass. 

      In Chapter 8, concluding remarks on this thesis is summarized.

-4-
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                          CHAPTER 2 

        Molecular Structures of Syndiotactic Polystyrene 

2-1. Introduction 

     Isotactic polystyrene (abbreviated as IPS) is a candidate 

of stereoregular polymers. Since the first invention by Natta 

et al. in 1955,1 many studies have been reported on the structure 

of IPS and related low molecular weight compounds in crystalline 

and non-crystalline states. It is well-known that in the 

crystalline state the IPS molecule assumes a (3/1) helical form 

with a regular repetition of trans (T) and gauche (G) conformations 

of the skeletal C-C bonds.2'3 Molecular vibrations of IPS having 

the regular TG conformation have been investigated by means of 

infrared4-8 and Raman9 spectroscopies as well as by normal 

modes analysis.l0-12 

     Preparation of syndiotactic polystyrene (abbreviated as SPS), 

the other counterpart of stereoregular polystyrene, has been 

eagerly waited for a long time as a key material to be used for 

the elucidation of the effects of the stereochemical structure on 

various physical and chemical properties of stereoregular polymers. 

However, it was not succeeded until Ishihara et al. obtained 

recently a series of highly crystalline SPS samples by using a 

specific catalytic system.13,14 

   With these samples, we studied the molecular level structures 

of SPS in crystalline and noncrystalline states, i. e., the 

polymorphism, phase transitions and the molecular vibrations. The 

results are to be compared with those of IPS and isotactic 

                                          -8-



(IPP) and syndiotactic polypropylenes (SPP). In particular, SPP 

crystallizes in two modifications which are different in the 

molecular conformation : one being the TTGG form15,16 and the other 

the all trans (TT) form.17 The TTGG form is stable in ambient 

conditions and TT form is obtained when the melt-quenched sample 

is highly stretched in iced water.18 The presence of the two stable 

conformers in the crystalline phase is inferred from the potential 

energy calculation.19 In the case of SPS, Ishihara et al. suggested 

that it assumed the all-trans (TT) planar structure. It is of 

importance to elucidate the conformational stability of the SPS 

molecule and compare it with the case of SPP. 

      In this chapter, we deal with the molecular conformations of 

SPS revealed by X-ray diffraction, vibrational spectroscopy and the 

normal mode analysis.

2-2. Experimental 

2-2-1. Samples 

   SPS : The SPS samples used were supplied from Idemitsu 

Petrochemical Co. Ltd. The weight-average molecular weights 

were measured as 7xl04, 16x104, 35x104, and 114x104 by GPC. The 

pentad syndiotacticity was evaluated as 96% or more by 13C-NMR. 

The samples were first dissolved in chloroform, and film specimens 

were cast from the solution. The cast films held between two 

polished metal plates were heated in a Wood's alloy bath kept at 

270°C and then quenched in iced water, giving non . crystalline 

glassy films. 

   According to the crystallization condition, two types of 
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molecular conformation were obtained. We refer them to a and 

,8 forms as described in the following. 

     a -SPS : Unoriented films of a form were obtained by annealing 

the quenched glassy films at 200°C for 30 min. When a quenched 

film was drawn about 5 times the original length in boiling water 

and then annealed in a fixed-end state at 200°C for 30 min, a 

uniaxially oriented film of a form was obtained. 

     B -SPS : Film samples cast from a chloroform solution were 

dried by keeping them in an evacuated desiccator for several days, and 

thereafter they were put in boiling water for several hours in 

order to remove contaminating solvent. Thus, we obtain unoriented 

films of 8 form. These samples showed infrared spectrum typical 

of this particular crystalline phase as described below. The 

removal of solvent was checked by elimination of the infrared 

absorptions due to the solvent. Uniaxially oriented films of the 

a form were prepared by holding stretched melt-quenched glassy 

films in a vapor of chloroform or benzene. The vapor exposure was 

continued until the infrared pattern changed to the 8 -type. For 

this process, a few days or a week were needed depending on the 

film thickness. For thicker filaments used for the X-ray diffraction 

experiment, the oriented filaments (poorly crystallized in the 

a form) were immersed in benzene until the reflection due to 

the a form almost disappeared. 

   IPS : IPS samples used were obtained by polymerization with a 

Ziegler-Natta catalyst (TiCl3-(C2H5)3Al) in n-heptane at 70°C. 

The unoriented and uniaxially oriented film specimens in the 

glassy and crystalline states were prepared through the procedures 
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similar to the case of a -SPS. 

2-2-2. Measurements 

      Infrared spectra (with the 1 cm I resolution) were taken 

by using JASCO FT-IR 5MP and 8000 spectrometers equipped with a 

DTGS detector. The number of accumulation cycles was in the range 

of 50-100. Polarized spectra were measured with a wire-grid 

polarizer. Far-infrared spectra (with 2cm-1 resolution) were taken 

by using a Perkin-Elmer 1800 FT-IR spectrometer equipped with a DTGS 

detector. Raman spectra were taken with a JASCO R-500 double 

monochromator with the 514.5-nm excitation light from an Ar+ laser. 

Fiber diffraction patterns of uniaxially oriented specimens were 

taken with a cylindrical camera of 57.3 mm diameter with the CuK a 

line monochromatized by a Ni filter. 

2-3. Results and Discussion 

2-3-1. Conformational stability in crystalline state 

   The fiber identity periods of a and Q phases were measured 

from the fiber diagram photographs (Figure 2-1) as 0.5 and 0.75..nm, 

respectively. This suggests, by analogy of SPP, that the a phase 

takes an all-trans planar zigzag (TT) skeletal conformation and the 

/3 phase a TTGG-type conformation forming presumably a twofold 

helical structure, as depicted in Figure 2-2. 

   The molecular conformations of the two crystalline phases of 

SPS derived from the X-ray fiber patterns are supported by the 

infrared and Raman spectra (Figures 2-3, 2-4 and 2-5). The number 
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of the normal modes and the infrared and Raman selection rules of 

the optically active symmetry species for the (TT) and (TTGG) 

molecules of SPS are given in Table 2-1, in comparison with those 

of the threefold helical (TG) molecule of IPS. Here, we assume 

that in the TT SPS molecule the plane of the phenyl ring is 

located perpendicular to the zigzag skeletal plane (having 

the C2v factor group symmetry) and that the TTGG molecule has the 

twofold screw axis along the chain axis and two twofold rotation 

axes that pass through the methylene carbon atoms and cross 

perpendicularly the twofold screw axis (the D2 factor group 

symmetry). 

      Table 2-1 tells us the following things: 

(1) The number n of infrared bands of the TT-SPS molecule is far 

small compared with the case of the TTGG-SPS and TG-IPS molecules, 

because of the smaller number of monomeric units per fiber period 

and presence of the infrared-inactive A2 species (TT-SPS, two 

units with C2v symmetry; TTGG-SPS, four units with D2 symmetry; 

TG-IPS, three units with C3 symmetry). The difference in the 

number of the detected infrared-active bands between the two 

modifications of SPS is quite obvious in the region 1100-500 cm-1 

(see Figure 2-3). The number of Raman-active bands is, however, 

not so different (Figure 2-5), because most of the Raman bands 

observed are due to the modes localized to the phenyl ring which 

are scarcely separated by the difference in the phase between the 

neighboring rings (i. e., in the symmetry species). 

(2) The difference in molecular conformation is reflected in the 

infrared polarization of the ring modes. In the TTGG-SPS molecule, 

one ring mode splits into four different symmetry species, three of 
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which being infrared-active. Therefore, a triplet of IR absorption 

is expected to be observed. However, for most of the ring modes, 

the components due to different species are located very close 

to each other and, hence, actually overlap at the same frequency 

because of comparatively weak intrachain coupling between 

neighboring phenyl rings. Therefore, the parallel (B3) and 

perpendicular (Bl and B2) infrared-active components of a 

particular ring mode overlap each other, resulting in a single 

peak having dichroic ratio determined by the orientation of the 

local transition dipole moment of the mode with respect to the 

fiber axis. In case of ring C-H stretch modes, the dichroic 

ratios are expected to be close to unity since the phenyl rings 

are inclined to the fiber axis by about 450. On the contrary, 

in the TT-SPS molecule the out-of-plane ring modes belong to B2 

(with infrared polarization parallel to the fiber axis), and the 

in-plane ring modes belong to Al or B1 (with infrared polarization 

perpendicular to the fiber axis). Therefore, all the ring modes 

might exhibit well-defined polarization. The observed infrared bands 

of the a -form due to the ring C-H stretch modes (the in-plane modes) 

and the skeletal C-H stretch modes as well exhibit clear perpendicular 

polarization, compared with those of the 8 form (Figure 2-6). 

This also supports our conclusion about the molecular conformation 

of the two modifications of SPS. 

      As for the relationship between the vibrational spectra and 

the molecular conformation of SPS, Jasse et al. investigated Raman 

spectra of the racemo-racemo-type stereoisomer of 2,4,6-triphenyl-

heptane (a trimer of SPS).9 This compound gives rise to two bands
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at 763 and 623 cm-1 in a crystalline state, while in a liquid 

state additional bands appear at 789 and 737 cm-1 (Figure 2-7), 

indicating that there exist at least two conformers in the liquid 

state. If we compare the Raman spectra of a - and $ -SPS in the 

same frequency region (Figure 2-7b with Figure 2-7a), it is evident 

that the crystalline trimers and the a -form take the same TTTT 

conformation. This is consistent with the fact that the most 

stable conformation of syndiotactic dimers and trimers so far 

investigated is the all-trans form. The 789-cm-1 band appearing 

in the liquid trimer corresponds to the 798-cm-1 band of $ -SPS. 

This suggests that the additional conformer present in the liquid 

trimer should contain gauche C-C bonds like in $ -SPS. 

2-3-2. Crystallization from the glass and solid-state 

          phase transition 

      DSC of the heating process of glassy SPS shows that 

crystallization occurs at about 140°C, and melting at about 270°C 

(Figure 2-8). Crystallization and melting enthalpies measured on 

various samples with different molecular weights are summarized in 

Table 2-2. The temperature Tc at which the crystallization starts 

and the magnitude of the accompanying exotherm varied somewhat 

depending on the molecular weight as well as on the heating rates. 

During this heating process, the infrared spectrum changes as 

shown in Figure 2-9. The appearance of the 1335 and 1224 cm-1 

bands on crystallization indicates that the resultant crystalline 

phase is the a modification. As a Q -SPS film is heated, it 

transforms to the a modification at about 180°C as followed by 

                                         -21-
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  Table 2-2. Enthalpies (0 He and A Hm) and 

  temperatures (Tc and Tm) corresponding to 

  crystallization and melt.

process of

Mw Tc/oC A He/Jg-1 Tm/oC A Hm/Jg-1

 70000 

 160000 

350000 

1135000

147 

137 

139 

140

 -18 

 -16 

 -14 

-14

259 

268 

270 

271

28 

28 

28 

28
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 film of SPS. Appearance of the 1335 and 1224 cm-1 bands 

130°C indicates that the resultant crystalline phase is a .

-24-



the infrared spectral change shown in Figure 2-10. The 

transformation is clearly detected by the appearance of the 

1224 cm-1 band (a ) and the disappearance of the 935 cm-1 band 

(Q ). In the DSC thermogram, we could detect a weak exotherm 

peak at 180°C, although it was too weak to evaluate its magnitude. 

Thus, in the dried state, the a phase consisting of the all-

trans skeletal conformation is thermodynamically more stable than 

the Q phase consisting of the TTGG conformation. In the 

construction of the TTGG conformation, presence of solvent molecules 

seems to play an important role. The reverse is true in syndiotactic 

polypropylene (SPP), where the TTGG form is always obtained 

through the ordinary crystallization process from the melt and 

from solution, while the TT form is obtained by stretching a 

melt-quenched sample on iced water. The difference in conformational 

stability between SPS and SPP may be ascribed to the difference 

in the shape and bulkiness of the pendant group.

2-3-3. Normal modes analysis 

      In previous works on molecular vibrations of polystyrene, 

it has been revealed that most of the infrared and Raman bands 

characteristic of IPS are due to some specific intramolecular 

interactions in regular sequences of the TG skeletal conformation. 

For the well-established (3/1) helix of IPS, the normal mode 

analysis was performed by Painter et al. in order to elucidate 

the origin of the conformation-sensitive character of some infrared 

and Raman bands.10-12 In the case of SPS, the bands characteristic 

of the TT or TTGG conformation are found in the spectra of a -
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or Q -SPS by comparing them with the spectra of glassy SPS. 

They are used as the key bands for the identification of crystal 

modification or of particular local conformation present in 

noncrystalline phases. 

      The vibrational modes of SPS were calculated by the use of 

the Wilson's GF-matrix method. In the present calculation, we 

assume the following molecular parameters ; the bond lengths 

(in nm) : Cring-Cring-0.14, Cring-Cchain-0.151, Cchain-Hchain-0.109, 

Cring-Hring-0.1084; the valence angles : 109.5° for the main 

chain, 1200 for the ring. The internal coordinates were defined 

as shown in Figure 2-11. The symmetry coordinates of the both 

forms were generated from the group coordinates of the monomeric . 

unit. These group coordinates were formed linear combination of 

the internal coordinates (Table 2-3). Starting from the initial 

force constant set directly transferred from that of the (3/1) 

helix of IPS, the values of the force constants were refined by 

a trial-and-error method so as to obtain a good agreement between 

the observed and calculated frequencies (Table 2-4). The final 

results are summarized in Tables 2-5 and 2-6, where the potential 

energy distributions (PED's) are also listed. Vibrational modes 

of several characteristic band in 1200-1300 and 500-600 cm-1 

region are depicted in Figures 2-12 and 2-13. The 1224 cm-1 band 

characteristic of a -form was assigned to the coupling mode of 

CH2 wagging and CH bending. (V calc .-1224 cm-1) The bands in 500-

600 cm-1 region are the most sensitive to the conformational change, 

and associated with the coupling of the phenyl out-of-plane mode and 

main chain mode. 

