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Owing to the  discovery of sterecspeeific polymerizat ion processes effected 
in our Ins t i tu te ,  we were able to determine,  in the  last few years, t h e  
crystal  s t ruc ture  of a great  number  of new polymers.  In  this work we will 
discuss the  general principles, leading to the  determinat ion of the shape and 
mode of packing of macromolecules in the  crystals [1]. 

1. - S tereo i somer i sm in head- to - ta i l  a l iphat ic  l inear  po lymers .  

Before explaining the principles and discussing, in accordance with them r 
the  crystal  s t ructure  of some macromolecular  compounds,  we would like to 
emphasize the importance of stereoisomeric phenomena  in order to de t e rmine  
the abil i ty of the  polymers to  crystallize. 

There are different types of stereoisomcrism in organic chemistry,  generally 
distinguished into two classes: 

1) geometrical  stereoisomerism, whenever  the  same chemical formula m a y  
correspond to intrinsecally different geometrical  configurations (e.g. ,  in com- 
pounds containing a double bond, or in cyclic sa tura ted  compounds);  

(*) A preliminary communication on this subject has been presented at the meeting 
of the A.C.S. (S. Francisco, April 1958). 
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2) optical stereoisomerism, whenever  a molecule cannot  assume, b y  not  
prohibi ted rotat ions around single bonds, the enant iomorphous  configuration 
(this is in most  cases due to the presence of carbon atoms linked to four dif- 
ferent  subst i tuents  [2]). 

These two cases are bo th  impor tan t  in macromolecular  chemistry.  
Since the  definition of crystal  implies a three-dimensional  order, in order  

t h a t  a polymer  be crystallizable, a regular i ty  in tt:e succession of configurations 

H 
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Fig. 1. - A head-to-tail succession of (a) ethylenic 
(--CH2--CH~--) or (b) vinylidenic(--CH2--CR2--) 
monomeric units may be realized in one way only 

(main chain arbitrarily stretched on a plane). 

o f  monomeric  units, having equivalent  steric 

of its nmnomeric  units is neces- 
sarily required. A crystall ine 
polymer  can be obtained,  in 
fact,  only when all monomeric  
units belonging to a long chain 
segment show the  same confi- 
guration,  or when enant iomor-  
phous configurations follow 
each other  orderly.  On the 
contrary ,  amorphous polymers  
are obtained when different 
stereoisomeric configurations of 
the  same monomerie  unit ,  e.g. 

cis and trans,  or those (~ left  ~) 
and (~right~) handed,  follow each 
other  disorderly. The stereospe- 
cific polymerizat ion processes, 
first carried out  in our Ins t i tu te ,  
pe rmi t t ed  us to obtain head- 
to-tail  l inear polymers of alpha- 
olefins and di-olefins arranged 
according to regular successions 
configurations. These polymers 

are, generally, characterized by  a high degree of crystall inity.  
Before their  discovery only a relat ively l imited number  of crystalline syn- 

thet ic  hydrocarbon polymers were known. 
Those obtained by  poly-addit ion generally derived from monomers,  such 

as  e thylene or some vinylidenic monomers  containing at  least two s y m m e t r y  
planes in their  molecules (isobutylene, vinylidenechloride).  

When  these symmetrical  molecules undergo a polymerizat ion process, only 
o n e  t yp e  of head-to-tai l  enchainment  may  occur, as shown in Fig. 1. On the  
cont ra ry ,  alpha-olefins and di-olefins m a y  give rise to various types  of stereo- 
isomeric  modes of enchainment ;  actual ly  all synthet ic  polymers of alpha- 
~olefins and di-olefins, prepared before the  discovery of stereospecific catalysis, 
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were amorphous.  Fig. 2 shows molecules of stereoisomeric vinyl polymers with 
the chain arbi trar i ly settled on a plane; the isotaetic [3] polymers in which 
successive head-to-tail  moncmeric  units show the same steric configuration; 
:syndiotactic polymers [4], in which successive head-to-tai l  monomeric  units  
:show al ternat ively  opposite steric configurations; atact ic  polymers in which 
successive head-to-tail  monomeric units, having different configurations, are 
randomly  distr ibuted along the  chain. 

In  the field of di-olefin polymers other  stereoisomeric phenomena of geo- 
metr ical  type  appear:  polyisoprene 
regular stereoisomers with ! ,4  en- 
cha inment  occur in na ture ;  na tura l  
rubber  has nearly a complete cis 
:s t ructure(~ 97%), gut tapercha  has a ~ 
t r ans  s tructure.  Other new stereois- 
omers of diolefins with ] , 2  enchain- 
ment ,  which do not  exist in nature,  
have  been synthesized in our Labo- 
ra to ry  in the  last five years. 

The configurations of the four 
possible regular stereoisomers of po- 
lybutadiene,  whose s t ructure  was 
studied b y  us~ are shown in Fig. 3 [5]. 
Stereoisomerie phenomena are prac- 
t ically interest ing in the field of 
polymers,  since the most  interest- 
ing physical and technological pro- 
perties of isotactic polymers of alpha- 

I$OTACTIC ~ R  

SYNOIOTACTIC R R 
R H 

ATACTIC R ~  
H 

Fig. 2. - Various types of possible head-to- 
tail successions of vinylic (--CH2CHR--) 
monomeric units : isotactic, syndiotactic, 
atactic (random); (main chain arbitrarily 

stretched on a plane). 

olefins and of some new stereoisomers of polydiolefins, in the field of 
plastic mater ia ls  and text i le  fibers, are due to the  abil i ty of crystallizing of 
these polymers  [6]. Atact ic  polymers of alpha-olefins cannot  crystallize and 
possess completely different propert ies .  Their  pract ical  interest  is confined to 
products  wi th  ve ry  high molecular  weight,  which give a par t icular  t ype  of 
elastomers.  

The most  characterist ic features connected with crystall inity,  such as the 
conformat ion of the  chain in the  crystall ine state, the  relat ive positions of the 
~hains in the  crystal ,  the  degree of freedom of ro ta t ion  of lateral  groups, the  
ra te  of crystall ization, the  size, the  distr ibution and the  or ientat ion of the  crystals 
and so on, de termine the  most  interest ing technical  characterist ics of these 
polymers,  i .e.  hardness, mechanical  propert ies  such as modulus,  u l t imate  tensile 
s t rength  and elasticity, melt ing t empera tu re  range, molding properties and  
t h e  possibility of giving high tenac i ty  fibers. 
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Fig. 3. - Regular successions of stereoisomeric butadiene monomeric units: cis I-4~ 
trans 1-4, isotactic 1-2, syndiotaetie 1-2 (main chain arbitrarily stretched on a plane).. 

I n  this paper  we shall examine the conditions to which the polymer  ~s, 

subjected to be crystallizable and the shape and mode of packing it will 
realize in tile crystalline state. 

2. - Shape  and m o d e  of pack ing  ol  m a c r o m o l e c u l a r  c h a i n s  in  the  c r y s t a l s .  

