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ABSTRACT An analysis of the crystal structure on unoriented and oriented samples of syndiotadic 
polypropylene is presented, on the basis of a comparison between calculated structure factors and experimental 
X-ray diffraction intensities. According to the present analysis, syndiotactic polypropylene can exist in 
different orthorhombic modifications having chains in helical conformation. Stretched samples may contain, 
at least in part, the C-centered structure proposed by Corradini et al. (limit space group C2221), while single 
crystals and polycrystalline samples are generally in the structure proposed by Lotz, Lovinger, Cais, and 
Davis (limit space group Zbca). Calculations of structure factors indicate that the two polymorphic forms 
of s-PP may be characterized by various degrees of disorder depending on the chemical and physical history 
of the sample. A possible disorder present is related to the statistical substitution of right and left handed 
helices along the same lattice axes. The space groups for the two limit statistical structures are Cmcm and 
Bmcm. 

Introduction 
The polymorphic behavior of syndiotactic polypropylene 

(s-PP) has been well-known for many year~ . l -~  Different 
crystalline modifications of s-PP having helical chain 
conformation3 as well as one having a zigzag planar chain 
conformation have been des~r ibed .~*~y~ 

The crystal structure of a polymorph of s-PP was 
reported, for the first time, by Corradini et al. in 1967.3 
Chains in helical conformations (TTGG)2 (s(2/1)2 sym- 
metry) are packed in an orthorhombic unit cell with axes 
a = 14.50 A, b = 5.60 A, and c = 7.40 A, the proposed space 
group for the most ordered crystalline portions being 

This structure is characterized by a centering of the ab 
face of the unit cell (C-centered structure with chain axes 
in (0, 0 , z )  and (VZ, l/2,z)) (Figure 1A). The structure was 
deduced from the X-ray diffraction spectra of drawn fibers 
of s-PP samples then a~ai lab le .~  

Recently Lotz, Lovinger and Cais6 succeeded in growing 
highly regular single crystals of s-PP and performed the 
first electron diffraction analysis on single crystals of this 
polymer. They found the same molecular conformation 
and basic unit cell dimensions but a different interchain 
packing as Corradini e t  al. did.3 The space group proposed 
by the authors in ref 6 is Pca21, i t  could be taken as Pcaa 
if the full symmetry of the chains is maintained in the 
lattice. This structure is characterized by an antichiral 
packing along the a axis, that is by the presence of helices 
of opposite hand with chain axes in (0, 0, z )  and (VZ, 0, z )  
(Figure 1B). Moreover they have tentatively proposed 
the possibility that the true unit cell may be more complex, 
i.e. doubled along the b axis. In this model the chains 
alternate in hand also along the b axis (Figure 1C); the 
space group proposed is Ibca6 

The presence in literature of two different models of 
packing of the chains of s-PP arises from different 
experimental observations. In fact the model of Figure 
1A was based on the observation, in the X-ray fiber 
diffraction spectrum,3 of a reflection at  28 = 17' (d = 5.22 
A), indexedwith the traditionalunit cell as 110; the models 
of Figure 1B,C were instead based on the observation, in 
the electron diffraction spectra, of single crystals,8 of a 
reflection at  28 = 15.9' (d = 5.57 A) indexed as 010. 

Lovinger, Lotz, and Davis7 have then demonstrated the 
generality of a possible mode of packing with chain axes 
in (0, 0, z )  and ( l / ~ ,  0, z )  (Figure 1B) not only for single 
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Figure 1. Model of packing of limit orthorhombic modifications 
of s-PP: (A) space group C2221; (B) space group Pcaa; (C) space 
group Zbca. R = right handed helix; L = left handed helix. 

crystals in ultrathin films, but also for polycrystalline thick 
fiis, for bulk specimens obtained directly from the 
polymerization, and for oriented thin films. Finally they 
have studied the dependence of the s-PP molecular packing 
with the temperature of crystallization of single crystals.8 
In particular they have found that a t  low temperatures of 
growth (<a0 "C), disorder in the packing of bc layers of 
macromolecules is progressively introduced. The disorder 
consists in the statistical occurrence of the juxtaposition 
of layers locally packed between themselves as in the 
C-centered structure of the kind proposed by Corradini 
et al.? with chain axes in (0, 0, z )  and (l/2, l/z, 2) .  