     In this calculation, origin of all bands were clarified. 
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Table 2-3. Intermediate symmetry coordinates.

Coordinate Description of force constant

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32

        RI+R2 

         R1-R2 

       R1(X) 

   T1+T2+T3+T4+T5+T6 

   T1-T2+T3-T4+T5-T6 

  T1+2T2+T3-T4-2T5-T6 

       T1-T3+T4-T6 

  T1-2T2+T3+T4-2T5+T6 

       T1-T3+T4-T6 

        di+d2 

          d1-d2 

              sl 

        s3(X) 

s1(X)+s2(X)+s4(X)+s5(X) 

si(X)+s2(X)-s4(X)-s5(X) 

s1(X)-s2(X)+s4(X)-s5(X) 

si(X)-s2(X)-s4(X)+s5(X) 

   46-Y3-Y4-Y5-Y6 

5&'2-6 2-Y 3-Y 4-Y 5-Y 6 

     7 3+Y 4-Y 5-Y 6 

     Y3-Y4+Y5-y6 

     Y3-Y4-Y5+Y6 

cv 2+ ,6 2+ y 3+ y 4+ Y 5+ y 6
   2t 1-t 2-C 3 

      ~2-~3 

   ~1+t2+~3 

   2A1-A2-A3 

      A2-A3 

    A I+A 2+A 3 

2Q 1-0 1(X)-o 2(X) 

   20 2-0 1-0 2 

   2S2 3-0 3-0 4

CC skeletal stretching 

CC skeletal stretching 

CC strtching 

CC ring stretching 

CC ring stretching 

CC ring stretching 

CC ring stretching 

CC ring streching 

CC ring streching 

CH2 sym. stretching 

CH2 antisym. strtching 

CH stretching 

CH ring stretching 

CH ring stretching 

CH ring stretching 

CH ring stretching 

CH ring stretching 

CH2 bending 

CCC skeletal bending 

CH2 rocking 

CH2 wagging 

CH2 twisting 

redundancy 

CH bending 

CH bending 

CH bending 

CCC skeletal bending 

CCC skeletal bending 

CCC skeletal bending 

CCC ring bending 

CCC ring bending 

CCC ring bending
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Table 2-3. Continued from previous page

Coordinate Description of force constant

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65

     2524-05-¢6 

     2525-07-08 

     252 6-0 9-0 10 

    c 1(X)-(D 2(X) 

        0 1-02 

        03-04 

        05-06 

        07-08 

       09-010 

 Q 1+(D 1(X)+(D 2(X) 

     522+01+02 

     S2 2+0 1+0 2 

     S2 2+0 1+0 2 

     52 2+0 1+0 2 

    522+01+02 

         z +z 

            z - 'c 

    Z1+Z2+Z3+Z4+Z5+Z6 

    Zl-Z2+Z3-Z4+Z5-Z6 

   Z1+2Z2+Z3-Z4-2Z5-Z6 

        Z1-Z3+Z4-Z6 

   Z1-2Z2+Z3+Z4-2Z5+Z6 

        Zl-Z3+Z4-Z6 

Z1(X)+Z2(X)+Z3(X)+Z4(X) 

z1(X)+Z2(x)-Z3(x)-Z4(x) 

z1(x)-z2(x)+z3(x)-z4(x) 

Z1(x)-z2(x)-z3(x)+z4(x)

M 

      IL 3 

u1+u2+u4+u5 

/L 1+u 2-/1 4-/ 5 

'u 1-u 2+9 4-u 5 

u 1-u 2-u 4+u 5

CCC ring bending 

CCC ring bending 

CCC ring bending 

CCC ring bending 

CCC ring bending 

CCC ring bending 

CCC ring bending 

CCC ring bending 

CCC ring bending 

redundancy 

redundancy 

redundancy 

redundancy 

redundancy 

redundancy 

skeletal torsion 

skeletal torsion 

ring torsion 

ring torsion 

ring torsion 

ring torsion 

ring torsion 

ring torsion 

torsion 

torsion 

torsion 

torsion 

CC out-of-plane 

CH out-of-plane 

CH out-of-plane 

CH out-of-plane 

CH out-of-plane 

CH out-of-plane
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Table 2-4. Force constants for SPS

Force constant Internal coordinate

Phenyl group

KT 

Ks 

HQ 

Hb 

FO T 

Fm T 

FpT 

FOT b 

FiOTb 

Fm T b 

FPmT0 

FpT 0 

F'PT0 

FT Q 

FTs 

F° s 

FQ 

FoQ0 

FiD~b 

F° b 

Fm b 

Fp 

Hu 

Hz 

F° u 

Fm u 

FP u 

F° z 

Fz u

T 

s 

Ri(Q ) 

Ri(b) 

Ti,Ti+l 

T1,Ti+2 

Ti,Ti+2 

Ti,Ri( 0 ) 

Ti,Ri+1( 0 ) 

) Ti,Ri-1( 0 

Ti,Ri+2( 0 ) 

Ti,Ri-2(b 

) Ti,Ri+3( 0 

Ti,Ri ,i+1(Q ) 
T1'si ,i+l 
si,si+l 

Ri(S2 ),Ri+1(Q 

H1(Q),Ri-1(b 

R1(Q),Rs+1(b 

Ri (b ) , Ri+1 ( b 

Ri (b ) , Ri+2 ( 0 

Ri (b ) , Ri+2 ( b 

IL 

z 

ui,/Li+l 

~i0 Ui+2 

ui,/2i+3 

Zi,Zi+i 

zi,/U i

-31-

values *

7 

5 

1 

0 

0 

-0 

0 

-0 

0 

-0 

0 

0 

-0 

0 

-0 

0 

0 

-0 

0 

0 

-0 

-0 

0 

0 

0 

-0 

-0 

-0 

0

090 

022 

461 

496 

693 

510 

604 

272 

272 

057 

057 

102 

102 

573 

115 

013 

085 

128 

128 

013 

001 

020 

300 

098 

003 

005 

005 

030 

032



Table 2-4. Cotinued from previous page

Force constant Internal coodinate

Phen 1 Eroun main chain interaction

Main

  KR (X) 

  H(D 

  HZ (X) 

  HM 

  FTR (X) 

   FoQ(D (X) 

  F,oQ(D (X) 

  FT (D (X) 

  F'T(D (X) 

  FR (X) Q 

  FOR(X) Q 

chain

Ks, 

Kd 

KR 

H6 

Hy 

H~ 

HCO 

HA 

Hz 

Fd 

FR 

FRR (X) 

FR y 

F'Ry 

FR(X) 

F'R(X)~ 

FR &)

R(X) 

R((D (X)) 

Z(X) 

M 

T,R(X) 

Rl (Q ),R((D (X)) 

RS-2 (S2 ),R((D (X)) 

Ti-1,R(a) (X)) 

Ti-2,R( (D (X) ) 

R(X),Ri-1(Q) 

R(X),Ri ,i-2(Q )

s' 

d 

R 

s 

y 

ci) 

A 

d,d 

R,R 

R,R(X) 

R, y 

R, y 

R(X) , 

R(X) , 

R, &)

-32-

Values

4 

0 

0 

0 

0 

0 

-0 

-0 

0 

-0 

0

4 

4 

4 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0

740 

700 

025 

080 

173 

076 

076 

375 

375 

588 

171

588 

538 

532 

540 

660 

660 

045 

010 

024 

006 

101 

083 

355 

079 

328 

079 

417



Table 2-4. Continued from previous page

Force constant Internal coordinate Values

Fy 

F' 7 

Fy60 

ft   7~ 

fgy~ 

f,t    7~ 

f 'g7 

f„t y 

f g 7 

ft   760 

fg   7w 

ft 

fg 60 

FA 

FAR 

F'

7 , 7 

7 , 7 

7 ,0) 

7 , 

7 , 

7 , 

7 , 

7 , ; 

7 , 

7 , 

7 10) 

Q) , Q) 

CL),m 

A,A 

R, A 

S , S

-0 .021 

 0.012 

-0 .031 

 0.127 

-0.005 

 0.002 

 0.009 

-0 .014 

-0 .025 

 0.049 

-0 .040 

-0 .011 

-0 .011 

 0.308 

 0.313 

 0.012

* Stretching 

  are in mdyn 

  in mdyn/rad

constants are in mdyn/A, 

A/rad2 and stretch-bend

bending constants 

interactions are

-33-



Table 2-5. Observed and calculated frequences (cm-1) for TT form.

 V obs . 

IR Raman

V calc .
Potential energy distribution

Al o 

 3105 

 3084 

 3062 

 3028 

 3003 

 2919 

 2847 

 1603 

 1584 

 1494 

 1453 

 1376 

 1335 

 1278 

 1183 

 1156 

 1070 

 1030 

 1005 

  697, 

  633 

  401 

  175 

A2 mo

m  de

 de

(IR 

3052 
3037 
3000 
2898 
2845 
1601 
1579 

1453 

1373 

1203 
1180 
1154 

1071 
1028 
1001 
 794 
 700 

402 
 175 

(IR 

2845 
1453 
1320

1)

ina e)

3061 

3053 

3050 

3046 

3045 

2907 

2848 

1602 

1592 

1513 

1455 

1444 

1368 

1335 

1305 

1256 

1205 

1171 

1147 

1130 

1044 

1008 

1004 

811 

 740 

 652 

391 

 152 

  12 

ctiv 

2848 

1443 

1326 

1137 

1041

Sx 
Sx 
Sx 
Sx 
Sx 
S 
d 
T 
T 

0 
6 

t 

0 
0 
Q 

0 
0 

T 
T 
T 
R 
R 
Q 
Q 

T 

d 
8 

t 
R

 99% 

 99% 

 98% 

 98% 

 98% 

99% 

99% 

69%, 

73%, 

 51% 

 77% 

 49% 

44%, 

 61% 

 42% 

 63% 

 67% 

 63% 

 42% 

32%, 

50%, 

74%, 

46%, 

23%, 

 72% 

 45% 

 32% 

 55% 

 93% 

99% 

 97% 

63% 

56%, 

75%,

Q 18% 
Q 16% 
,T 36% 

 T 30%,d 14% 
~ ,Rx 16% 
,T 37% 
,T 36% 
,Rx 13% 

 Q 25% 
 t 23% 

,t 17%,0 18%,T 
0 19%,Rx 16%,0 
0 23% 
6 16% 

T 20% 
T 22%, 0 16%, Q 

 0 19% 
 ¢ 15%, A 10% 

,R 14%,A 13% 
,A 18%

,t 27% 

  23% 

  23%

17% 

11% 

13%
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Table 2-5. Continued from previous page

v 

IR

obs. 

 Raman

v calc . Potential energy distribution

B1 mode 

 3105 
 3084
3062 

3028 

3003 

2924 

2919 

1603 

1584 

1494

1376 

1335

1278

1183 
1156 
1112 
1030 
1005 

978 
765

621

227

902 

840 

756

402

285 

134

(IR 1)

3052 

3037 

3000

2898 

1601 

1579

1373

1202 

1180 

1154

1028 

1001 

990 

770 

738 

620

231

994 

870 

835 

753 

699 

542 

392 

389 

278 

101 

41 

21

3062 

3053 

3051 

3046 

3045 

2926 

2904 

1602 

1592 

1512 

1446 

1364 

1335 

1314 

1297 

1246 

1203 

1166 

1136 

1113 

1039 

1008 

982 

775 

740 

584 

550 

227 

206

u 

u 

u 

u 

u 
Z 

Z 

Z 

Z 

w 

Zx 

M

Sx 
Sx 
Sx 
Sx 
Sx 
d 
S 
T 
T 

0 
0 

0 

w 9 
0 
0 

T 
R 
T 
T 
T 

A 
A

 68%,Z 
92% 
89% 
99% 
 97% 

39%, u 
48%, u 
49%, c) 
94% 
 43%, Z 
85% 

27%, ce

 99% 
 99% 
 98% 
 98% 
98% 

86%, 
86%, 
69%, 
73%, 
 52% 
56% 
34% 
63% 

40%, 
28% 
 57% 
69% 
 75% 

23%, 
35%, 
55%, 
75%, 
33%, 

37% 
72% 
36% 
31% 
57% 
53%

30%

26%, A 
29% 
21%, A

18%

12%

16%,A 10%,M 10%

26%,A 18%,Zx 11%

S 13% 
d 14% 
S2 18% 
Q 16% 
,T 36% 
,T 35% 
,w 30%,R 12% 
,T 34% 
T 17%, 0 14%, t 11% 
,T 25%,Rx 19%,Q 14% 
,C 13%,w 10% 
,Q 20% 
,T 21% 
R 23%, 0 17%,Q 14% 
r 14%, 0 13%,T 13% 
0 23%,R 11% 
0 17% 

r 24%,t 16%,R 11% 
 0 20%,Rx 18%,T 14% 

 0 19% 
,Rx 18%,r 12%,T 11%, 0 

 cp 14%,C 13% 
 cp 21% 

, A 32%

10%
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Table 2-5. Continued from previous page

 V obs . 