Regular i ty  in the succession of monomeric  units is the first requisite, a s  
we have already seen, for a linear polymer  t o  be crystallizable. As the defi- 

nition of crystal  implies three-dimensional order, a possible lack of order a long  

the chain prevents  in general any possibility of crystallization. I t  is actual ly 
observed tha t :  

1) In  lineax crystalline polymers the axis of the macromolecule r u n s  

parallel to a crystallographic axis of the crystal.  Moreover, in all k n o w n  
structures all the monomeric units have been found to occupy geometr ical ly  

equivalent positions with regard to this axis (*) ( e q u i v a l e n c e  p o s t u l a t e ) .  

(*) This is a sufficient, but not a necessary condition, to ensure order along the , 
chain. Because this condition appears to be most frequently verified, it may be take~ 
as a work postulate. 
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2) The conformat ion of the  chain in a crys ta l  approaches  the  one of 
min imum potent ia l  energy, t ha t  should be assumed by  an isolated chain oriented 
along an axis, with the  restr ict ions conta ined in the  equivalence postula te .  
This means  t h a t  la teral  packing contacts  (between neighbouring chains) gene- 
ral ly  p lay  a secondary role in de te rmin ing  the  conforma.tion of the  chain in 
compar i son  with  the  contac ts  in ternal  in the  chain. Thus,  la tera l  packing  
contac ts  cause only slight deviat ions of the  fo rm of the  chain f rom the one 
foreseeable only on the  basis of the  above  considerations. 

3) The chains approach  themselves  paxallel each o ther  a t  intermole-  
cu la r  distances similar to those realized in low molecular  weight  compounds ,  
to fill possibly any  hole be tween  themselves .  Wi th  this restr ict ion,  as m a n y  
as  possible e lements  of s y m m e t r y  of the  isolated chain are ma in ta ined  in the  
lat t ice.  T h a t  is, equivalent  a toms  of different monomer ic  units  a long an  axis 
t end  to assume e q u i v a l e n t  positions in regard  to the  a toms  of neighbouring 

.chains. 

Le t  us discuss orderly the  bear ing of these s t a t ements  in the  crys ta l  s t ruc ture  

• of polymers .  

2"1. Equivalence postulate. - According to the  equivalence postulate ,  all 
the  monomer ic  units  which fo rm a macromolecular  chain occupy equivalent  
positions along an axis in the  crystall ine state.  

In  turn ,  a condition to be fulfilled b y  a crystal l izable polymer ,  is t h a t  i ts  
monomer ic  units  have  configurations, as required in order t h a t  they  m a y  
occupy equiva len t  positions along an axis. Le t  us call isoclined two monomer ic  
units,  whose equiva len t  a toms  have  the  same z co-ordinates af ter  a sui table  
t rans la t ion  of the  origin along the  chain axis z; anticlined, two monomer i c  
units  whose equivalent  a toms have  the  same z co-ordinates a f te r  a sui table 
t rans la t ion  of t h e  origin acccmt~anied b y  a reversa l  of direction of the  z-axis. 

Repet i t ion  of equivalent  monomer ic  uni ts  m a y  be ob ta ined  along an axis 

in the  following ways :  

1) Repet i t ion  of isoclined i somorphous  equivalent  uni ts :  t h rough  the  
opera t ion  of a t rans la t ion  c/p along z, accompanied  b y  a ro ta t ion  2z(P/p)  in 
a plane perpendicular  to z. A helix is thus  genera ted  which contains p mono- 
meric uni ts  and  P pitches wi th in  the  period c (helix t y p e  succession). 

2) Repet i t ion  of isoclined a l t e rna te ly  enan t icmorphous  equivalent  uni ts :  
th rough  the  opera t ion of a t rans !a t i cn  c/2, accompanied  b y  a reflection in a 
p lane  containing the  axis of the  chain (glide-plane t y p e  succession). 

3) Repe t i t ion  of isomorphous a l t e rna te ly  anticl ined equivalent  uni ts :  
:along a helix associated with twofold axes perlaendicular to z. 
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4) l~el)etition of enanti()morl)hOUS anticlined equivalent  uni ts :  lhw>u~'h 
a t ranslat ion along z associated with a symmet ry  plane perpendi<'ular to : or 
a symmet ry  centre.  

All head-to-tai l  crystallizable polymers,  in which the two possible chain 
/ 

directions are intrinsically non-equivMent (for  instance, a po lyamide  
\ CH3 \ 

[ / 

or polyisoprene mnst  b+ 
built  up in the  crystal  of isoclined equivalent  units,  t tence ,  only the  helix a n d  

the  glide-plane type  s t ructures  are 

0)==0 

o = ( o  

0 ) - 0  

0 = ( 0  

0)==0 

0 = ( 0  

0 ) = 0  

a) b) 
Fig. 4 . -  Model of the assumed structure 
of (left) polyvinylidene chloride (glide-plane 
type) as compared with the one found by 
A. LIQUOR1 [42] for (right) polyisobutylene 

(helix type). 

possible. In  part icular ,  a polyamide. 
containing asymmetr ic  carbon a toms,  
such as a crystall ine protein,  m u s t  
necessarily have  a helix type  chain  
s tructure.  

All the  four  types  of regular  repe-  
titions, described b y  us, are possible: 
for vinyl  head-to-tai l  polymers.  I n  
fact,  for these polymers,  the  two pos- 
sible chain directions can be consi- 
dered intrinsically equivalent ;  howe- 
ver, we must  distinguish two int r in-  
sically different ( that  is stereoiso- 
meri t )  types of regular  successions. 
Isotact ic  polymers are the  vinyl  po- 
lymers  able <~per se ~) to assume a 
helix type  s t ructure  (or, eventually~ 
the  s t ructure  type  4). Syndio tac t ic  
polymers  are the  vinyl  polymers  able  
<( per se ~) to assume a glide-plane 
type  s t ruc ture  (or, eventual ly ,  t h e  
s t ruc ture  type  3). 

Other  polymers,  as we shall see 
later,  m a y  be expected,  f rom t h e  
point  of view of the equivalence pos- 
tu la te  only, to crystallize in bo th  t h e  
helix or the  glide-plane type  struc- 
ture,  wi thout  any  intrinsic difference 

of stereoisomeric type  (Fig. 4) (polyisobutylene, helix type ;  polyvinyl idene  
chloride, probably  glide-plane type) .  This happens when the  monomeric uni t  

(for instance --CH~--CR2--) by  not  prohibi ted rotat ions around single bonds~ 
may  assume a conformation superposable with its mirror  image. 
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Tile general rules, above outlined, require~ for their practical applic~tion t o  

the s tudy of new structures, a knowledge of the conformation tha t  the chain 

is likely to assume in the crystalline state. We should expect  t ha t  the  con- 
format ion of the portion of chain, which takes par t  in a crystalline zone, is 
the one which nearly corresponds to a min imum of potential  energy for the 

molecule in free conditions (e.g. in the  melt ing or in ideal solution) under  t h e  

restrictions imposed by  the equivalence postulate.  
The actual  conformation of the chain has in tu rn  a great  influence in  

determining the possible modes of packing of the chains in the crystal,  a n d  
some physical properties of the polymer,  such as the tempera ture  and e n t r o p y  

of fusion. 