According to the idea of Lovinger, Lotz, and Davis7t8 
the C-centered structure exists only as a defect structure 
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homogeneous catalysts, described for the first time by 
Ewen et al.'O These samples of s-PP have high degrees of 
syndiotacticity and crystallinity quite similar to those of 
the sample used in ref 9, and do not present any traces of 
isotactic crystallinity. 

Experimental Section 
The s-PP was supplied by 'Himont Italia". The polymer was 

synthesized with syndiospecific homogeneous catalyst based on 
the column 4 (group 4A) metallocene/methylalumoxane system.1° 
Two different samples were studied sample A (MW = 260 X 
103) and sample B (MW = 120 x lo3), obtained by performing 
the polymerization at 0 and 44 "C respectively. (These samples 
correspond to samples 1 and 5 of ref 21.) The materials are 
highly syndiotactic; in fact, the fully syndiotactic pentads are 
94.5% and 88.6% for samples A and B respectively. 

Slow crystallizations from the melt of samples A and B were 
performed by heating the samples up to -200 "C under a press 
and successive cooling to room temperature at a cooling rate of 
1.5 OC/min (compression-molded samples). 

Oriented samples were obtained by drawing at room temper- 
ature (draw ratio = 6; draw rate = 5 mm/min) the compression- 
molded samples A and B. 

Wide angle X-ray diffraction spectra were obtainedwith nickel- 
filtered Cu Ka radiation. The diffraction patterns of unoriented 
samples were performed with an automatic Philip diffractometer. 
Those for oriented samples were obtained with a photographic 
cylindrical camera. 

Observed structure factors (F,) have been obtained as the 
square root of the experimental intensities corrected by LP = (1 
+ cos2 28)/(sin2 8 cos e), F, = (Z/LP)1/2. The experimental 
intensities have been evaluated by measuring the area of the 
peaks in the X-ray powder diffraction patterns, after subtraction 
of the amorphous halo. The shape of the amorphous halo was 
taken from Figure la of ref 22. 

Calculated structure factors (F,) have been obtained ae Fc = 
( ~ ~ i ~ M i ) l / z  where Mi is the multiplicity fador and the summation 
is taken over all the reflections included in the 28 range of the 
corresponding reflection peak observed in the Geiger spectrum. 
It was assumed a thermal factors B = 8 A2 and the atomic 
scattering factors as in ref 23. 

The indices of the reflections are given for the traditional unit 
cell with axes a = 14.5 A, b = b' = 5.60 A, c = 1.40 A and for the 
unit cell for which b is doubled, b = 2b' = 11.2 A. The notation 
used when indices are referred to the unit cell with b = b' or b 
= 2b' are hkl (b  = b') and hkl (b = 2b'), respectively. 

Results and Discussion 
Powder Samples. The X-ray powder diffraction 

patterns of the as-prepared samples A and B of s-PP are 
reported in Figures 2a and 3a respectively. In Figures 2b 
and 3b are reported the X-ray powder diffraction patterns 
of the compression-molded samples A and B respectively. 

From these spectra, the high crystallinity (40%) and 
the absence of any traces of isotactic crystallinity in 
samples A and B are apparent. 

It is worthy to note that the four spectra of Figures 2 
and 3 show several differences indicating a changing 
crystalline structure of s-PP. In particular, for the as- 
prepared sample A, the spectrum of Figure 2a presents a 
diffraction peak at  20 = 15.9' (d = 5.57 A), indexed as the 
010 reflection with the unit cell with axes a = 14.50 A, b 
= 5.60 A, c = 7.40 A, typical of a packing mode of the kind 
of Figure 1B. For sample A slowly crystallized from the 
melt, the ordered modification with packing mode of the 
chains of Figure 1C occurs, as is apparent from the 
presence, in the spectrum of Figure 2b, of the reflection 
at  26 = 18.9O (d = 4.70 A) and indexed with the cell having 
the doubled b axis ( b  = 11.2 A) as the 211 reflection. This 
confirms the results already reported in ref 9. 

For the less stereoregular sample B, slow crystallization 
from the melt does not produce the ordered modification 
of Figure lC, as is apparent from the absence, in the 

in their prevailing packing and, in fact, at no growth 
temperature they have observed a regular C-centered 
packing. 

