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The present paper deals with the electron 
microscopic examination, supplemented by 
some optical microscopy and low angle 
X-ray work, of crystals of the two-block 
copolymers poly(ethylene oxide) (PEO) and 
polystyrene (PS) the preparation and detailed 
light optical examination of which has 
already been described (1). 

The scope and significance of the work 
is threefold. Firstly, it provides information 
on the morphology specific to the block co- 
polymers in question; secondly, it aids the 
elucidation of the crystallography of PEO; 
thirdly, it touches upon morphological pro- 
blems encountered but still partly unexplain- 
ed in polymer crystallization in general. 

In connection with the second point the 
following needs stating. As will be noted 
later and implied by Part I, the crystallo- 
graphy and morphology of the copolymers 
have much in common with that of pure 
PEO. The study of pure PEO, however, is 
rendered difficult by the fact that the 
crystals are mechanically and thermally 
(refolding - particularly under the effect of 
moisture) less stable than their eopolymer 
counterparts. Further, the copolymer crystals 
are more resistant to the electron beam owing 
to the protecting effect of the aromatic 
rings. For these reasons they proved to be 
good model substances for the study of the 
PEO homopolymers - their intrinsic interest 
as copolymers apart. 

The PEO homopolymer i~self has been 
studied electron optically previously in 
association with one of us (2, 3) [see also 
concurrent communication (4)]. The ex- 
ploration of the eopolymers and the pure 
PEO crystals has directly merged in the 
present research project when it was dis- 
covered that if seeded by eopolymer crystals 
PEO homopolymer crystals could be grown 

which, surprisingly, were stabler than the 
pure PEO crystals which formed on their 
own. The seeding experiments will form part 
of a later pubhcation. Nevertheless, here a 
few illustrations will be taken from the 
material on seeded PEO crystals, in eases 
where they feature effects which are equally 
typical of the copolymers but provide better 
examples for pictorial presentation. 

II. Experimental 
1. Light Optical Examinations 

These observations are supplementary to the ones 
in Part  I (1), to be quoted in order to maintain the 
continuity between the work with the light and electron 
microscopes. 

Examination of crystal suspensions under phase 
contrast illumination showed two kinds of crystal 
population" individual layers floating separately and 
strings of splaying crystal platelets seen edge-on [to 
be referred to as shish-kebabs; fig. 1 in Part  I (1)]. 
These latter platelet aggregates were seen to break up 
during drying of the suspension: the more complex 
multilayer crystal features to be described and illustrat- 
ed here will refer to the original components of such 
broken-up shish-kebabs. The former crystals were 
usually flat square tablets consisting of one or two 
contiguous layers (layer doublet) depending on chemical 
composition as will be described below. 

2. Electron Microscopy 
2.1. Sample Preparation 

The samples were used in transmission us sedimented 
on a substrate, whenever diffraction effects were to be 
recorded. For clearer recognition of morphological 
features, particularly i n  multilayer structures the 
crystals were shadowed with goId-palladum, and 
replicated with carbon. For both examination tech- 
niques the crystals had to be rinsed with ethyl benzene 
after sedimentation in order to remove non-crystalline 
sediment always present. Exposure to moisture had to 
be avoided whenever the original crystals were still 
present. 

2.2. General Description of Crystals 
The crystals fell into the two classes 

already indicated light optically: single 
tablets and complex multilayer aggregates 
mostly originating from shish-kebabs. 

8* 
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:Tablets 
These were used for the thickness measure- 

ments to be referred to. Figs. 1-3 show three 
examples. In fig. 1 the regular square is seen 
with sectorisation, the sector boundaries 
along the square diagonals corresponding to 