2"2. Shape o] the macromolecule in the crystal state. - Stable conformat ions  
of a chain should in principle satisfy, as it happens for low molecular weigh~ 

compounds,  the following condit ions:  

1) Bond length conditions [7]. 

2) Bond angle conditions [8]. 

3) P lanar i ty  of certain groups of a toms  [9]. 

4) Staggered carbon-carbon bonds. 

5) As comfortable as possible Van der Waals  distances between 

bonded atoms within the chain. 

non-  

T A B L E  I .  - Signi]icant atomic distances and bond angles observed in polymers examinec~ 
in this and in other papers o] this series. 

C--C . . . . . . . . . . . .  1.54 
C - - - C  . . . . . . . . . . . .  1 . 3 2 / ~  

C--C (benzene ring) . . . . . .  1.40 .~ 

C--C--C . . . . . . . . . . .  110°--116 ° 
C z C - - C  . . . . . . . . . . .  120 ° -- 125 ° 
C--C--C (benzene ring) . . . .  120 ° 

\ / 
/ c = e \  . . . . . . . . . . .  

0 % / 
/ e - - N \  . . . . . . . . . .  

~ - -  . . . . . . . . . .  a l l  

all bonds in a plane 

all bonds in a plane 

bonds in a plane 

A compromise between these 5 conditions is generally achieved in ac tua l  

structures, as we shall see later  in more detail. 
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There is no need to illustrate the first three points: a discussion is only 

needed for the two last ones. 

1) P r i n c i p l e  of  s t a g g e r e d  b o n d s .  The four th  point  was empha- 
sized first by  PITZEa and coll. [10] with regard to low molecular weight hydro- 

carbons, such a.s butane,  t i e  showed, on the basis of thermodyna.mica.1 
eMculations, tha t  the trans conformation of the buta.ne cha.in was more stable 

than  the gauche confornla.tion, both  eonforma.tions ho- 
wever lying in a minimum of potential energy. Cis 

conforma.tions of the butane cha.in are, on the contrary, 

thermodynamical ly  unstable. C. W. B u s ~  wa.s the first 
who applied [11] these ideas to the conformation of 
polymeric chains, and we could confirm them in a great 

number  of cases. Because of its importance, the fourth 
point needs a. detailed discussion. 

If  one considers two carbon atoms C~ and C,, joined 
Fig. 5. - Positions of by  a single bond, the positions of minimum energy of 
minimum energy of 
the valence bonds of the other bonds coming out from C1 and C2 are those 
~wo tetra.hedr~l singly outlh~ed in Fig. 5. This is probably due to repulsions 
linked carbon atoms between localized bonding electron pairs [12]. The ap- 
(side ~nd end. views), plie~tion of this principle alone is not  sufficient to find 

out which eonforma.tion will be a.ssmned by  a linear sa.tu- 
rated chain. The number  of possible sta.ble nonforma.tions is however limited 
by  the equiva.lence postulate a.nd by condition 5 of this paragraph, which 

implies tha t  carbon-carbon bonds tend to be more far off than C--FI bonds, 
favour ing the tra.ns conforma.tion. Thus we arrive, for a.n unbranched crystal- 

lizable paraffin, a.t ~ pl~na.r zig-zag structure of the whole cha.in. The pre- 
sence of lateral methyl  or more bulky 

groups, may  lead to a gauche confor- 
mation of the chain, which is the rea- 

son of the threefold helical form a.ssu- 

reed by the molecules of isota.etic 
polymers. Evident ly  comfortable ac- 

comodation of bulky lateral groups 
is not  compatible with the ma.inte- 

nance of a planar zig-za.g chain for 
isotactie polymers. As examples, in 

Fig. 6 the structures of chain ele- 
merits of polyethylene and polypro- 

pylene are shown. In  Fig. 7 a model A S 
of the chain of poly-alpha-butylene 
is compared  with a. model of the Fig. 6 . -  Elements of polymer ehnins: 
staggered structure of dia.moud. Polyethylene (A), Polypropylene (B). 
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Fig. 7. -Model of the poly-alpha-butylene macromolecule: carbon atoms are staggered 
as in the diamond lattice. 

I f  a double bond comes out f rom a carbon atom, it mus t  be considered, 

wi th  regard to the orientating effect on the other single bonds, as lying in a 

plane normal to tha t  containing the two remaining single 
bonds.  The g-electron concentration in this perpendicular 

plane probably influences the direction to be assumed 
b y  the  remaining bonds of successive carbon atoms. I t  

has been indeed emphasized tha t  the most  probable dis- 
t r ibut ion of electrons in a double bond is the one in 

which two electron pairs lie in opposite sides of the 

plane defined by  the other four bonds [13]. 
The resulting effect is t h a t  the  single bonds adjacent  

to the double bond are in staggered positions; while the 

double  bond is not (Fig. 8). As a consequence of that ,  
a port ion of chain containing four carbon atoms and a 

.central double bond is planar, bu t  the successive carbon 

:atoms tend to be no more in the same plane (Fig. 9). 

Fig. 8. - Positions of 
minimum energy of 
the single bonds of a 
carbon atom singly 
linked to a double- 
bonded one (side and 

end views). 

2 - S u p p l e m e n t o  a l  N u o v o  C i m e n t o .  
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I-4 TRANS 1-4 CtS 

I-2 SYNDIOTACTIC 1-2 ISOTACTIC 

Fig. 9. - Conformation of carbon-carbon 
bonds adjacent to double bonds, as found 

in crystalline polybutadiene isomers. 

This t(,nden('y expl:fins, as w e  shall 

see later, in i):~rtit'ular eases, the (,on- 

format ion assumed by  the monomer-  
ie units in all four crystalline poly- 

butadiene  stereoisomers (Fig. 10). 

2) V a n  d e r  W a a l s  c o n -  

t a c t s .  As we have  already seen~ 
Van der Waals  repulsions, we dealb 
wi th  in the  fifth point  set up in this  

section, are extremely impor tan t  in 

determining the  form o~ the chains~ 
when atoms, large in comparison 

with hydrogen,  or laterM chains 
are bonded to an Miphatic chain. 

Indeed,  an approach of two a toms  

c ~  

c ~  

O~ =O 

O= =O 

O= =43 

@= ~(3 

C~ 

Fig. 10. - Chain conformations of the four crystalline polybutadiene stereoisomers 
as determined in our Institute. 
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not direct ly bonded at  "~ dist~nce below the one consented by  V~n der Waals 
forces le~ds to ~t large increase of potent ial  energy, which opposes this approach.  

Quali ta t ively correct  V~n der Waals distances between two atoms ma y  be 
calculated on the  basis of the  addi t iv i ty  of Van der Waals covalent  radii, when 
electrostatic interactions of the  type  involved in hydrogen  bridges take no 
role [14]. Approximately ,  Van der Waals  radii are 0.8 A grea ter  t han  the cor- 
responding covalent  radii. They  cannot  however  be precisely defined, because 
only in a rough approximat ion atoms may  be considered spherically shaped and 
therefore they  much depend on the relat ive positions of the  atoms and on the  
shape of the  electron clouds. 