More recently Lovinger, Lotz, and Davisg have repeated 
the electron and X-ray diffraction investigation of the 
structure of s-PP due to the availability of a new highly 
syndiotactic sample synthesized with the new Ziegler- 
Natta homogeneous catalysts described by Ewen et al.1° 

From this study the authors conclude that in single 
crystals of highly syndiotactic polypropylene the preferred 
packing mode is that of Figure lC, i.e. with the unit cell 
having a doubled b axis (b  = 11.2 A), in which the molecules 
alternate in hand along both the a and b axes. 

This conclusion arises from the clear observation, in 
the electron diffraction of single crystals isothermally 
crystallized at  high temperature (e.g. 140 'C), of a strong, 
discrete reflection a t  20 = 18.9' (d = 4.70 A) and indexed 
with the cell having b = 11.2 A as the 211 ref le~t ion.~ 
Moreover Lovinger, Lotz, and Davisg observe, in their 
electron and X-ray diffraction spectra, the absence of the 
reflection at  20 = 16.95' (d = 5.22 A), indexed as 110 
reflection with the cells of Figure 1A,B. This reflection 
is permitted only by the original C-centered cell of Figure 
1A; therefore, the authors conclude that this mode of 
packing is inconsistent with the experimental evidence. 
The 110 reflection (d = 5.22 A) was instead observed in 
the previous less stereoregular samples- in which the 
presence of isotactic sequences, which were sufficiently 
long so as to crystallize, was revealed by the presence of 
reflections a t  20 = 14.1 and 18.6O typical of isotactic 
polypropylene. For this reason Lovinger, Lotz, and Davisg 
make the observation that the reflection at 20 = 16.95" (d 
= 5.22 A) may arise not from s-PP but from its isotactic 
admixture for which the strong 040 reflection would occur 
a t  the same observed spacing. They conclude, finally, that 
the absence of this peak in their new spectra confirms 
their original interpretation and validates their alternative 
packing scheme (cells in Figure lB,C), while the C-centered 
packing model (Figure 1A) was definitively ruled out. 

It is worthy to note that, although all the work of 
Lovinger, Lotz, Cais, and Davis6g has given an important 
contribution to clarify the polymorphism of s-PP, analyses 
on oriented fiber specimens have never been reported. On 
the other hand it is well-known that the occurrence of a 
transition between different crystalline forms under tensile 
stress is often associated with the change of the morphol- 
ogy." We recall, for instance, the solid-to-solid transitions 
under stress of nylon 6,12 poly(viny1idene fluoride) ,13J4 
poly(buty1ene terephthalate) ,15-19 and syndiotactic poly- 
(l-butene).20 

In this paper an analysis of the crystal structure on 
unoriented and oriented samples of s-PP is presented, in 
order to show that the two models of packing of s-PP 
(Figure 1A and Figure 1B,C) are not alternative models 
(i.e. they do not correspond to different interpretations of 
one single type of crystal), but they represent two different 
limiting models of the structure of s-PP. The two models 
correspond to  substantially different crystals, with dif- 
ferent X-ray diffraction patterns, even if mixed, in samples 
of different morphology. In particular we will show that 
in fiber specimens a mixture of the two different modi- 
fications, corresponding to the models of Figure 1A and 
Figure 1B,C, occurs and that the reflection a t  26 = 16.95' 
should be attributed to s-PP. 

Calculations of structure factors, performed for the 
various proposed models of packing, are presented in 
comparison with our X-ray diffraction data and with 
electron diffraction data reported in the l i t e r a t ~ r e . ~ ~  

Our X-ray diffraction characterizations are performed 
on s-PP samples synthesized with the new Ziegler-Natta 



Macromolecules, VoI. 26, No. 21, 1993 Syndiotactic Polypropylene 5718 

Figure 2. X-ray powder diffraction patterns of sample A of 
8-PP (a) =-prepared sample; (b) compression-molded sample. 

Fwre 3. Kray powder diffraction patterm of semple B of 
s-PP: (a) as-prepared sample; (b) compression-molded sample. 

spectrum of Figure 3b, of the reflection at 20 = 18.9O (d 
= 4.70 A); the packing mode of Figure 1B is instead 
prevalent as revealed by the presence of the 010 (b = b') 
reflection at 28 = 15.9' (d = 5.57 A). 