~ig. 1 

Fig. "2 

Fig. 3 
Figs. 1-3. Monolayer crystals of copolymer sample ~E. 
Crystals grown from ethyl benzene at 25 ~ Electron 

micrographs, replicas 

lines of depression. Two corners in particular 
are clearly truncated. These represent the 
beginnings of the hexagonal development 
refen'ed to previously [figs. 4 and 18 in 
Part  I (1) and present fig. 4]. There are 
small sectors associated with these truncating 
faces - as indicated by low contrast bound- 
aries - confined to the crystal periphery. 
Closer examination reveals (unlikely to show 
in the reproduction) that  there is a step in 
the crystals where these new sectors, con- 
sequently the truncating face development, 
starts. Thus growth conditions must have 
changed at that  stage. Figs. 2 and 3 are 
variants with more or less elongated shapes 
from the same sample. The peculiar sectori- 
sation effect in fig. 2 supports the suggestion 
(Part I) that  such crystals grew from 
elongated fragments of another crystal where 
they were parts of one sector only, the 
sectorisation developing only beyond the 
original fragment shape. Fig. 3 shows in 
addition to the elongation also a halving 
effect manifest by  a ridge. I t  is seen that  
these tablets are composed of two layers 
(see corners of fig. 3) a feature generally 
encountered with samples of high PS con- 
tent. 

As described in Par t  I, high temperature 
crystallisation yields additional crystallo- 
graphic prism faces truncating the squares 
along one diagonal, which leads to hexa- 
gonal outlines. In such overall hexagonal 
crystals (//1), new crystallographic prism 
faces may appear both sides o f  the long 
diagonal (fig. 4, also figs. 16-18). In the same 
preparation more complex shapes can also 
be observed in a few percent of the crystals, 
of which the overall pentagonal habits 
(H~ in fig. r is one example. 

Multilayer Structures 
Out of a variety of multilayer features, 

two very specific ones will be referred to. 
Shish-kebabs as seen edgewise reveal that  

they are composed of stacks of ]amellae 
(fig. 5). More frequently a more or less 
haphazard agglomeration of lamellae are 
observed which are believed to be shish- 
kebabs broken apart, the individual layers 
lying flat (fig. 6). Here the layers cover each 
other more or less concentrically (right-hand 
side) or, being displaced on top of each other, 
lie as a sheared stack of cards (left of fig. 6). 
Further examination reveals multiterraced 
units which may be parts of shish-kebabs 
or may be individual entities all centred 
around screw dislocations. These contain 
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Fig. 4. Hexagon (H1)-pentagon (H~) type crystal habits. The derivation of H~ from//1 is illustrated by the line 
drawing. This was done by superposing the exact outlines of H2 on the//1 crystal on the top right. The indices 
of the prism faces are indicated. The notations I and II  refer to the corresponding twin components. The 
crystals consist of pure PEO, seeded with copolymer E (the same crystals as in figs. 17 and 18). Transmission 

electron micrographs 

Fig. 5. Row of platelet aggregates (shish- 
kebabs) seen edgewise. Copolymer sample 

B. Electron mierograph, replica 

Fig. 6. Row of platelet aggregates (shish-kebabs) partially fallen 
apart, Copolymer sample B. Electron micrograph, replica 
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Fig. 7. Multilayer crystal with strsight spiral terraces. 
Copolymer sample B. Crystals grown from amyl acetate 

at 35 ~ 

Fig. 8. Multilayer crystal with rotated spiral terraces. 
Copolymer sample A. Crystals grown from ethyl 

benzene at 20 ~ 

closed or spiral terraces, which can be con- 
centric or twisted. The spirals m~y be single, 
double or even higher multiple ones. Exam-  
ples are shown b y  figs. 7, 8 and 9. 

2.3. Thickness  Measurements  

The thickness of  the layers was de termined 
f rom the  shadow lengths of repl icated mono- 
layers. These measurements  were supple- 
mented  by  low angle X- ray  determinat ions  
on sedimented mats  in the usual fashion. 
Some of the results obta ined on samples 
cryst~llised at  25 ~ and  15 ~ are listed in 
table 1; X- ray  figures are only available 
for the 25 ~ crystals. 

Calculation o / L  and  l in  table 1 

The to ta l  t ab le t  thickness (D) and the 
thickness of  the crystalline P E O  (L) and 
amorphous  PS (l) layers are re la ted by  

2 / ' +  L ' = D '  [1] 

Fig. 9. Multilayer crystals with rotated terrace arrange- 
merits, showing closed terraces, single and double 
spirals. Copolymer sample A. Crystals grown from 
ethyl benzene at 20 ~ Electron micrograph, replica 

for the P S - P E O - P S  single layer  tablets  
(fig. 23, Pa r t  I) and by  

2 / " +  2 L ' = D "  [2l 

for the  P S - P E O - P E O - P S  double layer  
tablets,  the  dash and double dash referring 
to the single and double layers respectively.  