The de terminat ion  of the most  probable  shape of the  macromolecule in- 
volves reconciliation of the five rules outl ined above with the  equivalence 
postula te  to approach a min imum of potent ia l  energy. In  m a n y  instances 
indeed, these five rules cannot  rigorously hold together,  expeeially when sub- 
st i tuents  of large dimensions are present  along the chain. For  instance the  
lower hea t  of polymer iza t ion  of isobutylene,  as compared  to the one of e thy-  
lene, should be a t t r ibuted ,  par t ia l ly  at  least, to the grea ter  energy conten t  
of the chain C~H2~ of polyisobutylene,  in comparison with polyethylene,  caused 
b y  the deformat ion of the bond sequence due to steric h indrance  (as two CI-I3 
groups are joined to every  two carbon atoms along the chain). 

As a consequence of the min imum energy postulate,  we ma y  expect  in 
some instances, while rules I and 3 are always holding: 

1) A deformation of bond angles exceeding the  normal values (e.g. more 
than  110 ° for C--C--C angle). 

2) A modification of the  form of the main chain contrast ing the prin- 
ciple of staggered bonds. 

3) A greater  approach of certain atoms in the chain, at  distances a l i t t le  
below normal Van der Waals ones. 

In  general the  above-ment ioned deformations of the various types of chains, 
take place simultaneously, bu t  in different degrees, in order  to approach a 
min imum of potent ia l  energy, l~or the  prediction of the most  stable confor- 
mations,  the  engineering principles used in the  s tudy of elastic s t ructure  defor- 
mations should be appliable [15]. 

Consequences of such d~formations~ to  be discussed more  deeply later, are, 
for instance, the non-planari ty  of the zig-zag chain of syndiotact ic  1,2 poly- 
butadiene,  the deformation of bond angles in polypropylene,  the four-fold 
instead of three-fold helix s t ructure  of poly-3-methylbutene .  

The above outl ined principles, which regard only interact ions  between 
a toms in the  same chain, are of general character  a~d should be  sufficient to  
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establish the preferred conformations of small portions of chains also in the 

free state. 
Also, in most cases and especially for hydrocarbon polymers~ they allow 

us to predict~ together  with the equivalence postulate,  the conformation to 

be assumed by a single chain in the crystalline state. As we have already 
noted, however,  the need of uniformly filling space may  cause slight modifi- 

cations in the form of the chain from the one foreseeable as tha t  of minimum 

energy in the free state. 

2"3. Mode o/ packing o] the chains. - The order in three dimensions of 
polymer chains to give a crystal  may  be only realized by a parallel orderly 
association of the chains, with contacts between atoms of different chains not 

exceeding the Van der Waals contacts  established for low molecular weight 

compounds (see Table II) .  

TABLE II. - Van der Waals contacts observed in polymers examined in this 
and in other papers o] this series. 

CH~----Ctt 3 . . . . . . . . . . .  4.0--4.3 
C~ - - - - C ~  (benzene ring) . . . . .  3.5 --3.8 ~_ 
CH2 "~--CH a . . . . . . . . . . .  4.0--4.3 
H - - - - H  . . . . . . . . . . . .  2.4--2.7 ~_ 

When, as it f requently occurs, both  up and down molecules are represented 

in the unit  cell, the space-group is such as to allow the presence in the lattice 

of anticlined chains in equivalent positions. When  from a given monomerie 
unit  equivalent right and left-handed helices are likely to be built  up (for 
example from a monomer  not  containing asymmetr ic  carbon atoms, like 

propylene) both  are often represented in the crystal lattice, and the space- 
group is such as to Mlow the presence of enant iomorphous chains in equivalent 

positions; it may  occur  however tha t  when bulky  side groups are present 

along the chain, a suitably dense packing can be obtained only in space 
groups in which uniquely isoclined or uniquely isomorphous helices are 

accomodated.  
For  instance~ whereas in the structure of polybutylene both  up and down 

molecules m a y  be aceomodated,  only isoclined molecules are present in the 
closely related structm'e of poly-o-fiuoro-styrene [16]. There is increasing 

evidence tha t  in some cases i.e. in the case of isotactie poly-t-butylacrylate 
only isomorphous helices can be accomodated in the same crystal [17] so that  
a separation of optical antipodes occurs on crystallization from the melt, when 

it contains both  right and left-handed helices. In  other cases~ isomorphous 

helices provide a good filling of space only through a superspirMization, as in 

some proteins [18]. 
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It frequently occurs tha.t nearly isosteric (e.g. with a similar steric encum- 
berment) equivalent chains (e.g. enantiomorphous isoclined, or isomorphous 
anticlined~ or enantiomorphous anticlined) may vicariate themselves in the 
same lattice site. This phenomenon has been observed for the first time by 
~TvmrR¢~ in natural rubber, in the crystal lattice of which, ~ statistical substi- 
tution mirrered chains i s  possible [19]. 

We have observed it in isotactic polymers [20], and found evidence for 
its existence also in guttapereha and polychloroprene [21]. 

Generally, in the packing, the polymer molecules tend to maintain, par- 
tially at  least, the  symmetry of the chain. For instance, in the structure of 
polymers whose chains are of the glide-plane type, the glide-plane is usually 
maintained in the lattice. This fact occurs in natural  rubber, as well as in 
polyvinylchloride, syndiotactic 2,2 and cis 1,4 polybutadiene and rubber hydro- 
chloride [22]. The threefold helical symmetry  of the chain of poly-~-butene, 
polystyrene and poly-o-fluoro-styrene, so as the fourfold helical symmetry  of 
the chain of polyvinylnaphtalene and poly-o-methylstyrene~ are maintained 
in the respective crystal lattices [23]. 

In the parallel association of chains to provide polymer crystals, we often 
recognize ordered layers of macromoleeules on planes by  theparallel  or anti- 
parallel association of which we may imagine that  the crystal is formed. These 
planes are defined by the chain axis and by one of the smallest crystallographic 
translations equatorial to the fiber axis. The value of both translations de- 
fining these planes are scarcely affected by thermal movements, so that  thermal 
expansion occurs almost completely in a direction perpendicular to these 
planes [24]. 

We shall call them, whenever recognizable, (~princip~l planes~. They contain 
in general, as it  was mentioned above, two crystallographic axes: the fiber 
axis and what we shall call (~ principal equatorial axis ~). I t  is very likely that  
along this axis the polymer crystals may grow at their best, because generally 
we find it in the direction of growing of the spherulites, as we may conclude 
from the known structure of spherulites of polythene, polypropylene, and 
nylon [25]. 

With these background principles we shall now discuss in a more detailed 
way the structure of some crystalline polymers which h~ve been studied by us. 

3. - The  structure  cf  some crystal l ine  po lyhydrocarbons .  