The X-ray powder diffraction spectrum of the as- 
preparedsample B (Figure3a),presentaalargediffraction 
peak in the 20 range 15-18' maximized at 20 = 17O ( d  = 
5.22 A) on the 110 (b = b') reflection, typical of a packing 
mode of the kind seen in Figure 1A. Therefore, in the 
as-prepared sample B, we think that disorder in the 
stacking of layers of macromolecules bc is present, 80 that 
the long range crystal structure could be described by a 
(coherent) stackingofthelimit orderedstructuresofFigure 
1A.B. 

This is in accordance with the observation by Lovinger, 
Davis, and  lot^^,^ that the h 10 (b = b') reflections exhibit 
streaking in the electron diffraction spectra of single 
crystids grown isothermally at low temperature. Small 
but distinct diffuse maxima were seen in the position of 
the 110 (b = b') reflection ( d  = 5.22 A) although the 
resultingdiffusescatteringremainsmaximized at the010 
( h  = b') reflection (d = 5.57 A ~ 8 . 9  It appears that at lower 
growth temperatures the crystallographic register in the 
repetition along a is progressively lost. 

Fiyre4.  X-rayfiberphotograpbicspectrumoforientedsample 
A of a-PP. 

The presence of this polymorphism is also pointed out 
by the results of calculations of packing energy of chains 
of s-PP in a bidimensional and threedimensional lattice 
recently reported.24 In fact it waa shown that the two 
limit ordered structures, corresponding to the space groups 
C2221 and Pcaa, have practically the same energy.24 The 
stacking of layers of macromolecules having their axes in 
the bc plane do not have hard constraints, but for the 
interlayer distances (14.5/2 = 7.25 A), long range order in 
the positioning of the methyl groups within each layer bc 
(hut not the chirality of the macromolecules) seems to he 
always prescribed by the  calculation^^^ with a fixed 
distance between the axes of the macromolecules (5.6 A). 

Fiber Samples. Fibers of samples A and B, obtained 
by drawing at room temperature the compression-molded 
samples, show the X-ray diffraction fiber spectrum typical 
of the zigzag planar modification,4 the 2-fold helix type 
structure being completely absent. The zigzag planar 
modification can he converted to the 2-fold helix type 
structure hy annealing the fiber samples, holding the ends 
fixed to avoid the losing of orienation. This transition is 
complete in 30 min at 100 OC for fiber Band at 120 "C for 
fiber A. 

The X-ray diffraction fiber photographic spectrum of 
theoriented sample Aafter annealing is reported in Figure 
4 (the spectrum of the oriented sample B is very similar). 

The Bragg angles and the intensities of the reflections 
observed in the X-ray fiber spectrum of Figure 4 are listed 
in Table I in comparison with those of the reflections 
observed in the powder spectrum of the compression- 
molded sample A of Figure 2b. 

It is apparent from Figure 4 and Table I that in the fiber 
spectrum both the 010 (b = b') (at 28 = 15.9", d = 5.57 A) 
and 110 (b = b') (at 28 = 17O, d = 5.22 A) reflections are 
present. Thus, for specimens prepared by annealing- 
induced solid-state transformation of oriented samples of 
the all-trans planar phase, with their ends kept clamped, 
we have the partial appearance of packing mode of the 
kind seen in Figure 1A. Therefore annealed fiber samples 
A, as well aa annealed fiber samples B, prepared aa 
described before, are characterized by a mixture of the 
limiting ordered structures of Figure 1A and Figure 1B or 
1c. 
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Pcaa, Pmna, B222, Pbcb, Zbca, Bbab, Cmca, Cmcm, 
Bmcm), but only the more significant results are reported. 
The fractional coordinates of the asymmetric unit em- 
ployed are those reported by Corradini et alS3 and rewritten 
in Table I1 for all the space groups here considered. 

A comparison between experimental intensities, ob- 
served in the X-ray fiber diffraction spectrum of Figure 
4 and in the electron diffraction spectra reported in the 
literature,g9 and calculated structure factors, Fc2 = m2M, 
for the models of Figure 1A (space group C2221), Figure 
1B (space group Pcaa) and Figure 1C (space group Ibca) 
is reported in Table I11 (notice that the indices of the 
reflections are given for the traditional unit cell with b = 
5.60 A, and for the unit cell for which b is doubled). It is 
worthwhile to note that the comparison between the 
experimental electron diffraction intensities and the 
calculated F,2 is given just as an indication because of the 
different atomic scattering factors employed in the cal- 
culations. 