IR Raman

V ca1c .
Potential energy distribution

B2 mode 

2919 

 1348 

1224 

 966 

  905 

 854 

 840 

 751 

 698 

 537 

  332

(IR

902 

840 

756 

352

II ) 

 2922 
 1363 
 1225 
 1096 
  994 

  869 
  850 
  830 
  753 
  699 
  536 
  377 
  279 
  250 
   96 

   42 
   24

d 99% 
R 34%,C 32%,w 
t 46%,w 45% 

R 68%,w 20% 
IL 68%,Z 30% 
u 92% 
r 57%,u 25% 
u 67%,r 23% 
u 99% 
u 97% 
Z 44%,g 26%, A 
Z 60%,A 26% 
Z 98% 
A 46%,Z 44% 
A 40%,M 21%,Z 
Zx 81% 
A 52%,M 22%

32%

13% 

16%,Zx 14%
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Table 2-6. Observed and calculated frequences (cm-1)

V 

IR

obs. 

  Raman

v calc
.

Potential energy distribution

A mode (IR 

3056 
3039 
2905 
2850 

1599 
1579 
1491 
1450 

1440 
1354 
1338 
1300 

1248 

1202 
1180 
1154 

1052 
1030 
1001 
 990 

 901 
 838 
 798 
 756 
 744 
 701 
 620 
 534 
 406 

 310 

 171 
 151

inactive) 

   3062 
   3053
3050 

3046 

2905 

2849 

2847 

1602 

1592 

1512 

1455 

1448 

1443 

1345 

1334 

1306 

1271 

1248 

1225 

1203 

1166 

1138 

1116 

1054 

1038 

1008 

991 

887 

872 

836 

819 

751 

740 

700 

666 

535 

400 

375 

308 

279 

174 

143 

 75 

 41 

 20 

 10

Sx 99% 
Sx 99% 
Sx 98% 
Sx 98% 
S 99% 
d 99% 
d 99% 
T 69%, Q 18% 
T 73%, Q 16% 
0 52%,T 36% 
6 90% 
6 61%, 0 20% 
0 37%,6 34%,T 22% 
t 28%,C 23%,T 15%,Rx 
¢ 61%,T 29% 
0 37%,T 32% 
Q 30%,t 23%,Rx 18% 
t 37%,Q 31% 

   35%,t 30%, 0 11% 
0 65%,Q 20% 
0 70%,T 20% 

   31%,T 20%,¢ 16%,t 
t 31%,T 23%,t 18% 
R 54%,T 15% 
T 42%,R 22%, 0 18% 
T 74%, 0 18% 
,u 67%,Z 30% 
R 49%,T 13% 
a 92% 
,u 87% 
T 18%,Q 17%,Rx 16%,A 
,u 99% 
Q 57%, 0 19% 
,u 97% 
Q 52%, 0 18% 
Z 45%, u 27%, A 12% 
1' 28%,A 22%,R 21% 
Z 44%,A 29% 
A 32%,Z 30% 
Z 98% 
A 48%,Z 23%,0 17% 
(D 38%,A 26% 
c) 51%,Zx 16%,M 13% 
Zx 80% 
cv 30%,M 27%,A 16% 
cd 37%, v 26%, A 21%

10%

13%

12%
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Table 2-6. Continued

 V obs . 

IR Raman

v calc .

B1 mode 

3104 
 3084 
 3062 
3028 
3003 
 2925 
 2908 
 2849 
 1602 
 1584 
 1494 
 1453 
 1440 
 1378 
1330 
 1320

1278

1182 

1155 

1114 

1070 

1029 

1003 

978 

967 

908

842

750

698 

634 

548 

449 

405 

347

232

 (IR 

3056 
3039

3003

2905 

2850 

1599 

1579 

1491 

1450 

1440 

1374 

1338

1300

1248 

1202 

1180 

1154

1070 

1030 

1001 

990

901

838

756 

744 

701 

632

440 

406 

310

238 

151

1

3062 
3053 
3050 
3046 
3045 
2922 
2904 
2847 
1602 
1592 
1512 
1450 
1444 
1357 
1335 
1310 
1296 
1262 
1244 
1204 
1169 
1148 
1125 
1094 
1044 
1008 

992 
985 
872 
845 
837 
762 
751 
741 
701 
651 
557 
477 
386 
307 
279 
221 
137 
 89 

 40 
 19 
 11

from previous page

Potential energy distribution

Sx 
Sx 
Sx 
Sx 
Sx 
d 
S 
d 
T 
T 
0 
6 
0 

0 
4 

Q 
w 
0 
0 
t 

T 
R 
T 
T 
u 
r 
u 
T 
u 
R 

Q 
IL 
Q 
A 
Z 
Z 
Z 
Z 
A 
A 
cv 
Zx 
ct) 
z

 99% 
 99% 
 98% 
 98% 
 98% 

93% 
93% 
99% 
69%, Q 18% 
72%,Q 16% 

 52%,T 36% 
 70%, 0 14% 

 44%,T 27%,6 22% 
 35%,t 31%,w 11%,Rx 11% 

 59%,T 39% 
 38%,T 28%,~ 24% 

 28%,w 22%,R 21% 
 44%,w 28%,Rx 14% 

25%, 0 22%, ~ 16%,t 11% 
 68%,Q 23% 

 62%,T 11% 
 35%,t 23%,0 15%,T 15% 

37%, 0 20%,Rx 15%,Q 12% 
54%,t 24% 
50%,~ 24% 
74%, 0 18% 

 63%,Z 30% 
33%,R 29% 

 92% 
23%,Rx 20%,R 13%,Q 11% 

85% 
33%,r 21% 

 99% 
 72%, 0 19% 

 97% 
 40%, 0 14%, A 13% 

 27%,Z 25%,,u 23% 
23%,A 13% 
37%,A 19% 
41%, (D 12% 
98% 
 45%, (D 18%,Z 14% 

49%,c 38% 
 38%,Z 16%,M 14% 

76% 
 30%,M 25%,A 17%,Zx 11% 
82%
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Table 2-6. Continued

 V obs . 

IR Raman

v caic .

B2 mode 

3104 

 3084 

 3062 

 3028 

3003 

2925 

2908 

2849 

 1602 

 1584 

1494 

 1453

1378 

1330 

1320 

1278

1182 

1155 

1070 

1029 

1003 

978 

967 

935 

908 

842 

778 

750

698 

621 

548 

502 

347

232

(IR I

3056 

3039 

3003

2905 

2850 

1599 

1589 

1491 

1450

1374 

1338

1248

1202 

1180 

1154 

1070 

1030 

1001 

990

930 

901 

838

756 

740 

701 

620

310

238 

217 

151

3062 

3053 

3050 

3046 

3045 

2924 

2903 

2849 

1602 

1592 

1512 

1457 

1446 

1361 

1336 

1316 

1288 

1252 

1245 

1218 

1203 

1165 

1133 

1069 

1049 

1008 

993 

977 

938 

872 

836 

782 

751 

740 

700 

631 

542 

512 

362 

279 

244 

200 

149 

 99 

 41 

 26 

9

from previous page

Potential energy distribution

Sx 99% 
Sx 99% 
Sx 98% 
Sx 98% 
Sx 98% 
d 92% 
S 92% 
d 99% 
T 69%, Q 18% 
T 72%, 0 16% 
0 52%,T 37% 
6 88% 
0 56%,T 35% 
w 34%,t 25%,R 19% 
0 59%,T 39% 
0 28%,C 24%,T 20%,w 

Rx 28%,Q 23%, 0 16%,T 
t 57%,w 15% 
Q 44%,t 22% 
C 60%,t 14% 
0 66%,Q 20% 
0 73%,T 23% 

T 33%,0 23%,Rx 11% 
R 47%,t 15% 
T 47%,0 25% 
T 74%, 0 18% 
u 63%,Z 28% 

R 48%,T 10% 
r 27%,T 25%,R 17% 
,u 92% 
,a 87% 
Q 30%,Rx 17%,0 17%,T 
,U 99% 
Q 72%, 0 19% 
IL 97% 
Q 41%, 0 13%,r 13% 
• 28%,Z 23%„u 15% 
• 27%,Z 22%, 0 12% 
Z 68%, A 15% 
Z 98% 
* 44%,Z 16%,(D 16% 
A 38%,(D 32%,R 16% 
* 41%,Z 25%,(D 17% 
c) 33%, z- 20% 
Zx 83% 
M 28%,m 23%,Zx 12% 
z 57%,co 22%

12% 

16%

14% r 13%
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Table 2-6. Continued from previous page

 V obs . 

IR Raman

V calc . Potential energy distribution

B3 mode 

3104 
 3084 
3062 
3028 
 3003 
2925

2908 

1602 

1584 

1494

1354

1278

1182 

1155 

1070 

1040 

1030 

1003 

978 

947 

908

842 

768 

750

698 

621 

572 

538 

405

232

(IR 

3056 
3039

3003 

2905

1599 

1579 

1491

1354

1202 

1180 

1154 

1070 

1052 

1030 

1001 

990

901

838 

767 

756 

744 

701 

620 

534

406

238

11

3062 
3053 
3050 
3046 
3045 
2925 
2921 
2903 
1602 
1592 
1512 
1446 
1379 
1336 
1318 
1305 
1263 
1258 
1234 
1203 
1165 
1138 
1122 
1055 
1020 
1008 

992 
959 
872 
862
836 

783 

751 

740 

701 

612 

546 

527 

390 

280 

276 

223 

198 

64 

58 

22 

 14

Sx 
Sx 
Sx 
Sx 
Sx 
d 
d 
S 
T 
T 

0 
0 

w 
0 

0 

0 
0 

R 
T 
T 
R 
T 

IL 
R 

r 

u 

u 

IL 
Q 
Z 

Z 
Z 
Z 
A 
A 
Zx 
Zx 
z 
z

 99% 
 99% 
98% 
 98% 
 98% 

88%,S 11% 
99% 
88% 
69%, Q 18% 
72%, Q 16% 

 53%,T 36% 
 55%,T 35% 

35%,R 24%,~ 20% 
 58%,T 41% 

 26%,0 15%,w 13%,Rx 11% 
 25%,w 25%,T 21% 

 28%,~ 19%,w 18% 
 36%,Q 22%,w 17% 
 31%,w 24%,9 16%, 0 10% 

 66%,Q 21% 
 73%,T 22% 

30%,T 16%, 0 13% 
25%, 0 15%,R 14%,~ 13% 
31%,R 22%, 0 18% 
38%,T 27% 
74%, 0 18% 

 67%,Z 30% 
29%,T 23%,r 16% 

 92% 
74% 

87% 
 33%,Rx 19%, 0 18%,r 11% 
99% 
 72%, 0 19% 

 97% 
 35%, 0 16%,r 14% 

28%, ,u 20%, A 17% 
 22%,c1 11% 

53%,A 34% 
90% 
50%,A 34% 

 44%,cp 25% 
45%,cp 34% 

 35%,M 29%,Z 15%,z 13% 
 63%,M 15% 

 83%,Zx 13% 
83%
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a-SPS ,8-SPS

Figure 

18 -SPS

Lobs 1224 cm-' 

ycale 1226 cm-1 

    B2 mode

2-12. Cartesian 

(1200-1300 cm-1 ).

           Lobs 1278 cm-1 
          Leole 1263 cm-I 
              B3 mode 

displacement coordinates of a - and

/3-SPS

a-SPS

Yobs 572 ow'1 

'cak 612 Cliff 

    83 mod.
Yobs 348 em'1 

Leek 542 em-1 

    82 mod.

1'obs 537 em-1 

1-Cole 536em'1 

    82 mod.

Figure 

/3 -SPS

                             YObs 538 cm-, 
                               Yeok 546em-1 

                               83 mod. 

2-13. Cartesian displacement 

(500-600 cm-1).

         Yobs 502em-1 
         1' 512 em-1 

            82 mod. 

coordinates of a - and
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This result will be used as a criterion to determine what the 

conformational structure of SPS is in various states. 
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                          CHAPTER 3 

           Crystal modifications and molecular structures 

                    of Syndiotactic Polystyrene 

3-1. Introduction 

      After the success in stereospecific polymerization of 

syndiotactic polystyrene (SPS) having extremely high degree of 

stereoregularity,l many investigators in the world started their 

studies for revealing structures, physical and chemical properties, 

and industrial functionalities of this interesting new material. 2-8 

      As for the molecular structures of SPS, we have demonstrated 

that there are two stable skeletal conformations in the crystalline 

state ; the all trans (TT) and the trans-trans-gauche-gauche (TTGG) 

forms.9 In addition to the molecular conformation, difference in 

the molecular packing causes a complicated polymorphism of SPS. At 

present at least five different crystal modifications are reported. 

      In this chapter, we are concerned with characterization of 

crystal modifications by means of X-ray diffraction and the change 

in crystal modification on solid-state phase transition. 

3-2. Experimental 

3-2-1. Samples 

     The SPS sample with the weight average molecular weight 

15x104 was supplied by Idemitsu Petrochemical Co. Ltd. 

The film specimens of various crystal modifications were obtained 

by the following procedures 
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(1) a 1-form : Films cast from chloroform solution were annealed 

at 200°C. 