3"1. Polymethylene .  - Polymethylene, tha t  is the polymer obtained by cata- 
lytic decomposition of diazomethane, is t h e  simplest completely linear hydro- 
carbon polymer. Its structure is the same as that  proposed by Bxs~n ~ for the 
crystalline part  of I.C.I. polyethylene [26]. The zig-zag structure of the chain 
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Fig. 1 1 . -  Model of the crystal structure 
of polymethylene. 

|ms alr(,udy b(,('ll (lis('u.~s('d ill Ibis 
l)ai)(,r, in (.omm('tion with the equivu- 
lem.c postul~tc and minimum e~mrgy 
considerations:  cquiw~lent isomor- 
phous --CH2-- groups repe~t  themsel-  
ves along a two-fold helix. The near ly  
cyl indrical  molecules fit themselves  
in a quasi  hexagonal  a r ray  (Fig. 11). 

3"2 Isotactic polymers.  - Isotact ic  
polymers  are the  cis stereoisomers of 
the vinyl  head -to-tail polymers,  as we 
have  a l ready quoted in Sect ion 1. The 
bu lky  dimensions of lateral  groups do 
not  allow for these polymers a planar  
chain conformation.  A planar  struc- 
ture  is indeed impossible, because the  
distance of 2.5 A (if we consider for  
example polypropylene),  t h a t  should 
come out  between the  nuclei of two 
carbon atoms of successive me thy l  
groups is such, t ha t  certain hydrogen 
atoms of the  me thy l  groups would 
result  too near  to each other,  in con- 
t rust  wi th  min imum energy require- 
ments  [26]. The na ture  of the  strain 
m a y  be easily unders tood when we 

consider tha t  the large resonance energy of polyacetylene,  which has a p lanar  
s t ructure  and is crystalline, is destroyed in polypropine,  whose chain 
s t ructure  is non-planar,  with a net  loss, according to our  calculations, of 
about  10 kcal per monomeric  uni t  (something like happens  wi th  benzene and 
cyclooctatetraene) [27, 28]. 

A suitable accomodation of the  me thy l  groups m a y  be achieved in a 
helix type  structure,  imposed by  the equivalence postulate,  and in accordance 
with the  principle of staggered bonds, only when the  successive monomeric  
units  are arranged on a three-fold helix. 

This s t ructure  may  be easily carried out  f rom the  planar  one, sketched 
in Fig. 12-a), b y  effecting rotat ions of 120 ° a round bonds/~1, L~, L3 or a round 
bonds L1,, L~,, L~, respectively clock-wise or anticlock-wise; thus  generat ing a 
left- c) or a r ight-handed b) helix. The me t h y l  separation achieved in this 
way is comfortable (>  4 A) and the  staggered bonds principle is respected.  
As the  planar  configuration is s trongly un favoured  from a t he rmodynamic  
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point  of view, no intereonversion of enan t iomorpbous  helices appears  to be 
likely a t  low tempera tures ,  and  we m a y  consider left  and  right-ha.nded helices 

as optical  stereoisomers.  
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Fig. 12. - Actual conformation of isotactic polypropylene chain as derived from the 
planar chain structure. 

Optical  ac t iv i ty  is p reven ted  f rom the  presence of an equal  q u a n t i t y  of 
the  two forms.  

When  bui l t  up with normal  bond  lengths  (1.54•) and  angles {109°30 ') 
the  isotact ic  threefold helix should have  an  iden t i ty  per iod of 6.2 4 ;  ac tua l ly  
for  po lypropylene  an  iden t i ty  period as large as 6.5 ~ has  been  observed.  A 
slight en la rgement  of C--C--C angles along the  chain appears  to be  the  r e a s o n  
of this fact ,  owing to a more  eonfortable  aeeomodat ion  of Van  der Waa ls  con- 
tac ts  be tween the  hydrogen a toms  of the  chain. The bulkiness of side groups~ 
and  more precisely~ the  steric e n c u m b e r m e n t  Of side groups in p rox imi ty  of the  
chain is, on the  contrary ,  the  reason why  3-methy l  subs t i tu ted  polyolefins 
have  a four-fold helix s t ruc ture  in the  crystal l ine state,  and  - l -methyl  substi- 
tu ted  ones a 3.5-fold helix s t ructure .  The s taggered bonds principle is no more  
rigidly respected~ bu t  valence angles along the  chain t end  to approach  the  
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normal  ones again, so t h a t  very  low differences in energy should be present, 
be tween a three-fold and ~ four-fold helix [29] (Fig. 13). 

Thus,  poly-~-butene,  far instance,  has been observed to be crystallizable 
in bo th  forms, the  four-fold one however  being t h e  least  stable [30]. I t  has  

. --~. //J ? y/f" 

{ , , 
'- ~'x ./ "\\ / / '  

m 

-c,,-c,~-cH-Ic.~ -cH,-~-{c.~), c2":~ " 8  
. O.CH~.. O_CH2_CH .(CH 3)z 
- 0  

Fir,,  13. - Mode l s  of  he l i co ida ]  c h a i n s  f o u n d  for  d i f f e r e n t  i s o t a c t i c  ])o]yme~'s, 

been concluded, f rom the fact  t ha t  this form is the  first whieh appears  on crys- 
tallization bo th  f rom the mel t  or f rom a solution, tha t  in the liquid state there 
is a certain degree of freedom with small energy intakes,  to rotat ion around 
single bonds in the chain, in the  sense of a slight despira]ization of the chain. 

I t  is interest ing to note t ha t  the four-fold helix poly-a-butene crystals are 
suddenly t ransformed in the three-fold helix ones by drawing, or by  pressing 
and, more slowly, on standing at  room tempera ture .  

Other  different forms of chains, slightly modified f rom the above ment ioned 
ones, m a y  also appear  in crystall ine isotactic polymers.  For  example,  poly-o- 
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methy l s ty r ene  has ~ four-fold helical chain s t ruc ture  different f rom the one 
described for al iphatic polyo]efins (Fig. 13), whereas po ly -m-me thy l s ty rene  
has a 3.67-fold helical chain s t ruc ture  (11 monomer ic  units  in three p i t c h e s  

~ 2  3/~2 
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Fig. 14. - Mode of packing of polypropylene chains in the crystal. 

a long the  iden t i ty  period). Much compl icated chain s t ructures ,  which h a v e  
no t  ye t  been comple te ly  examined,  have  been observed for o ther  subs t i tu ted  
polys tyrenes .  The reason of such a va r i e t y  of different forms is to be  f o u n d  

10, 

%2 ~z ~2 

4/~2 ~o/12 

~ 2  

Fig. 15. - Mode of packing of poly-alpha-butene chains in the crystal. 
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in l tw l~ackin~ requi:'cments; both \vi lhin lh~, ve~-y rhnin m~d also :mm1~- dif- 
t'erent chains, lhe side ~roups (ff sul).~tituted I~ol)'sty]'cn('s lwiu~ very stiff ~n(1 
bulky indeed. The solution of the (,omplcte crysbd stru(rturc of polypropylcnc 

and poly-~-butene effectcd by us [31] il 
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Fig. 1 6 . -  Model showing isosterism of 
maticlined isomorphous chains of potypro- 

pylene in a crystal. 

permits a discussion of the mode of 
packing of the chains of these isotac- 
tic polymers in crystals (Figs. 14, 15). 