It is apparent that the electron diffraction data are 
accounted for by the space group Ibca. Some discrepancy 
is, however, still present for the space group Ibca; for 
instance the 011 ( b  = 2b’) reflection, observed in the 
electron diffraction spectrum of Figure 4a of ref 9, is not 
permitted by the space group Ibca; it could be explained 
by a mode of packing similar to that of Figure 1C (space 
group Ibca), but in a space group of lower symmetry. 

Regarding fiber diffraction data, we recall that our fiber 
sample is characterized by a mixture of the two limit 
modifications of Figure 1A and Figure 1C. Therefore, the 
reflections arising from the diffraction of crystals of the 
modification of Figure 1A are indicated in Table I11 with 
an asterisk, while those arising from the diffraction of 
crystals of the modification of Figure 1C are indicated 
with two asterisks. The reflections without symbols are 
common to both the modifications. 

It is apparent that the reflections indicated with an 
asterisk are accounted for by the space group (22221 while 
those indicated with two asterisks are accounted for by 
the space group Ibca. 

An analogous comparison, between observed structure 
factors, F,, = (1/LP)ll2, obtained by experimental inten- 
sities taken from the X-ray powder diffraction patterns 
of Figure 2a,b, and calculated structure factors, for the 
models of Figure 1A-C, is reported in Table IV. As 
mentioned before, the X-ray powder diffraction data of 
Figure 2b are accounted for by the model of Figure 1C 
(space group Ibca). 

The comparison between the space groupslbca andPcaa 
is interesting. As shown in Tables I11 and IV the best 
agreement between experimental intensities in the electron 
diffraction and in the X-ray powder diffraction spectrum 
of Figure 2b, and those calculated is obtained for the space 
group Ibca. In fact, first of all, the reflections 211 (b  = 
2b9, 411 ( b  = 2b’), and 231 ( b  = 2b’), observed in the 
electron diffraction spectra? a t  spacings of d = 4.70,3.13, 
and 3.03 A, respectively (see Table III), are identifiable 
only with the cell with doubled b axis (Figure 1C). 
Moreover the 201 and 221 (b  = 2b’) reflections, a t  calculated 
spacings d = 5.179 and 3.802 A, respectively, are absent 
or have weak intensities in the X-ray powder and electron 
diffraction spectra. While their calculated intensities are 
high for the space group Pcaa, they are extinct for the 
space group Ibca (see Tables I11 and IV). As a matter of 
fact, the low observed intensity of the 211 (b  = 2b’) 
reflection (d = 4.70 A) with respect to the calculated one 
for the space group Ibca (Table IV) and the presence of 
the 221 (b = 2b’) reflection (doh = 3.79 A), although of 
weak intensity, in the powder spectrum of Figure 2b (Table 
IV), could indicate the presence in the crystals of a small 

Table I. Bragg Angles (28) and Intensities of the 
Reflections Observed in the X-ray Powder Diffraction 

Spectrum of Figure 2b and in the Fiber Diffraction 
Spectrum of Figure 4 of s-PP Where the Indices hkl Are 

Given for the Traditional Unit Cell with b = 5.60 A and for 
the Unit Cell with b = 11.2 A 

fiber spectrum 
powder spectrum 28, deg 

hkla hklb 28,dea Z0b hkP hklb 1 = 0  1 = 1 1 = 2 1 - 3  Zobs 

200 200 12.2 vs 200 200 12.25 vs 
011 14.5 vw 

010 020 15.9 s 010 020 15.9 8 

110 120 17.0 S 
201 201 17.1 mw 

211 18.9 m 211 18.9 W 
210 220 210 220 20.0 mw 
111 121 20.6 vs 111 121 20.7 vs 
211 221 23.5 w 