(2) a 2-form : Melt-quenched glassy films were annealed at 200°C. 

(3) 1-form : Films cast from chloroform solution were dried at 

150°C. 

(4) 16 2-form : Melt-quenched glassy films were exposed in chloroform 

vapor and then annealed at 150°C. 

(5) y -form : As-cast films were prepared from chloroform, toluene, 

o-xylene, or 1,2,4-trichlorobenzene solutions. 

These samples were subjected to X-ray diffraction and FT-IR 

measurements. 

      The lamellar-shaped single-crystals of SPS for the electron 

microscope observation were grown from a 0.3 w/v% solution of 

n-tetradecane/decalin (2:1) kept at 180°C for a day. 

3-2-2. Measurements 

      Infrared spectra (with 1 cm-1 resolution) were taken using 

a JASCO FT-IR 8000 spectrometer equipped with a DTGS detector. 

      X-ray diffraction powder patterns were obtained using a Rigaku 

RAD-ROC diffractometer with a graphite-monochromatized Cu-K a 

radiation. 

     Electron microscope (EM) observation and electron diffraction 

measurement were made using a Hitachi HU-12A transmission EM 

apparatus operated at 100 kV. 

3-3. Results and Discussion 

3-3-1. Polymorphism 
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of the reflections shown in Figure 3-1 are consistent with the 

reported until cell dimensions. The fine precipitates deposited 

from dilute solution of n-tetradecane/decalin (2:1) at 180°C has a 

thin hexagon shape under the view of bright-field electron 

micrograph. (Figure 3-2). This is recognized as a single-crystal 

which gives rise to the electron diffraction pattern shown in 

Figure 3-3. The diffraction indicates that the crystal is the a 1 

form with the a=28.8 A and b=9.0 A, both being located parallel to 

the lamellar surface. 

      Greis et al.5 reported that single-crystals of the a 2 form 

were obtained by annealing a thin film cast from a dilute o-xylene 

solution at 200°C for 5 min onto hot orthophosphoric acid. We 

tried to prepare the a 2 single-crystal by the same way. Although 

similar electron diffraction pattern was obtained, the unit cell 

dimensions measured from it were quite different from the reported 

ones. 

     The $ 1 and 16 2 forms consist of the molecules of the TTGG 

conformation. There. is no detectable difference in infrared and 
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     Among the five modifications mentioned above, the a 1 and a 2 

forms consist of the molecules assuming the TT conformation. Both 

modifications give rise to the essentially the same infrared 

spectra. On the contrary, the X-ray diffraction patterns of a 1 and 

a 2 are quite different from each other as shown in Figure 3-1. 

Preliminary results of the crystal structures of a 1 and C L2 were 

reported by Chatani's group (by X-ray diffraction)2 and Greis et al. 

(by electron diffraction),5 respectively. The crystal systems and 

the unit cell dimensions are summarized in Table 3-1. The positions



Table 3-1 

form2 and 

 crystal 

   a /A 

   b /A 

   c /A

   Crystallographic data 

 a 2 form.5 

         al 

system orthorhombic 

          28.82 

             8.81 

             5.06

 of a l 

a2 

hexagonal 

26.26 

 5.04
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20 
 28 / °

40

Figure 3-1. X-ray

  20 

  2e/° 

diffraction patterns

  40 

of TT-SPS (unoriented).
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Figure 

grown

 3-2. Electron micrograph of a single 

at 180°C from decalin/n-tetradecane (1

crystal of 

:2) solution

a 1-SPS

Figure3-3. Electron diffraction pattern of a 1-SPS.
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Raman spectra between the two crystal forms. As shown in 

Figure 3-4, the X-ray diffraction patterns of ,6 1 and ,62 are 

quite different from each other. The unit cell of the /31 form was 

determined by Chatani et al.8 to be monoclinic [a=17.48, b=13.27, 

c (f. a.)=7.71 A]. The unit cell of the ,6 2 form remains 

undetermined. 

     The as-cast films (y -form) of SPS (obtained using various 

solvents), give rise to the infrared spectra characteristic of the 

regular TTGG molecular conformation. The absorptions associated 

with the solvent molecules are also observed. The polymer bands 

are not influenced by the solvent used. On the contrary, the X-ray 

diffraction pattern changes substantially depending on the solvent 

used (Figure 3-5). This fact'indicates the possibility of forming 

polymer-solvent complexes. The presence of a specific solvated 

structure is supported by another experimental result. Figure 3-6 

showed the polarized infrared spectra taken on an oriented SPS 

film moistened with benzene. The polymer bands at 572, 548 and 

502 cm-1 which are characteristic of the TTGG conformation 

show clear parallel polarization. The 676 cm-1 band due to an out-

of-plane CH deformation of the benzene molecule also exhibit definite 

parallel polarization. This indicates that the adsorbed benzene 

molecules are oriented with the molecular planes align nearly 

perpendicular to the chain axis of the SPS molecule. In electron 

micrograph, unfortunately the crystal morphologies of the 8 

and y forms are not decided, because of the very small crystallite 

size and the suffering of radiation damage.
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  20 
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of TTGG-SPS (unoriented).
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accommodated in the sample until the temperature 60°C higher than 

its boiling point (61.2°C). The stage until 120°C corresponds 

to the removal of the solvent molecule from y -phase. The 

conformational change of the SPS molecules during this process 

is followed in more detail by the infrared spectral change in the 

500-600 cm-1 range (Figure 3-9). The absorption profile in this 

region was separated into five Lorentzian components and the 

integrated intensity of each band was plotted against temperature 

(Figure 3-10). On heating, the 571 and 548 cm-1 bands 

characteristic of the TTGG conformation decreases in intensity up 

to 100°C. This indicates that the TTGG conformation stabilized 

by the solvent molecule, is partly disordered. The temperature 

dependence of X-ray diffraction is identical with the result of 

infrared and DSC measurements as shown in Figure 3-11. The y 

phase at room temperature gives rise to a rather diffuse diffraction 

pattern. Below and above 120°C, the diffraction patterns are 

significantly different, indicating that the sample is converted 

to the 6 phase. Above 190°C, it transforms to a 2 form. When 
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3-3-2. Phase transition 

     Thermogram of an SPS/chloroform as-cast film on heating is 

shown in Figure 3-7. There appears a small endothermic peak at 

121°C, followed by broad endotherms around 160°C, and finally a 

large melting peak at 246°C. The heating process was followed by 

infrared spectrum (Figure 3-8). With increasing temperature the 

1220 cm-1 band due to chloroform decreases in intensity and 

disappears above 120°C. This corresponds to the first endothermic 

peak in the thermogram. It is noted that the solvent molecules are
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70°C

100°C

110°C 

120°C 
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Figure 

y -SPS

  1400 1300 1200 
           Wavenumber / cm-1 

3-8. Infrared spectral change 

 The 1220 cm-1 band below 110°C

on 
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a heating process 

 due to chloroform
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Figure 3-9. Change in the infrared spectra of a SPS film cast 

from chloroform solution during annealing ; (a) 30-100°C, 

transition from the y to (3 phase; (b) 160-200°C, transition 

from the 6 to a' phase. 
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cast films are annealed at 200oC, the a 1 form is obtained in 

most cases, as described in Section 3-2-1. However in this 

heating process the a 2 form is produced. Therefore, the heating 

rate might take some part in the formation of different polymorphs 

of the a type. 
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                           CHAPTER 4 

             Gelation Mechanism and Structure in Gels 

                     of Syndiotactic Polystyrene 

4-1. Introduction 

      During the recent decade interests in gels of synthetic 

polymers are growing from the scientific and industrial points of 

view. Systems of polystyrene dissolved in various organic solvents 

form thermoreversible physical gels. The most interesting point 

of the polystyrene gels is that kinetic behaviors of gelation as 

well as physical properties of the resultant gel are strongly 

influenced by the stereoregularity of the polystyrene sample 

and the solvent used. Therefore, elucidation of the role of 

the stereostructure of polystyrene in the gel-forming process 

is the fundamentally important task in order to clarify the whole 

scope of polystyrene gels. In chapters 4-6, we deal with the 

molecular mechanism of gelation and the structure formed in gels 

for syndiotactic, isotactic and atactic polystyrenes. In this 

chapter, the gelation process of SPS/o-dichlorobenzene systems 

are followed by FT-IR spectroscopy and differential scanning 

calorimetry (DSC). We will focus our attention mainly to the 

ordered molecular conformation formed on gelation and to the role 

of solvent molecule in the formation of cross-links. We are also 

concerned with the correlation between the competitive processes 

of crystallization and gelation that occur on cooling polymer 

solutions. Finally, preliminary results of our recent experiments 

of small angle neutron scattering (SANS) of SPS/o-dichlorobenzene 
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    DSC m p g 

About 15 mg of an SPS/solvent mixture put in a sealed pan was 

heated at 180°C for dissolving SPS, and then quenched in iced 

water and held at 0°C for 30 min. Thereafter, the first heating 

scan started at various heating rates. 

      Infrared spectra (with lcm-1 resolution) were measured using 

a JASCO FT-IR 8000 spectrometer equipped with a DTGS detector. 

Spectra were accumulated 50 times to get the S/N ratio high enough 

for the data manipulation. A solution optical cell with a lead 

spacer of 100 u m thickness inserted between two KBr windows was 

constructed. 

     On cooling SPS solutions, gelation or precipitation 

                                          -62-

gels are presented in relation to the dimension of the cross-linking 

coagurates. 

4-2. Experimental 

4-2-1. Samples 

     The SPS samples used were supplied from Idemitsu Petrochemical 

Co. Ltd. The weight averaged molecular weights were measured by 

GPC as 7x104, 15x104 and 113.5x104. The tacticities measured by 

13C -NMR were in the order of 96% racemic pentad configuration. 

The solvents (chloroform, carbon tetrachloride, benzene, o-

dichlorobenzene etc.) of the commercial source (spectral pure 

grade) were used without further purification. 

4-2-2. Measurements 

                                              a Seiko Model 20.              easurements were                                  erformed usin



(crystallization) takes place depending on the solvent used. For 

example, o-dichlorobenzene solution forms gel (or microgel) at any 

polymer concentration, while decalin solution yields crystalline 

precipitates. The rates of isothermal gelation or crystallization 

at various temperatures were measured by the following way. An 

SPS/solvent mixture sealed in a glass tube was heated first to a 

certain temperature high enough to be kept as solution. Thereafter, 

the test tube was transferred in a thermostat held at a selected 

temperature, and the duration was measured until the gelation 

(by checking the fluidity of the solution on tilting the test 

tube) or the precipitation (by visible check of turbidity) started 

to occur. 

      SANS measurements were performed using the SANS diffractometer 

installed in the reactor (JRR-3M) of Tokai Research Establishment, 

Japan Atomic Energy Research Institute. The cold-neutron beam 

of 0.6 nm wavelength was used as the radiation source, and the 

scattered radiation was measured with a two-dimensional detector 

placed at 4.0 m from the sample. The available Q range was 

0.03<Q<0.17nm-l. The SPS/deuterated o-dichlorobenzene gel put 

in a drum-shaped quartz cell with the thickness of 2 or 5 mm 

(depending on the polymer concentration) were subjected to the 

SANS measurements. 

4-3. Results and Discussion 

4-3-1. Molecular conformation formed in SPS gels 

     For studying the conformation of the SPS molecules formed in 

solution or gel, FT-IR spectroscopy is very useful because by using 
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the subtraction technique the interference by the solvent 

absorptions can be removed and we are able to detect even small 

spectral changes of polymer molecules. In Figure 4-1, are 

compared the infrared spectra of SPS in three different states, 

(1) a chloroform solution (2) an SPS/chloroform gel at room 

temperature, and (3) a crystalline film of 8 -SPS.1 In (1) and 

(2), the absorption due to chloroform is correctly subtracted, 

except for the frequency range of 1200-1250 and 650-800 cm-1 

where the absorption is too strong to be correctly subtracted. 

It is noted that the gel and the crystalline a -form are very 

close to each other in the spectral feature, i.e., all the 

absorption bands characteristic of the TTGG conformation (marked 

with arrows) appear in both cases. On the contrary, these bands 

disappear or are substantially weakened in the solution. The main 

spectral feature of SPS gel are scarcely dependent on the solvent 

used as shown in Figure 4-2, although small difference are observed 

in the relative intensity of the bands. 

     It is generally believed that in physical gels of crystalline 

polymers, the cross-links are formed by crystallite-like coaguration 

of polymers.2 As far as molecular conformation concerns, it is 

evident that regular sequences of TTGG conformation are formed 

in gel. It is even surprising that all the conformation-sensitive 

infrared bands, including even the 935 cm-1 band characteristic 

of long TTGG sequences, appear in gel with the intensities as strong 

as, or even stronger than, the case of crystalline 8 phase. 

For example, the intensities of the 779 and 769 cm-1 (TTGG) bands 

reduced to that of the internal standard band at 750 cm-1 (a

-64-
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localized C-H out-of-plane deformation of the phenyl ring) are 

much stronger in SPS/benzene gel than in a -SPS (Figure 4-3). 

From the observed spectral pattern consisting of the strong TTGG 

bands superimposed by a very weak background due to disordered 

conformations, we speculate a picture of SPS gels; i.e., most of 

the chain segments are accommodated in conformationally ordered 

parts which are joined each other by rather short disordered 

segments. Some parts of the ordered conformation might aggregate 

laterally through intermolecular cohesive forces, forming cross-

links. The stability of such a specific regular conformation is 

considered to be attributed to strong polymer-solvent interactions 

as discussed below. 