On considering the packing requi- 
rements explained in Sect. 1, the 
lattice of an isotactic polymer should 
possibly accomodate in equal quan- 
t i ty  enantiomorphous chains, presu- 
mably through operations of sym- 
metry  of the space group. 

According to the requirements 
just explained, it is actually found 
that,  in all these polymers, enantio- 
morphous chains face each other in 
pairs, a close packing being realized 
through the operation of a glide-plane 
with translation parallel to the fiber 
axis. Moreover, antielined isomor- 
phous chains of the isotactic poly- 
mers of propylene and ~-butene are 
nearly isosteric, when we refer to 
the eneumberment of lateral groups 
(Fig. 16) and as long as intermole- 
cular contacts are realized almost 
uniquely by these lateral groups, an- 
tietined isomorphous chains m~y in 
principle vicariate in the same lattice 
site. In  fact it is thought tha t  each 
crystal of these polymers is composed 
of very small blocks of anticlined 
crystallites built up of isoclined 
chains, so that  diffraction phenomena 

may be easier interpreted supposing tha t  anticlined isomorphous chains may 
statistically vicariate in each site of the crystal. 

Poly-~-butene (and the closely related isotactic poly-l,2-butadiene) are 
~ble to maintain the complete symmetry of the chain, so tha t  three glide planes 
making angles of 120 ° among themselves and related by a three-fold screw 
~xis are easily recognizable in the rhombohedra] structure of these polymers. 
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A too loose mode  of packing should resul t  when  ~ similar s t ruc ture  is sup- 
posed to be likely also for polypropylene.  

The glide plane, th rough which two enant iomorphous  facing chains are 
:related, turns  out  to be, in this case, a principal  plane. Evidence  t h a t  the  a - c  

~2 ~2 
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I~/12 "~i/~ 2 

~°h2 "Az 

s/~z o~2 

~oI~ 4A2 

1"' / 

:Fig. 17. - Comparison between the mode of packing of polypropylene and poly-alpha- 
butene in the crystal state. 

p lane  is a principal plane in polypropylene  is found in the  close-packing realized 
along this plane of the  side groups of two enan t iomorphous  s y m m e t r y  re la ted  
chains  (-Fig. 17) and hence in the  shortness of the  a-axis, in its parallel  orien- 
t a t i on  along the radii  of spheruli tes and in its v e ry  low the rmal  expansion,  
as  compared to the one taking place along the  b-axis. 

The mode  of packing of four-fold helix po lyv iny lnaphta lene  and poly-o- 
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m e t b y l s t y r e n e  is also obta ined  th rough  the  opera t ion of glide-planes betweeii~ 
enan t iomorphous  chains, us i t  is possible to see in the  Fig. 18. 

a i  
} : : ~. 

Fig. 18. - Model of packing of poly-ortho-methylstyrene chains in the crystal. 

3"3. S y n d i o t a c t i c  po lymers .  - S y n d i o t a c t i c  po lymers  m a y  be defined a~  
t rans  stereoisomers of the  vinyl  head-to- ta i l  polymers .  

Their  chain s t ruc tu re  m a y  be, according to  the  equivalence postulate , .  
of the  gl ide-plane type ,  hence repet i t ion be ing achieved along the  fiber a x i s  
eve ry  two (agv 560) monomer ic  units,  or thei r  chain m a y  follow a helix asso- 
c iated with  perpendicular  twofold axes (*). 

:Now it  is known t h a t  two polymers  possess a syndio tac t ie  chain s t ruc-  
t u re :  polyvinylchlor ide and  one of the  two c ~ s t a l l i n e  stereoisomers of 1-2 
polybut~diene  [32]. 

(') Note added in proo]. - This is the type of chain recently found by the AA. 
for syndiotactic polypropylene. The model is shown in Fig. 1 of the introductory 
paper of this series. 
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The bulkiness of the side groups of these two polymers does not hinder, 
as  was the case of isotactic polymers, a planar or nearly planar conformation 
.of the chain. Only with regard to polybutadiene a slight deviation from a 
completely zig-zag planar structure of the chain has been supposed, but not 
thoroughly confirmed, owing to steric repulsions between successive lateral 
vinyl groups, the perpendicular orien- 
tation of which in regard to the c c 
chain axis obeys the principle of stag- 
gered bonds (Fig. 19, see also Fig. 9). 
In every case it is easy to see on m-'- I " 
inspection that  no distinction is need, l 
ed  between up and down molecules, ( ~ ' ~  (~=( ~--m 
a n d  in the lattice we have to acco- 
modate only one type of chain . . . . . . . . .  ~ )  

The glide plane is maintained in 
the unit cell of these polymers. The• 
molecules pack closely in layers along ~ - ~ - -m 
this plane. The crystal is built up ) 

o f  many antiparallel layers packing ~ ¢ 
at their best between themselves. 

The thermal expansion occurs 
almost completely in syndiotactic 1,2 c ~ ~ ~  
polybutadiene in a direction perpen- ? 
dicular to the glide-plane, according 
to the phenomena connected with i 
the supposed existence of a principal j 

a . . . . . . . . . . . . . . . . . . . . . . .  * . . . . . . . . . . . . . . . . . . . . . . . .  a 

plane of packing. 

3"4. C r y s t a l l i n e l , 4 p o l y d i e n e s . - : ~ ~ a ~ ~  
Under the heading of isotactic and ~ - ~ - ~  
syndiotactic polymers we have dealt ! 

• with the known structure of 1,2 c 
stereoisomeric polydienes. In this 

a~ 
chapter we shall deal with the known : : : 
structures of crystalline 1-4 poly- Fig. 19 . -  Model of packing of syndio- 
dienes. The synthesis of all four tactic, 1-2 polybutadiene in the crystal. 

crystalline stereoisomers of polybu- 
tadiene and the study of their structure effected in the Institute of Industrial 
Chemistry of the Polytechnic of Milan, permits now to have a clearer idea 
of stereoisomeric phenomena in the field of polydienes. 

a) Cis 1,4 polydienes. - :Natural rubber is the regular head-to-tail polymer 
built up of cis 1,4 isoprene units. I ts  chain structure may be expected uniquely 
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in one of two types of successions, the glide-plane and the  hel ix- type succes- 
sion. However  it  is impossible, on the basis of the equivalence postula te  only,. 
to establish which of the  two forms will be  ac tua l ly  chosen b y  the  macro-  

molecules on cr$stall ization, as t h e y  would not  corres- 
t'"L__~4' ~ . ~ _ i _ .  ~ pond to intrinsical differences in the  configuration of 
( ' .,) the  chain. 
"--" !--'~ Actual ly  a glide-plane non-planar  s t ruc ture  is found  
' ~  for the  chain of cis crystalline polyisoprene [33]. 