002 002 24.0 ms 

I400 400 24.5 ms 
202 202 27.0 mw 

1401 401 27.4 m 

- 
- 

{ 

24.5 mw 310 320 

311 321 27.2 mw 311 321 

411 
{012 022 28.9 vw 012 022 28.9 W 

410 420 410 420 29.5 vvw 
231 29.5 vw 

112 122 
312 

212 222 31.5 vw 
411 421 
312 322 312 322 34.4 ma 

132 34.5 w 220 240 

36.8 mw 
412 422 412 422 38.3 vw 

241 
221 241 
511 521 37.0 vw 511 521 

321 341 39.0 vw 321 341 39.6 vw 
420 440 41.0 vw 

42.6 m 
42.7 W 

222 242 
512 522 42.6 w 512 522 

421 441 

44.0 w 
602 602 602 602 45.0 ww 

313 323 
322 342 44.6 w 403 403 

{510 520 34.5 vw 

{ 
{ 

1 1222 242 

(313 323 

46.6 vw 
612 622 
422 442 47.8 w 422 442 47.4 m 
123 143 023 043 48.9 w 
620 640 49.5 w 620 640 

223 243 
513 523 50.5 vw 
132 162 

1 
1 
I 

1800 800 50.5 ww 

{ 
{ 622 642 56.1 vvw 

a Indices hkl for the unit cell with b = 5.60 A. Indices hkl for the 
unit cell with b = 11.2 A. 

In conclusion the X-ray powder and fiber diffraction 
data clearly indicate the presence of different orthorhombic 
modifications having chains in 2-fold helix conformation; 
annealed fibers samples are partly in the C-centered 
structure proposed by Corradini e t  aL3 (space group C2221, 
Figure lA) ,  while specimens obtained under the most 
common conditions, powder, single crystals, etc., are 
prevailingly in the structure proposed by Lotz, Lovinger, 
Cais, and Davis69 (space group Pcaa, Figure lB,  or Ibca, 
Figure 1C); sometimes, as in single crystals grown at  high 
crystallization temperatures, the pure packing mode of 
Figure 1C is ~ b t a i n e d . ~  

Calculations of Structure Factors. The calculations 
of structure factors have been performed for all the 
compatible space groups considered in the packing energy 
calculations reported in ref 24 (C2221, Pnan, Pbnn, 1212121, 
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Table 11. Fractional Coordinates of the Asymmetric Unit of r-PP for the Space Groups (2221, Cmcm, Pcaa, Bmcm, and Ibca’ 
C2221, Cmcm Pcaa, Bmcm Ibca 

xIa rlb Z I C  x l a  Y J ~  ZJC ria r i b  t i c  
c1 O.OO0 0.010 0.250 0.250 0.010 O.Oo0 0.250 0.0050 O.OO0 
c2 0.061 0.165 0.385 0.311 0.166 0.135 0.311 0.0825 0.135 
c3 0.122 0.331 0.241 0.372 0.311 0.991 0.372 0.1655 0.991 
c4 0.121 O.OO0 0.500 0.371 O.OO0 0.250 0.371 O.oo00 0.250 
The asymmetric unit corresponds to the atoms labelled in Figure 1. For the space group Ibca the fractional coordinates are calculated 

for the unit cell with b = 11.2 A. 

fraction of local structures corresponding to the ideal model 
of Figure 1B (space group Pcaa). 

These conclusions arise from the comparison between 
the calculatkd intensities and the X-ray powder diffraction 
spectrum of Figure 2b; it is apparent that for the other 
powder spectrum, e.g., that of Figure 2a or 3b, in which 
the 211 ( b  = 2b’) reflection at  d = 4.70 A seems to be 
absent, the best agreement would be obtained for the space 
Pcaa or for models in which some type of disorder occurs, 
as will be discussed in the following section. 

Disorder in the Structure. It is worthwhile to note 
that in all the experimental data reported (X-ray powder 
and fiber diffraction data and electron diffraction data) 
the absence or the weak intensity of some reflections seems 
to show the occurrence of statistical disorder in the 
structures. For the modification of Figure lA, occurring 
partly in annealed fiber samples, it is apparent, from Figure 
4 and the data of Table 111, that the 201 (d = 5.18 A) and 
401 (d = 3.26 A) reflections have weak or medium 
intensities in the fiber spectrum while their calculated 
intensities, for the space group C2221, are high; in 
particular, the diffuse scattering along the first layer line 
surrounding the position of the 201 reflection, observed 
in the fiber spectrum of Figure 4, indicates the presence 
of disorder. Moreover in the electron diffraction spectra 
of single crystals crystallized at  low temperature,819 the 
strong 211 ( b  = 2b’) reflection at  d = 4.70 A is replaced 
by diffuse streaks along h l l ,  indicating the occurrence of 
disorder in regions of real crystals, having a structure 
corresponding to the ideal type of Figure 1C. 