On the other  hand,  l' can be expressed by  

1 / = v (PS)a M~(PS) [3] 
5 

where v (PS)a  is the  specific vo lume of  
amorphous  P S ( =  0.93 cm3/g), Mn(PS)  the  
number  average molecular  weight of PS in 
the crystall ine precipi tate ,  N Avogadro 's  

number  and S the to ta l  fold surface of the  
P E O  block. S is re la ted to the number  
average molecular  weight of P E O  in the  
crystal  (Mn (PEO)) its specific volume 
(v (PEO)r = 0.815 cm~/g) and the  fold period 
L '  by  

~_ 2v (PEO)cr -~/n (PEO) 
L' N [4] 

Taking into account  t h a t  

M~(PS) �9 (1 -- w~') = w~'- M~(POE), [5] 

where w~' is the weight f ract ion of PS in 
the erystallised material .  [3], [4] and [5] give 

2 l' ~ w~' [6 a] 

where e = v (PEO)ol./V (PS)~ = 0.876. 
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For  the  double layer  model the  factor  2 is 
to be omi t t ed  in [3] and [4] which leads to 

11/Q wp H 
[65] 

L" (1 -- wp") 
Wi th  D and w~ values de termined  experi- 
menta l ly  l and L are obta ined by  combinat ion 
of relat ions [6a] or [6b] with [1] or [2]. 

I t  is implicit  in the  above calculation t h a t  
the  P E O  and PS blocks join at  the  interface 
of the  amorphous  and crystall ine layers. 
This implies t ha t  the  to ta l  P E O  length is an 
integer mult iple of L which is not  expec ted  
to be t rue  in general as bo th  the block 
lengths have a ~nite dis t r ibut ion and the 
fold length is a variable being a funct ion of  
crystal l isat ion tempera ture .  I f  there  is no 
relat ion be tween fold period and  P E O  block 
length one needs considering the accom- 
modat ion  of an average chain length L/2 
which will not  readi ly  fit into the  latt ice.  I t  
is most  feasible to visualise a P E O  length 
of  L[2 being excluded and located in the 
amorphous  layer.  This means t ha t  the  
1 values calculated above  must  be increased, 
in our ease the  correct ion being of the  
order Of 5O/o . This correct ion was t aken  into 
account  when eMculating values in table  1. 

The error  in w r obta ined by  chemical 
analysis is of the same order  as the  above 
correct ion and m a y  even be larger. In  view 
of this the  error  in the  l and L values in 
table  1 is not  likely to be less t han  ~: 10~ . 

More precise assessments are in progress and 
will be published later. 

2.4. Electron Diffraction 
The diffraction pa t t e rns  were highly beam 

sensitive. The main fea ture  of  the most  
f requent  pa t t e rns  was their  te t ragonal  sym- 
me t ry  with a basic spacing corresponding to 
the  four strongest  reflexions of 4.6 A. In  
the  ve ry  early stages of viewing, addi t ional  
weak reflexions appeared  between the  strong- 
est ones. These weak reflexions were even 
more beam sensitive t han  the  strong ones 
as thei r  relat ive in tens i ty  decreased during 
observat ion.  A characterist ic pa t t e rn  is 
shown in fig. 10. However ,  crystals as H e in 

Fig. 10. Electron diffraction pattern of a copolymer 
crystal tablet (sample E) as in fig. 1. The vertical 

corresponds to the square diagonal 

Table 1 

Sample w Tc (~ p w~ D(]~.M.) D(X.I~.) L (s l (A) 
(A) (A) (for PEO) (for PS) 

A .23 25 .97 .27 155 150 
15 ~-~ 1.0 ~-~ .28 115 -- 

B .40 25 .86 .34 170 170 
15 .91 .37 115 

E .66 25 .15 .22 250 250 
(125) 

15 .23 .32 200 -- 
(1co) 

100 (s) 25 
75 (s) 20 

98 (8) 36 
65 (s) 25 

88 (d) 39 
88 (s) 19.5 
62 (~) 3s 
62 (s) 19 

F .68 25 .24 .40 235 63 (d) 54 
(117) 63 (s) (27) 

130 70 (s) 30 

w: initial weight fraction of PS in the copolymer (whole sample). 
To: crystallisation temperature. 
p: weight fraction of copolymer precipitated at Tc in the form of single crystals in 1% ethyl benzene solution. 

w~ : weight fraction of PS in the single crystals. 
D : overall thickness of crystal tablets. Subscripts E M  and X R  refer to eleetronmicroscopic and X-ray measure- 

ments respectively. 
L: partial thickness of PEO layer calculated from D and wp. 
l: partial thickness of PS layer calculated from D and w~. 