Indeed on the  basis of min imum energy considerations 
we should expec t  t ha t :  3~ 

* 1) the  five atoms of each monomerie  uni t  be i n  
Fig. '20. - Possible con- a plane;  
formations of 1-4 cis 
isoprene unit satisfy- 2) the  direction of the CH2--Ctt~ bond, should take,. 
ing the principle of in accordance with the principle of the staggered bonds~. 

staggered bonds. any  of the  three  positions out l ined in Fig. 20. Positions. 
3 and 3' mus t  be discarded because of excessively shor t  

Van der Waals  contacts  between atoms of the same chain;  

3) the  directions of the  two CH~--C.H2 bonds on the  two sides of the~ 
isoprene unit  should be in opposite and parallel directions; i .e. the  enantio-- 
morphous conformations 1-1' and 2-2' are best  l ikely to be realized; 

4) repet i t ion of a monomeric  
unit  with such a conformation,  m a y  
be achieved in a helix type  or in a 
glide-plane type  succession s the  first 
possibility being discarded because of 
unsuitable contacts  be tween the  me- 
thy l  group and some chain carbon 
atoms. 

B 

a 

b~ 

A D C B 

3 

A 

The glide-plane is mainta ined in 
the  latt ice,  according to  a common 
feature  occurring in many  studied 
polymers,  so tha t  a close packing of 
molecules is expected along this pla- 
ne; also, a l ternat ively  up and down 
molecules should be represented along 
this plane. 

As the contacts lateral to the prin- 
cipal plane thus realized are due only 
to methy l  groups, we find that~ in the 

.=. j ~ . . - . ,  A ° 

Fig. 21. - Model of the structure of 1-4 eis 
polyisoprene. 
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actual  s t ructure,  successive parallel or antipar~llel principal planes (bc) are 
able to pack themselves ~t random. I t  is possible to see f rom Fig. 21 t h a t  
layer  of molecules such as A- -B- -A- -B  can be followed equally well b y  a l aye r  
such as C--D--C--D or C ' - -D ' - -C ' - -D ' - - .  

Perhaps,  we may  explain the low mel t ing en t ropy  of rubber  in comparison 
with the one of gut tapercha,  by  sup- 
posing tha t ,  in the molten state, not  
only a certain degree of parallelism 
between the  chains is m~intained, 
bu t  also tha t  the flexible ribbon- 
shaped molecules tend  to mainta in  
some kind of parallel association of 
the  ribbons. 

A great  similarity of s t ructure  is 
to be expected between [34] eis 1,4 
polybutadiene and cis ] ,4 polyiso- 
prene:  actual ly  a similar conforma- 
t ion of the chain was found by  us, 
in which enantiomorphous monomeric 
units repeat  along a glide plane. No 
more distinction however, is needed 
in cis 1,4 polybutadiene as compared 
with cis ] ,4 polyisoprene between up 
and down molecules; also, one finds 
an ident i ty  period slightly longer 
than  the one foreseeable on the basis 

I 

I. 

o 

J 

i .  

1 " 4  C1$ POLYBUTADIENE 

Fig. 22. -Mo d e l  of the structure of 1-4 
cis polybutadiene. 

of the  staggered bonds principle; 
this fac t  is probably  due to repul- 
sions between hydrogen atoms of two CYI2 groups, in opposite position rela- 
t ive to the  double bond, which t end  to lengthen the  chain; repulsions which 
could not  be eliminated in the  case of polyisoprene because of the  steric 
hindrance provided by  the methyl  group (Fig. 22). 

The glide-plane may  be also considered a principal plane in polybutadiene ,  
and determines a mode of packing of the  maeromolecules in the  crystal l ine 
state, which is ve ry  similar to, bu t  simpler than,  t h a t  realized in the  s t ruc tu re  
of polyisoprene. In  fact,  there  is no more need for accomodation of up and 
down molecules, nor for statistical distr ibution of successive antiparallel  or  
parallel layers of molecules developed on the  principal plane, owing to the  
absence of lateral  groups. 

b) T r a n s  1,4 polydienes .  - The  s t ruc ture  of gut tapercha ,  the  t rans  1,4 
head-to-tail  stereoisomer of polyisoprene, was thoroughly  studied for the  first 
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t ime  b y  C. W. B ~  [35], who assessed the  pr incipal  fea tures  of the  s t ruc ture  
of one of the  th ree  crystal l ine forms in which this po lymer  m a y  occur (fl form).  

Some s t rangeness  of the  chain s t ruc ture  was e l iminated b y  JEFFREY [36], 
supposing and  proving  t h a t  the  five a toms  of each isoprene uni t  m u s t  be  in 

plane. 
As a m a t t e r  of fact~ successive t rans  isoprene uni ts  m a y  repea t  according 

to the  principle of the  s taggered bonds in various ways  wi thout  any  grea t  
difference in regard  to steric~l hin- 
drances and,  according to this fact ,  . . ~  

different iden t i ty  periods have  been 
found for the three different crys- 
talline forms in which gu t t ape rcha  
m a y  occur; and yet ,  however,  there  

chains, repor ted  f rom 
): S.  

,rce wJ the  e( uiv~- 
u m  e gy post | late,  

• prop, t, the  three 
Fig. ' w h o s e  aleu- 
)eriod ~re in : ccor- 

e 'ature Lta [37:. 

C; 

()  

is no complete  ag reement  as to the  
form of the  
different authors .  

I n  accordance with  the  equiva- 
lence and m i n i m u m  energy postulate ,  
we t en t a t i ve ly  proposed,  the  three  
forms shown in Fig. 23, whose calcu- 
la ted ident i ty  periods are in accor- 
dance wi th  l i tera ture  da ta  [37]. 

) 

-? T = 

Fig. 23. - Models of the chain of gut- 
tapercha (trans 1-4 polyisoprene) in dif- 

ferent crystalline modifications. 

POLYBUTADIENE 1-4 TRANS 

Fig. 24. - Model of the 
chain of 1-4 trans poly- 

butadiene. 

Q C 

O H  

A s t ruc ture  of chain similar to the  one of f l -gut tapercha  is possessed b y  
t rans  1,4 polybutadiene,  which according to our  studies can also appear ,  in 

different crysta l  forms as gu t t~percha  does [38]. 
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This polymer  shows in its crystal  s ta te  a t  room temperature~ a chain 
s t ruc ture  (with an ident i ty  period c =  4.92) v e ry  similar to t h a t  of fl-gutta- 
percha (Fig. 24). The almost cylindrical  shape of its molecules favours a mode  
of chain packing in a pseudo-hexagonal  a r ray  wi th  a =  4.54 A. At  about  65 °C 
a first order  t ransi t ion in the solid s ta te  takes place. The  s t ruc tu re  of the  high 
t empera tu re  phase corresponds to  a mode of packing in which the  chains, 
always remaining parallel to each other,  should be more  free .to move  and ro ta t e  
along the  chain axes. The phase change is accompanied by  a lowering of the  
dens i ty  of more than  9 %. The low densi ty  phase possesses a pseudohexagonal  
a r ray  with a :-  4.88 A, c ~ 4.68 A. In  a drawn fiber this - transformation gives 
rise to a sudden reversible contract i le  process~ which is obviously analogous 
to the one taking place in living muscles. 

The dimensional change along the  fiber axis corresponds to the  change of 
the c dimension (about 5%).  We believe this is the  first t ime tha t  a similar 
phenomenon has been observed in synthet ic  fibers, re la ted to a first order 
crysta l -crysta l  transition. 