As regards the powder samples, the X-ray diffraction 
spectra, reported in Figures 2 and 3, show that only sample 
A, slowly crystallized from the melt, presents a discrete 
211 ( b  = 2b’) reflection peak a t  d = 4.70 A (Figure 2b) 
indicating the presence of the ordered modification of 
Figure 1C (space group Ibca). The other spectra of Figures 
2a and 3a,b are not accounted for by the space group Ibca 
or by the space group Pcaa (model of Figure 1B). In fact 
the absence of the 211 ( b  = 2b’) reflection at  d = 4.70 A 
allows us to discard the space group Ibca. Moreover, the 
calculated intensities, for the space group Pcaa, of the 201 
and 221 ( b  = 2b’) reflections a t  calculated spacings d = 
5.179 A and d = 3.802 A, respectively, are high; these 
reflections are absent or have very weak intensity in the 
spectra of Figures 2a and 3a,b. It is worthwhile to note 
that the 221 ( b  = 2b’) reflection (at 28 = 23.5’) is present 
in the spectrum of Figure 2b, although of weak intensity, 
but it is absent in the spectra of Figures 2a and 3a,b. 
Disorder has to be invoked to explain these spectra. 

For the polymorph of Figure 1B,C a possible disorder 
present could be related to the statistical substitution of 
right- and left-handed helices about each axis (0, 0, z )  and 
(l/~, 0, z )  of the unit cell, giving rise to astatistical departure 
from regular fully antichiral packing along both axes. The 
space group for the limit statistical structure would be 
Bmcm. For the polymorph of Figure 1A the statistical 
substitution of right and left handed helices about each 
axis (O,O, z )  and P/2, l/2, z )  of the unit cell produces the 
statistical space group Cmcm. Calculated structure factors 

for the space groups Bmcm and Cmcm are also reported 
in Tables I11 and IV. In Table IV the calculated intensities 
are compared also with the observed structure factors F, 
obtained by experimental intensities taken from the X-ray 
powder diffraction pattern of Figure 2a. 

It is apparent that some degree of disorder has to be 
invoked for both the polymorphs of Figure 1A and Figure 
1B,C. In fact from Table 111, it is apparent that the space 
group Cmcm implies the systematic absence of the 201 
and 401 reflections; therefore models where the local 
correlation about the chirality of neighboring chains is 
preserved can be accounted for by the incomplete absence 
of the reflections in question. 

From Table IV, it is apparent that the space group Bmcm 
gives a fairly good agreement only for the experimental 
intensities taken from the spectrum of Figure 2a. Also in 
this case, however, models where local correlation about 
the chirality of neighboring chains is preserved seem to be 
more suitable. 

Conclusions 
Syndiotactic polypropylene can exist in different ortho- 

rhombic modifications having chains in helical confor- 
mation. 

Annealed fiber samples are partly in the C-centered 
structure proposed by Corradini et aL3 (Figure lA), while 
specimens obtained under the most common conditions, 
powder, single crystals, etc., are prevailingly in the 
structure proposed by Lotz, Lovinger, Cais, and Davis69 
(Figure lB,C); sometimes, as in single crystals grown at  
high crystallization temperatures, the pure packing mode 
of Figure 1C is ~ b t a i n e d . ~  Mixture of these modifications 
can be obtained in disordered samples. 

The first modification (Figure 1A) is characterized by 
the packing of helices with chain axes in the position (0, 
0, z )  and (l/z,  l / z ,O)  of the unit cell, neighboring helices 
being prevailingly of the same hand. The space group 
proposed for this ordered limit structure is C2221.3 

The second modification (Figure lB,C) is characterized 
by the packing of helices with chain axes in (0, 0, z )  and 
(VZ, 0, z ) ,  neighboring helices being prevailingly of the 
opposite hand. The space group corresponding to the limit 
structure of Figure 1B is P C U U . ~  Fully antichiral packing 
along both axes, involving a unit cell with doubled b axis 
(Figure 10, occurs for highly ordered samples. The space 
group corresponding to this limit structure, is 

Space groups C2221, for the first form, and Ibca, for the 
second one, correspond to limit-ordered modifications. 
Both the polymorphic forms of Figure 1A and Figure 1B,C 
are instead characterized by the presence of some degree 
of disorder in the structures, as is apparent from the 
calculations of structure factors. A possible disorder 
present could be related to the statistical substitution of 
right- and left-handed helices in the corresponding lattice 
positions. The space groups for the limit statistical 
structures are Cmcm, for the modification of Figure 1A 
and Bmcm for that of Figure 1B,C. 