4-3-2. Phase diagram of SPS/o-dichlorobenzene 

      The SPS/o-dichlorobenzene system was chosen for the 

investigation of the phase diagram of SPS gels, because this 

system forms a stable gel and the boiling point of the solvent 

is high enough for measuring the process of sol-gel phase 

transition. 

     Figure 4-4 shows the typical DSC thermogram of the SPS/o-

dichlorobenzene system (20 w/v%) measured at the heating and 

cooling rates of 20°C/min. There appears an endothermic peak 

around 120°C on heating and at 21°C on cooling. Thus, the 

hysteresis of the sol-gel transition is very large. The gel 

melting temperature is essentially independent of the molecular 

weight of SPS as shown in Figure 4-5. The gel melting process 

was followed by infrared spectroscopy as reproduced in Figure 4-6. 
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The spectrum at room temperature is characterized by the appearance 

of the 572, 547 and 502 cm-1 bands due to the TTGG sequences. 

A sharp depression in intensity of these bands begins to occur at 

120°C, corresponding to the melting of gel networks. 

      Figure 4-7 shows the gel-melting and the gel-forming 

temperatures of the SPS/o-dichlorobenzene system at various 

polymer concentrations measured by DSC as a function of the 

heating or cooling rate. In all cases the melting or forming 

temperatures vary linearly with the heating or cooling rate. 

The values extrapolated to zero rate were adopted to depict the 

temperature-concentration phase diagram as shown in Figure 4-8. 

The melting and forming temperatures increase monotonically with 

an increase in polymer concentration (Cp in g/g). The enthalpies 

of gel-formation (A.H=Hgel-Hsol .) measured for various polymer 

concentrations are plotted against the cooling rate in Figure 4-9. 

From the A H values extrapolated to zero cooling rate, the 

temperature-enthalpy relationship was obtained as shown in 

Figure 4-10. With increasing Cp, A H increases linearly upto 

the maximum at Cp=0.45, and then linearly decreases. The A H vs. 

Cp plots of the similar shape have been obtained for the IPS/CS23 

and APS/CS24 systems as discussed in the following two chapters. 

This characteristic A H vs Cp relationship indicates that polymer 

molecules which contribute to gel construct a stoichiometric 

complex with solvent molecules. In the range Cp<0.45 all the 

polymer molecules contribute to the complex formation, but there 

are free solvent molecules. At Cp=0.45 both polymer and solvent 

molecules present contribute to the complex formation. In the 

range of Cp>0.45, all the solvent molecules are caught in the 

                                          -70-



a O

rn u 
c c 

v o 
t U 
a O

0
0

O 

           Cd 4-) 
           ca 
        bo :4 
      a 4) 

               r-1 V 
   0 a) A 
      E 0 
    Q~ U 

   = bo a    :O 4-1 1 

to    C 0 ai 
O C t    a) +~ cd 

  v 0 
   c - a)    0 a s

a 
U 
   L a) +) 

    w .c a3 
  E F sa 
   >, a) 
  O 04   d 

00 (D          
I +) 

            ba 

        bO S4 O 
++ O 

       W 4a

0, aan4wadwal

O

MO)NM1toto 
•a•oxe

0

E 

e

d 

o N 

c 
v 
d S

O

M

0, ainaoiadwal

O

D, aJn4oJadwal

oa 

E 

0 
4-4

na 
a 

a)

       a) 

   zs 4.4 a) 
       0 > 
    Cd -1 

a 
   d0 0 0 

E a) 
        +) 04 

v 4) () a) 

   a) s 

a ca () c a) +) 

o C7 m cd 
U td S4

C-

a) 

U 
•,1 
W

a) as 

f rI 
c 0 
S-4 0 
a) C) 
a 

a) 
+) cd

-71-



IC)      O_ i[) 
51P H V i(diog4u3

 rn ~ 

   o ,~ 

  c w 

d O 
  O „ 

  V O O 
  i O 

E   T U 
cd 
   O ..t~ Sa  a 

H 
a 
           a) 

       O !~        

I U 

O 
       nO 0 

          •.q aO 
      w Cd

x

x

aeaeaQ*bt e 
II) LDNerf9~8 
•4.t7xe

en 
_O to 

   6/r HV Icd1D41u3

c5

          to 
         a1 

0  
1 N         a) 

   c O 

        bO a) 

o 

N 

          4-1 Li 

C 

  0 0 O   O 
U U

O

       4-1 
O) O 
1 

0 
O) •,1 

U 
UO G 

     4a

-72-



gel-forming complexes. The average number of adsorbed solvent 

molecules per monomer unit (R) can be deduced from the following 

equation 

                      1-Cp* Msol 
                      R=------- ------ (4-1) 

                     Cp* Mp 

where Cp* denotes the polymer concentration at the maximum A H, 

and Msol and Mp are the molecular weights of the solvent and the 

monomeric unit, respectively. For the present case giving 

Cp*=0.45, the R value was estimated as 0.87, suggesting the 

formation of about 1:1 polymer-solvent complex in SPS/o-dichloro-

benzene gel. Due to the bulkiness of the phenyl group, the 

size of cavities is large enough for solvent molecules to allow 

to enter the gel-forming coagurates. It is concluded that the 

polymer-solvent interactions play-important roles to the gelation 

of polystyrenes. For the case of SPS, the interaction seems 

strong compared with IPS and APS, as has been discussed in 

chapter 3. This is the origin of the distinguishable character 

of SPS of forming very stable gels with various solvents even 

at room temperature. 

4-3-3. Gelation rate, of SPS/o-dichlorobenzene gel 

      The rate of gelation or crystallization depends on the 

temperature and used solvents. The gel-forming times (tgel) 

measured by the tilting method are plotted against 

temperature in Figure 4-11. Around the room temperature, the 

gelation rate is very rapid and becomes slower with increasing 
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temperature. Even at a temperature as high as 1100C, gelation 

proceeds in a 10 w/v% solution. 

      The gelation rate can be defined as the reciprocal gelation 

time. The activation energy for the gelation process (E$) is 

expressed by the following Arrhenius-type equation. 

            1/tgel xexp(-E$/RT) (4-2) 

where R and T denote the gas constant and the gelation temperature, 

respectively. Figure 4-12 shows the plots of ln(l/tgel) vs. l/T. 

The slope at a given temperature corresponds to the activation 

energy which varies with T. E$ is expressed as E4=(Tm-T)a , 

where Tm is a melting temperature and a is the exponent denoting 

the type of crystallization. Figure 4-13 shows the plots of 

In Et vs. ln(Tm-T). The exponent a is determined to be -2 from 

the slope of the straight part of the resultant curve, indicating 

the three dimensional growth. In gelation of polyvinyl alcohol 

and APS, the indices are equal to -2 and -2.8, respectively.5 

In the case of polyethylene single crystals grown from a xylene 

solution, the corresponding index is equal to -1.6 This indicates 

that the crystallization of polyethylene proceeds via a two-

dimensional nuclear growth, resulting the lamellar shaped single 

crystals. 

4-3-4. Small angle neutron scattering of SPS/ 

             o-dichlorobenzene 

     In this section, we show only the preliminary SANS data. 

Figure 4-14 shows the plot of scattering intensity I(Q) as a 
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function of the scattering vector Q for various polymer 

concentration. It is well-known that I(Q) is proportional to 

Q-D, where D is the fractal dimension of gel.7 As shown in 

Table 4-1, the D values approach from 2 to 4 with increasing 

concentration. For 10 w/v% sample, I(Q) obeys so-called Porod's 

law (D=4).8 The values of exponent indicate that the gel structure 

of SPS is different depending on polymer concentration. In 

Figure 4-15, the Kratky plots at four different concentrations 

are shown. The experimental data for 0.1% show the shape like 

a Kratky plateau. On the contrary, an intense maximum is observed 

for the 10% sample. This feature corresponds to the clustering 

of chain and the interpretation by the branched polymer model 

has been attempted.9-12 The detail analysis is now in progress. 

4-3-5. Crystallization from SPS/decalin solution 

     The SPS/decalin solution is transferred to a turbid suspension 

on cooling through the precipitation of fine crystallites. The 

crystallization time as a function of temperature is depicted in 

Figure 4-16. Evidently, there are two crystallization regimes 

below and above 70°C. This visual observations are supplemented 

by DSC and infrared measurements. Typical DSC curve of a sample 

quenched at 0°C shows the appearance of two endothermic peaks 

and one exothermic peak around 130°C (Figure 4-17). During 

this heating process, the infrared spectrum changes as shown in 

Figure 4-18. The spectrum at room temperature is identical 

with that of typical TTGG form which is characterized by 572, 548, 

502 cm-1 bands. With increasing temperature, the intensities 
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Table 4-1. 

deuterated 

from SANS

  Fractal dimensions of 

 o-dichlorobenzene gel 

measurements.

SPS/ 

estimated

Mw

Polymer 
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(w/v%) 
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of these bands decreases, and alternatively the 1224 cm-I band 

which reflects long trans sequences appeared. Therefore, the 

low and high endothermic peaks in DSC measurement correspond to 

the melting of TTGG and TT structures, respectively. The 

intermediate exothermic peak corresponds to the transition from 

the TTGG to TT form. 

     As the heating process is complicated because of phase 

transition, the phase diagrams are determined by cooling process 

via the similar manner to the case of SPS/o-dichlorobenzene. 

Figures 4-19 and 4-20 show the cooling rate dependence of the 

crystal-yielding temperature and the resultant temperature-

concentration phase diagram, respectively. Figures 4-21 and 4-22 

correspond to the cooling rate dependence of the crystallization 

enthalpy, and the resultant A H vs. Cp relationship, respectively. 

There is no correlation between A H and Cp. Contrary to the case 

of SPS/o-dichlorobenzene, decalin molecules are not caught in 

the crystallites. 

     It is concluded that on cooling SPS solution, gelation or 

crystallization takes place depending on whether polymer-solvent 

complexes are formed or not.
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                          CHAPTER 5 

              Gelation Mechanism and Structure in Gels 

                       of Isotactic Polystyrene 

5-1. Introduction 

      Isotactic polystyrene (IPS) is a representative of synthetic 

stereoregular polymers and many studies have been done on its 

molecular structure (the configuration and the conformation as well 

as their sequential distribution along the molecule) in crystals, 

glasses, solutions and gels, since it was prepared first by 

Natta et al. in 1955.1 It is well established that IPS molecules 

in crystalline samples assume a (3/1) helical structure consisting 

of a regular repetition of the trans (T) and gauche (G) conformations 

of the skeletal C-C bonds.2'3 During the recent decade, gelation 

of IPS has been focused to a great deal of attention as a suitable 

system for studying the molecular mechanism of the formation of 

physical gel. Keller et al. found that X-ray diffraction taken 

on partially dried and stretched IPS/decalin gels was different 

from that of the well-known crystalline phase.-8 The appearance 

of a meridian reflection of the spacing of 0.51 nm suggested 

the presence of skeletal conformation having a nearly extended 

form [(12/1) helix]. Thereafter, Sundararajan et al. suggested 

that the (12/1) helical molecules might be solvated.9-11 Recently, 

a series of neutron diffraction experiments of nascent IPS/decalin 

gels were carried out by Guenet et al. for various combinations of 

deuterated (D) and hydrogenous (H) species of the polymer and 

the solvent.12-16 They found that the 0.51 nm reflection appeared 
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in H-IPS/D-decalin, D-IPS/D-decalin and also in pure D-decalin, 

but disappeared in D-IPS/H-decalin. Therefore, they concluded 

that the 0.51 nm-1 reflection should not be ascribed to the (12/1) 

helicies of IPS, but to the solvent molecules. As a possible 

structure of IPS/decalin gel, they proposed a ladder like model 

consisting of (3/1) type helices that form a nematic liquid-

crystal mediated by solvent molecules between polymer chains. 

      In this chapter, the molecular structure formed in IPS 

gels is considered on the basis of the results obtained by 

vibrational spectroscopic study, in relation to the molecular 

mechanism of gel formation. 

5-2. Experimental 

5-2-1. Samples 

     Polymerization of IPS was carried out with a TiCl3-A1(C2H5)3 

Ziegler-Natta catalyst in n-heptane at 700C. The polymers obtained 

were washed with methanol and then heated in boiling water. The 

atactic component was extracted with boiling methyl ethyl ketone 

(MEK). The IPS samples obtained were dissolved in hot toluene and 

the solutions, after cooling, were separated from gelatinous preci-

pitates by centrifugation. The polymers were reprecipitated with 

methanol, collected and dried. The diad isotacticity of the IPS 

samples were evaluated as over 96% by 13C-NMR. Samples of isotactic 

poly 2-monodeuterostyrene +CH2-CD•C6H5}n (IPS-2-dl), isotactic poly 

l,l-dideuterostyrene ECD2-CH•C6H5*n (IPS-1,1-d2) and isotactic 

poly ring-pentadeuterostyrene +CH2-CH•C6D5*n (IPS-r-d5) were 

prepared in a previous work done by Kobayashi et al.17 
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     Gels of IPS/decalin and IPS/carbon disulfide (CS2) systems 

were investigated. The IPS/decalin dried gels were prepared by 

quenching (at 0°C) a hot decalin solution (kept at 150°C) followed 

by standing in vacuo. The IPS/CS2 gels were prepared by cooling 

the solutions below -50°C (the gelation temperature depends on 

polymer concentration). 