4.  - O t h e r  n o t a b l e  s t r u c t u r e s .  

The principles discussed in this work with regard to hydrocarbons  m a y  
be also applied to o ther  notable s t ructures  of non-hydrocarbon polymers ;  so 
we repor t  some examples to demons t ra te  the general  val id i ty  of the principles 

previously discussed. 

N y l o n s .  - The form of the chain of nylon is found to be near ly  planar  in 
accordance with the  principle of staggered bonds [39]. Hydrogen  bonds are 
formed among different molecules in the same plane in which the chain is 
contained;  successively these planes pack themselves a t  their  best.  Along these 
planes the  direction of accretion of spheruIites is found.  

At the mel t ing point  [41] we should expect  disruption of the  lat t ice prevail- 
ingly in a direction normal to this plane. As long as thermal  oscillations should 
occur a t  thei r  best,  owing to lower potent ia l  barriers, around CH~--CO~ and 
NIt--CH2 bonds~ giving rise to typical ly  different deviations f rom the  planar  
form of the  chain, a lower  packing efficiency and then  a lower melt ing point  
should be expected for nylon 6 in comparison with nylon 66 (Fig. 25) and~ 
more generally,  for nylons containing odd sequences of CH2 groups in corn- 
par[son wi th  those containing even sequences of CH~ groups. 

There  is some evidence t ha t  a slight deviat ion f rom the  completely planar  
form is present  in nylon 66 and nylon  6 even at  room tempera ture .  The fact  

3 - S u p p l e m e n t o  a l  N u o v o  C i m e n ~ o .  
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which has  not  y e t  been  explained t h a t  nylons  h a v e  a lower hea t  and  en t ropy  
of fusion t han  polyoleflns or po lye thers  suppor ts  our  assumpt ion  t h a t  hydrogen  
bonds are s ta t is t ical ly  main ta ined  on layers  also in the  mel t .  

Q 0  
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© c  
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C 
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© 

NYLON 6 NYLON 66 

Fig. 25. - Possible models of the chains of nylon 6 and nylon 66 slightly deviating 
from planarity in a thermal vibration. 

T e ] l o n .  - Teflon is the  po lymer  of te t ra f luoroethylene .  According to  the  
principle of s taggered bonds the  bes t  fo rm of the  chain should be  the  p l ana r  
one; but~ owing to repulsions be tween  fluorine atoms~ a slight spiral ization of 
the  chain occurs~ giving rise to a helix along a p i tch  of which 13 CF~ uni ts  

repea t  themse lves  [41]. 
The  chains have  an a lmost  cylindrical  encumberment~ so t h a t  t h e y  pack  

in a pseudo-hexagonal  array.  
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PoZyisobutene [42], polyvinylidene chloride [43]. - The complete crystal  
s t ructures  of these polymers are not  known;  b u t  the  form of their  chains is 
supposed to be of the  glide-plane type  for polyvinyl idene chloride, and,  
according to LIQUORI, of the  he l ix- type  for polyisobutene as m a y  be dedu- 
ced from the  length of the  fiber axis and the  principal features  of thei r  
X-ray  spectra.  The deviation f rom 
staggered s t ructures  of their  chain 
is cer tainly due to the  great  steric 
eneumbermen t  of the  lateral  groups 
(see Fig. 4). 

Poly-propylene-oxide [ 44] . -  This 
polymer  has been studied by  us, 
and it  is of some interest  because 
the  monomer  contains asymmetr ic  
carbon atoms. In  fact  a helix 
s t ructure  has been found, in ac- 
cordance with the equivalence pos- 
tulate ,  satisfying the  min imum 
energy reqlfirements. When pre- 
pared f rom the  racemic monomer~ 
a crystalline polymer is obtained 
only with stereospecific catalysts, 
which permit  the growing of chains 
only from isomorphous monomeric 
units (Fig. 26). 

Polyvinylalcohol [45J. - This 
polymer,  notwithstanding the  ir- 
regular succession of hydroxy l  
groups~ is able to crystallize. Ac- 
tually,  the  chain form is similar 
to tha t  of polyethylene,  the OH 
groups being of a sufficiently small 
size (in comparison to the I t  atoms) 
to be accomodated also in a cis 
succession. In  the  crystal  struc- 
ture,  the  molecules face in pairs, 

(~-CH2-CH C,$-0-)0 (0 - CH2 "CH CH3-O-), 

H 0 ~ CH3 

c(c*o'*) 0 0 0 

F i g .  26.  - M o d e l  of the chain of d- and 1- 

i~olypropyleneoxide. 

realizing hydrogen bonds between themselves,  whenever  possible, i.e. at  ran- 
dom, according to the  distribution of the  hydroxy l  groups. 

Proteins [46]. - According to whether  hydrogen bonds are formed between 
different chains or in the same chain, two different kinds of helix type  
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s t ruc tures  are possible for t im chain:  2-fold helix s t ruc tures  (Fig. 27) (the 
packing  being determined b y  hydrogen  bonds realized on opposite sides of the  
chain along a principal  plane) or more-fold  helix s t ruc tures  wi th  the  p lane  

O R 

O °  
0 ¢ 

0 N 

0 H 

Fig. 2 7 . -  Model of the chain of fl 
Keratin type proteins. 

Fig. 28. - Model of the chain of ~ Keratin 
type proteins (left), compared with the chain 

of a 3,5 helix isotactic polymer (right}. 

of the  amide  group paral lel  to the  chain axis so as to fo rm in t ramolecu la r  

hydrogen  bonds (Fig. 28) wi th in  the  chain. 

t)olysaccharides [47, 48]. - Cellulose m a y  be considered as the  1,4 connected 
po lymer  of a-glucose. Successive a-glucose residues are able to follow a 2-fold 
helicoidal pa th ,  wi thout  strain,  sat isfying the  principle of s taggered bonds.  

A 2-fold helix pa th  is no more  possible for the  chain of starch,  which is 
bui l t  up of/ /-glucose residues, so t h a t  a three-fold hehx resul ts ;  close s imilar i ty  
m a y  be  found be tween  the  chain s t ruc tures  of these two polymers ,  respec t ive ly  
w i th  the  2-fold helix s t ruc tu re  of po lye thy lene  (all (~ t r ans  ~ bonds)  and  wi th  
t h e  3-fold helix s t ruc ture  of po lypropylene  (a l ternat ive ly  (( t rans  ~) and  (( gauche ~) 
bonds) (Fig. 29). 

The packing of the chains of polysaccharides  appears  mos t ly  dependent  on 
the  fo rmat ion  of s t rong in termolecular  hydrogen  bonds.  



Fig. 29. - Comparison between the chain of cellulose (left) and that  of starch (right). 
The piranic ring is rigid. The black drawn bonds, joining the rigid rings through an 
ethereal oxygen atom, follow one to another like polymethylene (cellulose) and poly- 

propylene (starch) bonds. 

The uniqueness of hel ix- type s t ructures  for the  chain of crystal l ine prote ins  
and  polysaccharides  follows direct ly f rom the  equivalence postulute ,  us t he  
corresponding monomer ic  uni ts  contain a symmet r i c  carbon a toms .  
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