It is worthy to note that these space groups represent 
a condition of statistical disorder in which it is not possible 
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Table 111. Comparison between Experimental Intensities, &a, Observed in the X-ray Diffraction Fiber Spectrum of Figure 4 
and in the Electron Diffraction Spectrum Reported in the Literature,- and Calculated Structure Factors, Fez, for the Space 
Groups C222,, Pcaa, Zbca, Cmcm, and Bmcm Where the Indices Are Given for the Traditional Unit Cell Having b = 5.60 A and 

for the Unit Cell for Which b Is Doubled 
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Indices hkl for the traditional unit cell with b = 5.60 A. * Indices hkl for the unit cell with b = 11.2 A. Spacings (A) observed in the X-ray 
fiber diffraction spectrum. Intensities observed in the X-ray fiber diffraction spectrum. e Intensities observed in the electron diffraction 
spectrum reported in l i t e r a t ~ r e . ~ ~ ~  Key: vs = very strong, s = strong, ms = medium strong, m = medium, mw = medium weak, w = weak, 
vw = very weak, vvw = very very weak. 
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Table IV. Comparison between Observed Structure Faotors, Fo (from the X-ray Powder Diffraction Spectra of Figure 2a,b), 
and Tho= Calculated, F,, for the Space Group8 (2221, Poea, I h ,  and Bmom Where the Indices Are Given for the 

Traditional Unit Cell Having b = 6.60 A and for the Unit Cell for Which b Is Doubled 
F, = (ZP;12Mi)'/2 
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a Indices hkl for the unit cell with b = 5.60 A. Indices hkl for the unit cell with b = 11.2 A. Spacings (A) observed in the X-ray powder 
- diffraction spectrum of Figure 2b. Observed structure factors from the spectrum of Figure 2b. e Observed structure factors from the spectrum 

of Figure 2a. f Reflections not observed in the Geiger spectra. The numbers in parentheses represent values of Fo corresponding to threshold 
intensities, taken as equal to half of the minimum observed. 

to make a prediction about the chirality of two macro- 
molecules separated by any long range vector. It is 
reasonable to  suppose, however, that first neighboring 
macromolecules are correlated as far as the chirality. 

The statistical substitution of left and right handed 
helices along the same axis is in accordance with the resulta 
of energetic calculations," which show an identical outside 
envelope of right-handed (TTG+G+) and left-handed 
(G-GTT) helices of a-PP in the s(2/1)2 symmetry, which 
corresponds to a nearly identical positioning of the methyl 

groups. On the other hand the presence of small amount 
of configurational defects of the kind ..rrrmrrr...25 included 
in the crystal of s-PP allows us to suppose that an inversion 
of the chirality of the helix could achieved on this defect 
inside the crystal with a low cost of energy. 

Besides the disorder in the positioning of right- and 
left-handed helices, another kind of disorder can be 
present, for instance in single crystals of s-PP crystallized 
a t  low  temperature^^?^ or in powder samples such as that 
of Figure 3a. In fact these single crystals show, in the 
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electron diffraction spectra,8ip streaking of the h10 ( b  = 
b‘) reflections along the h direction of the reciprocallattice, 
while the powder sample of Figure 3a show a large 
diffraction peak in the range 15-18’. This could be related 
to the presence of disorder in the stacking, along the a 
axis, of bc layers of macromolecules, so that the structure 
could be described by a mixture of the limit-ordered 
modifications of Figure 1A,B. 

The problem of the occurrence of various kind of disorder 
in the crystalline lattice of s-PP and its effect on the X-ray 
diffraction spectra deserves a thorough examination. This 
subject and the relation with configurational defects 
included in the crystal will be discussed in detail in our 
subsequent paper.26 
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