5-2-2. Measurements 

      Infrared spectra (with 1 cm-1 resolution) were measured by 

using a JASCO FT-IR 8000 spectrometer equipped with a DTGS detector 

Spectra were accumulated 50 times. A home-made solution cell with 

a lead spacer of 100 u m thickness inserted between two KBr windows 

was used. For measurements at low temperatures, an Oxford flow-

type cryostat was used. 13C-NMR spectrum was measured with a 

JEOL GSX-400 spectrometer, operating at 100.40MHz. 

5-3. Results and Discussion 

5-3-1. Molecular structure of IPS formed in gel 

      To elucidate the skeletal conformation of IPS molecules in 

gel, the spectral features of the conformation-sensitive infrared 

bands associated with the TG skeletal conformation were compared 

between highly crystalline solid and CS2 gel. 

     It has been established that the infrared spectrum of IPS/CS2 

solutions exhibits a dramatic thermoreversible change on cooling.18 

The conformation-sensitive bands due to the regular TG sequence 

increase continuously as the temperature is lowered, as shown in 
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Figure 5-1. On this cooling process, physical gelation takes place 

below -40°C as is detected by a steep change in the half-width 

of the 13C-NMR signals (Figure 5-2). 

     The infrared spectral change on cooling indicates that gelation 

is accompanied with the ordering in molecular conformation. The 

bands which become prominent on gelation are very close to those 

of crystalline IPS in frequency, relative intensity, as well as 

in shape. This indicates that TG-type regular sequences are 

formed during gelation and the total amount and the average 

sequential length of the ordered part increase as the temperature 

is lowered (Detail analysis will be made in the following section).

The small difference in frequency for the 923 (918) and 899 

(896) cm-1 bands (the frequency in the gel are given in 

parentheses) between the crystalline and gel phases, and the 

appearance of additional bands at 1070 and 1062 cm-1 in the gel, 

are ascribed to strong polymer-solvent interactions that cause 

small conformational changes. These considerations are also 

confirmed by CP/MAS 13C-NMR spectrum measured on a IPS/decalin 

dried gel. The infrared spectra of IPS/decalin dried gel measured 

by Painter et al.19 was regarded as the same as that of IPS/CS2 

gel. In Figure 5-3, the CP/MAS spectrum of IPS/decalin dried gel 

is compared with the normal 13C-NMR spectrum of decalin. As will 

be described in Chapter 7, CP/MAS spectrum reflects sensitively 

the conformation of the skeletal chain. If the near-trans 

conformation proposed by Keller et al. existed, the methylene 

signal should appear at 48 ppm (see Chapter 7). There is no peak 

around this region, indicating that nearly all trans structure 
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does not exist in gel. (The three peaks at 44.0, 34.6 and 

27.1 ppm originate from decalin because their chemical shift 

corresponds to that of liquid decalin) The solvent molecules 

are caught in gel with less mobility judging from the fact there 

are no sharp peaks due to the solvent molecules. 

      Thus, we conclude that the ordered conformation formed in 

IPS gel should be of the TG type, rather than the near-TT [(12/1) 

helix] type proposed previously for the IPS/decalin gel. The 

type of ordered conformation constructed in the gel seems hardly 

influenced by the solvent used. In fact, the infrared spectrum 

of an IPS/decalin gel (at room temperature), after subtracting 

the absorption of the solvent and the background due to the 

disordered part of the polymers by computer manipulation, resembles 

that of our IPS/CS2 .gel at -100°C. Bearing the significant spectral 

difference between the a and 6 phases of SPS in mind, it is 

naturally considered that the spectral feature of the near-TT (12/1) 

conformation should be very different from that of the (3/1) helix. 

     Comparing the infrared spectra of crystalline IPS and IPS/CS2 

gel measured at low temperature, there are some marked differences 

(Figure 5-4). Base on the spectral features, the bands appearing 

in gel are classified in the following three types. (1) Gel 

specific bands which disappear in crystalline IPS (1070, 1062, 854, 

517 and 503 cm-1) (2) Bands providing intensities different from 

crystalline IPS (1198, 1188, 983 cm-1) (3) Bands whose wavenumbers 

are shifted from those of the 3/1 helix (917, 892 cm-1). All these 

bands are associated with the vibrations of the phenyl group. The 

origin of these differences will be discussed in what follows. 

      1. The behavior of 983 cm-1 band : This band was assigned to 
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a pure C-H out-of-plane ring mode. 20,21 In the crystalline phase, 

the 983 cm-1 band behaves as a typical crystallization-sensitive 

band with intensity proportional to the degree of crystallinity 

of the sample. In gel, on the contrary, the intensity does not 

increase with decreasing temperature and remains at a level as 

low as in the glassy state, even at -100°C. As to the origin of 

the crystallization-sensitive character, two different sources, 

intermolecular and intramolecular, are possible. The former 

originates from a specific spatial arrangement of the molecules 

in the crystal lattice. In this case, the arrangement of the 

phenyl ring plays an important role, since the band is assigned 

to a C-H out-of-plane ring mode. The latter is concerned with 

concerns a specific conformation of the phenyl ring with respect 

to the skeletal chain. 

      In order to identify the correct source of the crystallization-

sensitive character of the 983 cm-1 band, the author investigated 

the intensity of the band for isotactic copolymers of styrene and 

ring deuterated styrene and also for blends of IPS and IPS-r-d5, 

in both highly crystalline and glassy states. In Figure 5-5, the 

spectra of a copolymer (with 52.1 mol% styrene monomer) and a 

blend (with 51.2 mol% IPS) are reproduced. If the sensitivity 

originates from the intermolecular interaction, the band intensity 

should decrease remarkably with an increase in the degree of 

isotope dilution for both the blend and the copolymer. On the 

other hand, if the sensitivity is caused by a particular conformation 

of the phenyl ring, the band intensity should remain unaltered 

with variation in the isotope composition, since the degree of
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crystallinity is high over the whole composition range. 

     The peak intensity of the 983 cm-1 band (reduced to that of 

the 1027 cm-1 band used as the internal standard, because this 

band is proportional to the fraction of hydrated polystyrene as 

shown in Figure 5-6) of the copolymers and the blends is plotted 

against the molar concentration of undeuterated styrene units in 

Figure 5-7. Since there are no absorptions around 983 cm-1 and 

1027 cm-1 in IPS-r-d5 homopolymer (Figure 5-8), only the undeuterated 

phenyl rings are responsible for the peak intensity. In both the 

copolymers and blends, the peak intensity remains nearly constant 

over the whole concentration range. The slight reduction with 

increasing dilution may be due to an experimental artifact in 

drawing the baseline. This means that the crystallization-sensitive

character of the 983 cm-1 band originates from a specific 

conformation of the phenyl groups which remain undisturbed in the 

highly crystalline copolymers and blends, as in IPS homopolymer. 

Therefore, the intensity depressions in the cooled gel comes from 

the disordered orientation of the phenyl rings. 

     2. Origin of the gel specific bands : The origin of the gel 

specific bands is investigated by using partially deuterated 

samples. Figure 5-9 shows the temperature dependence of infrared 

spectra of IPS-2-d1. The intensity of 983 cm-1 band and the 

appearance of gel specific bands of 854, 517 and 503 cm-1 are 

common behaviors with IPS gel. Figure 5-10 shows infrared 

spectral change of IPS-1,1-d2 on cooling. Also in this case, 

gel characteristic bands are common with IPS gel. Therefore, 

the vibrations of methine and methylene are hardly influenced by 

the formation of gel. On the contrary, as shown in Figure 5-11, 
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the infrared spectrum of IPS-r-d5 gel is remarkably different 

from that of crystalline IPS. 

     Judging from the behavior of these gelation bands of three 

partially deuterated samples, only the ring modes are especially 

influenced on gelation. 

      Consequently, it is concluded that the infrared spectral 

features characteristic of IPS gels comes from the disordered 

conformation around the C(skeletal)-C(ring) bond. Such a disorder 

may be induced by the insertion of solvent molecules in the 

intermolecular space, while the skeletal chain takes a partially-

ordered TG conformation. 

5-3-2. Critical sequence length of conformation-

             sensitive bands 

      The conformational sensitive character of the infrared bands 

originates from the intramolecular vibrational coupling among the 

monomeric units regularly arranged along the polymer chain. It 

should be emphasized that the sensitivity of the band intensity 

to the conformational order differs from band to band. As a figure 

of the sensitivity, a concept of the critical sequence length 

has been introduced.17 It is defined as the shortest length of 

the sequence of a particular conformation, ex. TG or TTGG, 

(represented by the number of the structural units m) necessary 

for the appearance of the sensitive band. For IPS, the values 

of m were derived from the relationship between the band intensity 

and the mole fraction of styrene/2-deuterated styrene copolymers. 

On the basis of this method, the temperature dependence of band 
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intensity in polymer solution was interpreted by following 

procedure. 18 

     The total fraction F(m) of the regular sequence containing m 

monomer units can be represented by the equation 

            F(m)=pm-1[m-(m-1)p] (5-1) 

              a =(1-p)/p (5-2) 

where p is the mole fraction of regular part, and a means the ratio 

of irregular to regular parts. Therefore, a can be represented 

by free energy difference per mole of monomeric units (0 G= 

Girregular-Gregular) between the irregular and the regular helical 

state. 

              a =exp(-A G/RT) (5-3) 

              A G= A H-T A S (5-4) 

where A H and 0 S are the corresponding enthalpy and entropy 

differences, respectively. F(m) is estimated as the ratio of 

observed intensity of a given band to that for the perfect 

crystalline ; F(m)=R/R0. The value of m for 917 cm-1 band of IPS 

has been estimated as to be 10 (determined from isotope dilution 17 

From the experimental values of F(10) vs. T for this band, values 

of a(T) at T were calculated by equation 5-1. Figure 5-12 shows 

a plot of log a vs. 1/T, which according to equation 5-4 gives 

0 H and 0 S as shown in the Figure. With these values, 

the theoretical curves are derived for various values of m (solid 

lines in Figure 5-13). Thus, with the measured intensities of
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these conformational sensitive bands of IPS, along with the 

m values, we are able to evaluate the orderliness of the TG 

conformation. 

     The ordering process of the skeletal conformation during the 

gelation of an IPS/CS2 (20w/v%) system was followed by monitoring 

the intensity changes of the bands in the range of 500-600 cm-1 

(Figure 5-14). The absorption profile was divided into seven 

Lorentzian components by band separation method, and the integrated 

intensity of each component was plotted against temperature 

(Figure 5-15). On cooling, the intensities of the 566, 562 and 

517 cm-1 bands due to the TG form begin to increase steeply at 

the gelation point (--50°C), while those of the 546 and 566 cm-1 

bands due to the TT form start to decrease at the same temperature. 

The m values of these bands were determined from the temperature 

dependence of their absorbances. For a particular band, the 

absorbance was measured at a temperature T. The R0 value is 

obtained from the absorbance of the highly crystalline sample, where 

it becomes independent of temperature. Thus, one can estimate 

the m value for each helix band by comparing the R(T)/R'0 vs. 1/T 

plot with the calculated curves of F(m) (Figure 5-13). The results 

are listed in Table 5-1. The 500-600 cm-1 region is comparatively 

sensitive to the short conformational ordering, corresponding to 

m=6-8. The appearance of the 894 cm-1 band having m=16 indicates 

that regular sequences longer than 5 turns of the (3/1) helix are 

formed in gel. 

     It has been confirmed that the intensity of infrared spectra 

is closely related to the conformational stability of the polymer 

molecules, and gives the important information for local ordering 
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Table 

each

 5-1. Critical sequence 

regularity-sensitive band

length (m) of

band/cm-1 m/monomer unit

917 

894 

588 

566 

562 

512 

502

10 

16 

4-6 

8 

8 

6-8 

6-8
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of a polymer chain in gel. It is worthy to note that the bands 

in 500-600 cm-1 corresponds to short conformational order (m- 6-8). 

This result will be applied to the following chapter. 
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                          CHAPTER 6 

              Gelation Mechanism and Structure in Gels 

                         of Atactic Polystyrene 

6-1. Introduction 

      The thermoreversible gelation of crystallizable polymers can 

be ascribed to the formation of microcrystallites. In the case 

of syndiotactic (SPS) and isotactic (IPS) polystyrenes, we revealed 

that gelation was accompanied with the formation of crystallite-

like coagurates consisting of polymer-solvent. However, gels formed 

from non-crystallizable polymers contain more complex problem. 

Wellinghoff et al. reported that non-crystalline atactic poly-

styrene (APS) also forms thermoreversible gel.1 Tan et al. 

carried out systematic thermal analyses, and presented the 

temperature-concentration phase diagram.2 Later, Guenet et al. 

demonstrated that gel melting enthalpy took a critical point at 

a particular concentration like the cases of SPS and IPS, indicating 

that the cross-links consisted of a stoichiometric complex 

between polymer and solvent molecules.4 Recently neutron 

scattering method has been developed to analyze the gel structure, 

because the use of deuterated polymer gives the large difference 

in diffraction power from that of solvent. Small angle neutron 

scattering (SANS) measurements on the sol-gel transition of 

APS/CS2 system have been carried out by Izumi et al. 6-11 They 

showed that the scattering exponents along the gelation curve 

cross over from -2 to -4. Guenet et al. carried out a wide angle 

neutron diffraction experiment, and elucidated the formation of 
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a local ordered structure.12,13 This structure was confirmed from 

the increase in intensity at 1.095 nm on gelation of APS/CS2 

solution. Although they considered the peak associated with the 

distance between first neighboring stems, the distance observed 

is a little large in comparison with the lattice constants of IPS 

and SPS crystallines. So they considered that the lattice spread 

by the formation of a polymer-solvent complex derived from thermo-

dynamic studies.4 

     Nowadays, we are able to prepare polystyrene samples with 

various tacticities covering the whole range from highly isotactic 

to highly syndiotactic. Therefore, the polystyrene-solvent system 

is the most suitable one to study the role of the stereoregularity 

in the molecular level mechanism of the gelation process. 

6-2. Experimental 

6-2-1. Samples 

     The APS sample prepared by radical polymerization was 

supplied from Sekisui Chemical Co. Ltd. (Styron 666-7). The 

diad syndiotacticity was evaluated as 65% by 1H-NMR. In order 

to investigate the relationship between the stereoregularity 

and gelation mechanism, we carried out epimerization reaction 

by using IPS sample as a starting material. Epimerization was 

conducted by heating at 1000C IPS dissolved in hexamethyl 

phosphoramide containing potassium t-butoxide.14,15 The tacticity 

of the resultant polymer was adjusted by the reaction time. The 

epimerized samples are referred as EPSn, n being the reaction 
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time in hour. Gels of these samples were prepared by dissolving 

in carbon disulfide (CS2)(20 w/v%), and then cooling below -50°C. 

6-2-2. Measurements 

      Infrared spectra (with 1 cm-1 resolution) were measured by 

using a JASCO FT-IR 8000 spectrometer equipped with a DTGS 

detector. Spectra were accumulated 50 times. A home-made solution 

cell with a lead spacer of 100 u m thickness inserted between 

KBr windows was used. For measurements at low temperatures, an 

Oxford flow-type cryostat was used. 1H-NMR spectrum was recorded 

at 400 MHz using a JEOL GSX 400 spectrometer, on a 1,1,2,2-tetra-

chloroethane-d2 solution (5 w/v%) at 120°C. Figure 6-1 shows 

the 1H-NMR spectra of APS and EPS. The peaks at 2.2 and 1.9 ppm 

arise from the methine protons. The 2.2 ppm signal is assigned to 

the meso-meso (mm) triads and that at 1.9 ppm to the superposition 

of the racemo-racemo (rr) and meso-racemo (mr).14,15 The 

tacticities are evaluated as listed in Table 6-1. Figure 6-2 shows 

the fraction of rr+(rm+mr) triads as a function of reaction time. 

Our results are a little smaller than calculation.14 The longer 

the reaction time, the smaller the value of isotacticity. These 

values were converted to diad tacticity by assuming Bernoullian 

statistics. The present samples cover the range 0.4-0.87 of the 

meso diad (Pm). 

6-3. Results and Discussion 

6-3-1. Gel structure of APS 

     Radical polymerization of styrene (Styron 666-7) is the 
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Pmm Pm nm

EPS1.5 

EPS6 

EPS10 

EPS24 

APS-R

0. 

0. 

0. 

0. 

0.

80 

69 

36 

14 

06

0.87 

0.80 

0.57 

0.40 

0.35

11.1 

 8.1 

 2.9 

 1.7

Pmm 

nm:

and Pm: Probability of meso triad 

         and diad, respectively. 

Average length of isotactic 

sequences.15
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most typical for preparing APS samples. As shown in Table 6-1, 

this sample takes predominantly syndiotactic sequences (Pr=0.65). 

The gelation of APS/CS2 system was detected by temperature 

dependence of the half-width of the 13C-NMR signals. This shows 

that the mobility of polymer chain is restricted by making three 

dimensional network structures. Infrared spectrum is very 

sensitive to analyze a short conformational change. In Figure 6-4, 

the gelation process of an APS/CS2 system (20w/v%) was followed 

by infrared spectroscopy. Unlike the IPS/CS2 system, no remarkable

spectral change was observed in mid-infrared region on cooling 

except for the appearance of the 1280 cm-1 band characteristic 

of the TTGG conformation of the syndiotactic part. This indicates 

that construction of the long regular sequences of TG (the stable 

form of the isotactic part) and/or TTGG (the stable form of 

the syndiotactic part in solvated states) is restricted because 

of short stereoregular sequence length. In the 500-600 cm-1 

region, a detectable change in the absorption profile is observed, 

reflecting the change in the local conformation. The bands in 

this region are associated with out-of-plane modes of phenyl 

ring. The frequencies are dependent on the local skeletal 

conformation. The spectral features of APS gels do not depend 

on the solvent as shown in Figure 6-5, although relative intensities 

vary a little with condition of gelation. 

      This 500-600 cm-1 region seems to be very complicated by 

superposition of several absorption bands, but is able to fit by 

using band profiles of .SPS and IPS as shown in Figure 6-6 [Three 

peaks for SPS (572, 548 and 540 cm-1) and four peaks for IPS (566, 
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562, 556 and 546 cm-1) were used.]. A good agreement was obtained 

between observed and calculated curves. The integrated intensities 

of each bands are plotted against temperature (Figure 6-7). The 

most conspicuous increase in intensity on gelation is observed for 

the 572 cm-1 band associated with the TTGG form, while the 566 

and 562 cm-1 bands due to the TG form undergo a slight and 

continuous increase on cooling. From the analysis of critical 

sequence length of IPS gel (see Chapter 5), the appearance of 

bands in 500-600 cm-1 corresponds to m=6-8. Therefore, the 

cross-links consist of ca. 2 turns of TTGG for SPS. 

      The appearance of 572 cm -1 band suggests that the formation 

of short TTGG sequences promote gelation even in such non-

crystallizable polymers. However, compared with SPS gel the 

intensity of 572 cm-1 band is not so strong even at -100°C, 

suggesting the low density of cross-links. Judging from the fact 

that no crystallization takes place in a bulk state, it is worth 

noting that the solvent plays a significant role for stabilizing 

conformation. Namely, the existence of ordered structure in 

spite of non-crystallizable in solid state is due to the formation 

of complex structure with solvent molecules. 

6-3-2. The relationship between gel structure and 

          stereoregularity 

     In order to investigate the gel structure depending on 

stereoregularity, we measured infrared spectra of EPS/CS2 gel. 

As the stereoregular sequences of EPS samples are not so long, 

the gelation bands are restricted in analogy with the case of 
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radical polymerized APS gel. Figure 6-8 shows infrared spectra 

of IPS, EPS1.5 and EPS6 gels at about -100°C in 850-960 cm-1 region. 

The intensities of 917 and 894 cm-1 bands are very strong in IPS 

gel compared with that of EPS1.5 and EPS6 gels. As revealed in 

chapter 5, these bands correspond to the m=10 and m=16, respectively. 

In the spectrum of EPS1.5 gel, the presence of these bands indicates 

that the long ordered sequences with m>10 still remain, whereas they 

do not appear in that of EPS6 gel. This is consistent with the 

analysis of average length of isotactic sequences (11 for EPS1.5 

and 8 for EPS6) shown in Table 6-1. 

      Figure 6-9 shows the infrared spectral change on gelation 

.of four different stereoregular polystyrenes in 500-600 cm-1 region.

In isotactic-rich samples like EPS1.5, the 566 and 562 cm -1 bands 

due to the TG sequences of IPS increase in intensity with 

decreasing temperature. Contrary to the bands around 900 cm-1, 

the intensities of these bands are kept to some magnification even 

for the samples of very low isotacticity, because both bands are 

related to short conformational arrangements. With increasing 

syndiotacticity, the 572 cm-1 band characteristic of TTGG 

sequences of SPS appear. The type of the ordered molecular 

conformation that contributes to the gelation crosses over the TG 

sequences of the isotactic parts to the TTGG sequences of the 

syndiotactic parts at the critical value Pm - 0.7 of the meso 

diad tacticity. As the TTGG structures of SPS is more stable 

than that of IPS, the critical tacticity for gelation is closer 

to one taking complete isotactic sequences. 

     These results demonstrate that the physical gelation of non-

crystalline polymer is accompanied by the formation of locally 
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ordered conformation formed in the respective stereoregular 

sequences. 

      In conclusion for various stereoregular polystyrenes from 

highly syndiotactic to isotactic samples, the gelation mechanism is 

interpreted as the same whatever the polymer is crystallizable or 

non-crystallizable. Namely, gelation requires conformational 

arrangement of polymer molecules to which solvation presumably plays 

important roles.
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                          CHAPTER 7 

        Glassy state of various stereoregular polystyrenes 

7-1. Introduction 

     Elucidation of molecular level structure of polymer glasses 

and melts has been one of the main subjects of polymer science. 

Both syndiotactic (SPS) and isotactic polystyrene (IPS) samples 

form a glassy state when they are rapidly quenched from the melt 

in iced water. Atactic polystyrene (APS) is in a glassy state 

below the glass transition temperature Tg=82°C. Although molecular 

structure in IPS and APS glasses has been studied by infrared 

and Raman spectroscopy,)-3 there still remain uncertainties. 

Therefore, investigation of SPS glass in comparison with IPS and 

APS glasses seems of importance for understanding the role of 

stereochemical configuration in the molecular conformation and 

physical properties of polystyrene glasses.1-3 

     The purpose in this chapter is to clarify the tacticity 

dependence of local chain conformation and spatial dimension of 

molecular chain. 

7-2. Experimental 

7-2-1. Samples 

     Descriptions of the SPS, IPS, APS and epimerized polystyrene 

(EPS) samples used are in the previous chapters. 

     The glassy films are prepared from heating the polymer films 

a little above the melting point, and then quenching in iced water. 
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7-2-2. Measurements 

      Infrared spectra (with 1 cm-1 resolution) were taken by 

using JASCO FT-IR 8000 spectrometer equipped with a DTGS detector. 

Raman spectra were taken with a JASCO R-500 double monochromator 

with the 514.5-nm excitation light from an Ar+ laser. 

     The densities of glassy film were measured by the flotation 

method. The flotation medium used was water-glycerin mixing in 

which the samples were neither dissolved nor swollen. The densities 

were determined at 250C by using a Lipkin-type pyknometer.

7-3. Results and Discussion 

7-3-1. Preferred conformation in the Glassy State 

      Infrared and Raman spectra are sensitive to the local 

conformation of polymer molecules. Figures 7-1 and 7-2 show 

infrared and Raman spectra of SPS, APS and IPS, respectively. 

In infrared spectra, differences among three samples are found in 

the regions around 1200, 1070, 750 and 550 cm-1. In Raman 

spectra, the bands around 1200 and 750 cm-1 depend on stereo-

regularity. 

     The bands in the region of 650-450 cm-1 are due to the phenyl 

ring modes. They reflect the local conformation rather than its 

sequential array. The infrared spectra in this region of SPS, 

IPS and APS in various states are compared in Figure 7-3. In 

crystalline a -SPS, there is only one sharp band at 537 cm-1. 

In glassy SPS, there appear broad peaks at the both side of the 

537 cm-1 band. They correspond to the bands at 572 and 502 cm-1 
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of crystalline Q -SPS. At the same time, the 537 cm-1 band 

becomes a little broder, suggesting a superposition of the 

absorptions corresponding to the 548 and 536 cm-1 of % -SPS. In 

glassy IPS, all the bands, except for that at 500 cm-1, 

characteristic of the TG conformation appear, though some of them 

are weakened and broadened. From these experimental facts, we 

conclude that there exist some fraction of gauche C-C bonds in 

glassy SPS. Judging from the relative intensities of the gauche 

bands, the trans content may be greater in glassy SPS than in 

glassy IPS. However, from the disappearance of the 1224 cm-1 

band, there must be no detectable amount of long TT sequences in 

glassy SPS. 

7-3-2. CP/MAS 13C-NMR spectra 

      Solid-state CP/MAS 13C-NMR spectrum is very sensitive to 

conformational change. First we attempt the assignment of signals 

by using that of crystalline states. In Figure 7-4 are shown the 

13C -NMR spectra in the region of the aliphatic carbon atoms measured 

on three different crystalline samples of SPS (upper three) compared 

with that of IPS (bottom). The SPS spectra are, from the top, that 

of the a 1, a 2 and a phases. The band profile of each sample was 

divided into several Lorentzian components by the curve-fitting 

computer manipulation. In this process, we took the 13C spectra of 

the glassy samples of SPS, IPS and APS (Figure 7-5) into account for 

separating the signals due to the amorphous region (the chain lines) 

from those of the crystalline region (the broken lines). The 

isotactic 13C chemical shifts of the components thus obtained, along 
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with their assignments, are summarized in Table 7-1. The degree of 

crystallinity evaluated from the integrated intensity ratio of the 

crystalline and amorphous regions is also given. 

      In the case of the a 1 and a 2 phases, the CH2 and CH carbon 

signals due to the crystalline region appear as a singlet centered 

at 47.5 and 42.5 ppm, respectively. The singlet pattern originates 

from the TT conformation where all of the monomeric units are 

equivalent to each other. In the crystalline region of ,(3 phase, the 

CH2 signal appears as a doublet centered at 48.5 and 38.3 ppm having 

the same intensity, while the CH signal appears as a singlet at 

40.5 ppm. The characteristic spectral pattern can be interpreted 

by the TTGG conformation. The CH2 occupies two distinct sites 

(the-inner and outer sites), whereas the CH occupies one equivalent 

site. 

     The dependence of 13C chemical shifts on molecular conformation 

in the solid state has been interpreted in terms of an empirical 

rule "3-bond interactions" or "y -gauche shielding effects". 

This claims that a carbon is subjected to a strong shielding by the 

carbon atoms which are separated from it by three bonds and located 

at the gauche position with respect to it. The inner CH2 suffers 

a strong y -gauche shielding and gives rise to the upfield shift 

by 10 ppm compared to the outer and inner CH2 of a -SPS. The CH in 

the TTGG form also suffers a strong y -gauche shielding (causing an 

upfield shift by about 2 ppm) compared to that in the TT or TTGG 

form. These experimental results are well understood by the aid of 

Figure 7-6. 

      In the case of polyethylene, the signal of the amorphous carbon 

atoms is 2-3 ppm upfield shifted from that of the crystalline 
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Table 7-1. 13C-NMR Chemical shifts of 

in solid states (ppm measured from TMS)

polystyrenes

Sample CH2 CH Crystallinity

a 1-SPS 

a 2-SPS 

$ -SPS

SPS Glass 

IPS Cryst. 

IPS Glass 

APS Glass

     47.5 

    47.5 

48.5 (outer) 

38.3 (inner) 

     46.0 

     42.5 

     45.0 

     45.6

42.8 

42.4 

40.5

40.7 

41.8 

41.0 

40.8

71-74 

50-52 

35

0 

65 

0 

0

               Methylene 

 CH - CH2 - CH - CH2 - CH - CH2 -CH 

    G G T T G G TTGG (inner) 

    T T G G T T TTGG (outer) 

   T T T T T T TT 

   T G T G T G TG 

               Methine 

CH2 - CH - CH2 - CH - CH2 - CH - CH2 

   T G G T T G TTGG 

   T T T T T T TT 

   G T G T G T TG 

 Figure 7-6. y -Gauche shielding in polystyrene of 

 conformations and 13C chemical shifts.
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carbons.6 The same trend is observed in glassy SPS; the CH2 and CH 

signals are upfield shifted by about 2 ppm from those of a -SPS. 

This is also interpreted by the same effect caused by the CH2 signal 

in the glassy state increases in the order of IPS<APS<SPS. This 

result is attributed to the trans-rich structure in glassy SPS 

compared to IPS and APS. 

7-3-2. Long-range conformational structure and stiffness of 

         polymer molecules in the glassy state 

      The molecular form as a whole in the glassy state might be 

influenced by the preferred local conformation as well as the 

stiffness of the polymer molecule. It is known that such long range 

conformational order as well as the stiffness of the disordered 

polymer molecules is reflected in the frequency of a particular 

low-frequency Raman-active mode, the so-called "disordered 

longitudinal acoustic mode", abbreviated as D-LAM. The D-LAM 

band has been identified first in the low-frequency isotropic 

Raman spectra of a series of liquid n-alkanes7 and thereafter in 

those of polyethylene8 and poly(tetrafluoroethylene).9 This band 

was also found in various polymers in the liquid and glassy 

states.l9 In the present work, we measured the D-LAM bands of SPS, 

IPS, and APS in the glassy state. Figure 7-7 reproduces the 

polarized (p) and depolarized (dp) Stokes Raman profiles of the 

three samples measured on melt-quenched film specimens. As 

proposed by Snyder et al., 11 we obtained the isotropic spectrum 

Iiso(v) free from the background by subtracting the dp component 

from the p component. The scattering power S(v ) was obtained 
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according to the equation 

                     S( v )=BIiso( v ) (7-1) 

                      B=I-exp(-hcv /kBT) (7-2) 

where v denotes the Stokes Raman shift (in cm-1), T the absolute 

temperature, c the velocity of light in vacuo, h the Planck 

constant, and kB the Boltzmann constant. Figure 7-8 shows S(v ) 

thus transferred from Figure 7-7. 

      The peak frequency of the D-LAM band increases in the order 

IPS<APS<SPS. The shift of the D-LAM frequency means that either 

the long-range conformational order decreases or the stiffness 

increases in this order. The long-range conformational order in 

three samples should be almost the same, since the presence of 

long TT (in SPS) or TG (in IPS) sequences was not detected, and 

they differ from each other in the local conformation caused by 

different stereochemical configuration, as mentioned in the 

previous chapter. Therefore, the difference in D-LAM 

frequency is probably to be ascribed to the difference in stiffness 

of a chain segment is expected to increase with an increase in 

the content of the TT conformation. 

      The difference in the local conformation is reflected also 

in the density of the glass. The density of SPS, IPS and EPS 

samples are listed in Table 7-2. Significant differences are found 

among stereoregular isomers. Figure 7-9 plotted densities 

depending on the diad tacticity. The straight line was obtained 

and the observed values decreased with increasing syndiotacticity. 

As a glassy SPS is regarded to be of a TT rich, its locally rod-
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Table 7-2. Density of 

various stereoregular

 glassy state of 

polystyrenes.

Density / g/cm3

IPS 

EPS6 

EPS10 

EPS24 

APS 

SPS

1. 

1. 

1. 

1. 

1. 

1.

0575 

0550 

0527 

0510 

0477 

0448
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like structure leads to the smallest value of density among them.. 

This result corresponds to the tacticity dependence of radius 

gyration <Rg2> ; the experimental values of IPS and APS obtained 

from SANS by Guenet et al. are approximately 150 and 210 A (if 

Mw=5x105), respectively.12,13 This seems quite reasonable 

because the unperturbed radius of gyration in syndiotactic rich 

APS sample expands, so that the density decreases as the content 

of straight (TT) segments increases. 

      In conclusion, molecular conformation and size of molecular 

chain in a glassy state are described as a function of the degree 

of stereoregularity. The preferred molecular conformation is 

different between SPS and IPS glasses. SPS glass tends to take 

trans sequences, whereas IPS glass fairly contains gauche 

conformation. The analysis from molecular order connects with 

the interpretation of densities and mean square radius of gyration 

depending on stereoregularity.

References 

1) M. Kobayashi, K. Akita, H. Tadokoro, Makromol. Chem., 113, 324 

  (1968). 

2) B. Jasse, J. L. Koenig, J. Polym. Sci., Polym. Phys. Ed., 17, 

  799 (1979). 

3) B. Jasse, R. S. Chao, J. L. Koenig, J. Raman Spectrosc., 8, 

  244 (1979). 

4) J. M. O'Reilly, D. M. Teegarden, G. D. Wignall, Macromolecules, 

   18, 2747 (1985).

-145-



5) 

6) 

7) 

8) 

9) 

10) 

11) 

12) 

13)

D. Y. Yoon, P. J 

A. E. Tonelli, F 

R. F. Schaufelle 

R. G. Snyder, J. 

R. G. Snyder, N. 

Macromolecules, 

 R. G. Snyder, S 

 R. G. Snyder, S 

 Polym. Phys. Ed 

 J. P. Cotton, D 

 G. Jannink, R. 

 7, 863 (1974). 

 J. -M. Guenet,

  Flory, Macromolecules 9, 299 (1976). 

  C. Schilling, Acc. Chem. Res., 14, 233 (1981). 

  J. Chem. Phys., 49, 4168 (1968). 

 Chem. Phyas., 76, 3921 (1982). 

 E. Schlotter, R. Alamo, L. Mandelkern, 

19, 621 (1986). 

  L. Wunder, Macromoleculs, 19, 496 (1986). 

  J. Krause, J. R. Scherer, J. Polym. Sci., 

   16, 1593 (1978). 

  Decker, H. Benoit, B. Farnoux, J. Higgins, 

Ober, C. Picot, J. des Cloizeaux, Macromolecules 

C. Picot, Macromolecules, 16, 205 (1983).

-146-



    CHAPTER 8 

Concluding Remarks

     This thesis has dealt with the following subjects on various 

stereoregular polystyrenes. 

1) Molecular conformation and crystal polymorphism of newly 

synthesized syndiotactic polystyrene. 

2) The relationship between the gel structure at cross-linking 

points and stereoregularity. 

3) Structure of SPS, IPS and APS in the glassy state. 

     The summary of each chapter is described in what follows. 

CHAPTER 2. 

     Two stable conformations in crystalline states of SPS were 

investigated by vibrational spectroscopy and X-ray diffraction. 

It was revealed that the a phase, obtained by crystallization 

from the melt or by annealing the cast or melt-quenched film 

samples, consists of the molecules having the all-trans (TT) 

skeletal conformation, and the 8 phase, obtained by crystallization 

from solutions or by exposing glassy samples in an atmosphere 

of solvent vapor, consists of the molecules having the TTGG 

skeletal conformation. The infrared bands characteristic of 

these specific conformations were observed and compared with 

those of isotactic polystyrene with TG conformation. The 

crystallization process from the glassy state and the solid 

state phase transition from 6 to a phase were followed by the 

infrared spectral change and DSC thermogram. The TT form is 

found to be more stable than the TTGG form under ambient condition. 
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CHAPTER 3. 

     Crystal polymorphism of SPS was investigated by means of 

X-ray diffraction, infrared spectroscopy and electron microscopic 

measurements. Depending on the crystallization condition, five 

or more crystal modifications were obtained. There are two 

crystal forms consisting of the planar zigzag molecules (a 1 

and a 2). As for the TTGG conformation, two crystal modifications 

called 6 1 and Q 2 were found. The presence of polymer-solvent 

complexes (y ) was indicated by some experimental evidences. 

Infrared and X-ray measurements revealed that the y form trans-

formed to the 8 1 form at 120°C, and then to the a 2 form at 

190°C.

CHAPTER 4. 

    The thermoreversible gelation of SPS was investigated by 

means of infrared spectroscopy and thermal analysis. The gelation 

of this polymer is the formation of crystallite, and the junction 

points consists of a molecular aggregates having TTGG conformation. 

The phase diagram and the enthalpy of gel-formation in o-dichloro-

benzene solution were obtained. It was suggested that SPS molecules 

construct a stoichiometric complex with solvent molecules, as in 

the case of IPS and APS. The average number of solvent molecules 

per monomeric unit was estimated as 0.87. The SPS/o-dichlorobenzene 

and SPS/chloroform systems yield transparent gel, whereas the SPS/ 

decalin system gives crystalline precipitates in two crystallization 

regimes below and above 70°C. The infrared spectral measurements 

showed that the crystals deposited at low temperature were the
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TTGG from and those at high temperature were of the all trans 

(TT) form. The factors that control two competitive self-

organization processes of gelation and crystallization were 

considered. 

     A preliminary result of small angle neutron scattering (SANS) 

of SPS/D-o-dichlorobenzene was presented concerning with the 

dimension of the gel forming structure. 

CHAPTER 5. 

      Stable conformation and their sequential order in IPS gel 

have been investigated by infrared spectroscopy. The process of 

the conformational change during the gelation of the IPS/CS2 

system has been followed by infrared spectroscopy, and it was 

demonstrated that the partially ordered skeletal conformation 

existing in gel was of a (3/1) helix (TG) type having the pendant 

phenyl groups oriented in a disordered fashion, rather than the 

near-TT [(12/1) helix] form proposed previously for IPS/decalin 

gels. The temperature dependence of the absorption intensities 

has been interpreted quantitatively by a simple statistical model. 

The TG regular sequence formed in gel was estimated as long as 5 

turns of 3/1 helix. 

CHAPTER 6. 

      Gelation of non-crystalline APS sample was investigated by 

infrared spectroscopy. It was clarified that gelation of APS 

with diad syndiotacticity (Pr) of 0.65 was accompanied with.the 

conformational ordering (TTGG) in the syndiotactic portion. of 

the molecules. In order to elucidate the relation between gel 

                                      -149-



structure and tacticity, epimerized samples (EPS) were prepared 

(Pr=0.13, 0.2, 0.43 and 0.6). In isotactic-rich samples, the 

infrared bands due to the TG sequences of IPS increased in 

intensity on gelation. With increasing syndiotacticity, the 

bands characteristic of the TTGG sequences of SPS appeared. This 

result indicates that the physical gelation of non-crystallizable 

polymer is accompanied by the formation of locally ordered 

conformation in particular stereoregular sequences. The analysis 

of critical sequence length lead to the conclusion that at least 

two turns in helical unit required to form cross-links. 

CHAPTER 7. 

      Local and long-range conformational structures of SPS, IPS 

and APS molecules in the glassy state were investigated by means 

of infrared and low-frequency Raman spectroscopy. The content 

of trans skeletal C-C bonds, estimated from the infrared absorption 

intensities, was found to be richer in SPS than in IPS glass. 

The trans-richest structure of SPS was established by CP/MAS 13C-

NMR spectroscopy by the consideration of y -gauche effect as well. 

The stiffness of disordered chain segments estimated from the 

"disordered longitudinal acoustic mode (D -LAM) frequency, as 

well as the specific volume of glassy samples, was found to 

increase in the order of IPS<APS<SPS. The local conformational 

structure lead to the differences of chain dimension ; the lowest 

value of density and the largest means square radius gyration for 

SPS.
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      The present work was 

and amorphous of various 

APS). Together with the 

synthesized SPS, the gel 

amorphous structure were

 dealt with the structure of crystal, gel 

stereoregular polystyrenes (SPS, IPS and 

analysis of crystal modifications of newly 

structure of cross-linking point and 

clarified in relation to stereoregularity.
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