(d) : double layer PEO model (PS-PEO-PEO-PS)  used lbr calculations. (fig. 24 in Part  I.) (s) : single layer PEO 
model (PS-PEO-FS).  (fig. 23 in Part  I.) 
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fig. 4 were found to give diffraction pa t te rns  
as seen in fig. 11 with equal number  of weak 
spots be tween the strong ones. In  addi t ion 
to the above pa t te rns  with te t ragonal  
s y m m e t r y  of the strong reflexions a var ie ty  
of pa t te rns  with lower s y m m e t r y  could be 
observed. These contain only two or none 
of the four strong reflexions with addit ional  
reflexions appearing - an example of which 
has a l ready been repor ted  in connection 
with pure P E O  (4). 

Fig. 12 

Fig. 11. Electron diffraction pattern of a pentagonal 
type crystal tablet as H~ in fig. 4. Same preparation 
as fig. 4. The 45 ~ diagonal corresponds to the trace of 

the symmetry plane in H2 

The four strongest  reflexions were found 
to correspond to planes parallel to the prism 
faces of the  square crystals. In  hexagonal  
crystals (H 1 in fig. 4) the faces t runca t ing  
the squares (010) were normal  to the vert ical  
direction in fig. 10. In  the pentagonal - type  
crystals (He) the s y m m e t r y  plane was 
parallel to planes producing one pair  of the 
strong reflexions. 

2.5. Dark  Fie ld  Electron Microscopy 

The dark  field image produced by  one of 
the four strong reflexions showed a complex 
va r ie ty  of effects, to be summarised only 
briefly. The effects will be grouped in the 
following three  categories : 

Str iat ions:  A set of striations appeared all 
across the square crystals parallel  to the 
diffracting planes used for imaging. The lines 
were more pronounced  in sectors where the 
imaging planes are normal  to  the prism faces 
which bound them (e. g. figs. 12-15). 

Sectorisation: The clearer definition of the 
striations in one pair  of sectors a l ready 
implies demonstrable  sectorisations by  
diffraction. The other  pair  of  sectors 
not  showing the striations are usually 
uni formly  diffracting with a more or 

Fig. 13 

Figs. 12 and 13. Two dark field electron micrographs 
of the same eopolymer-seeded PEO crystal showing 
sectorisation and striations. Imaged through 120 
reflexion. In fig. 12 the normal to the plane is vertical, 

in fig. 13 it is horizontal 

Fig. 14. Dark field electron micrograph of a crystal of 
eopolymer E showing sector selection and halving. 
Imaged through 120 reflexions, corresponding plane 

normal horizontal 
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less mo t t l ed  s t ruc ture  (fig. 12). I t  m a y  also 
happen  t h a t  t hey  do not  diffract  a t  all over  
large por t ions  of the  sector a rea  (fig. 14). 

Crys ta l  halving : Choosing one of the  s t rong 
reflexions somet imes  the  crysta ls  could be 
seen d i v i d e d  into a diffracting and  non- 
diff,"acting half, the  b o u n d a r y  being parallel 
to p r i sm faces corresponding to the  imaging 
planes.  This effect occurs in addi t ion to  the  
sector selection referred to above.  The 
halving line m a y  be sharp  or diffuse as in 
figs. 15 and  14 respect ively.  I n  addit ion,  
a line of d i scont inui ty  is somet imes  appa ren t  

along the  short  s y m m e t r y  axis of  the  
hexagons  or corresponding directions in the  
pen t agon  (b*, see later)  (fig. 18). A centra l  
line of  d iscont inui ty  along the  s y m m e t r y  
p lane  can also be visible in crysta ls  wi th  
pen tagona l  or re la ted  habi ts  (fig. 17). 

The same type  of s t r ia t ion shows up also 
in the  hexagona l  crysta ls  toge ther  wi th  the  
new sectors implici t  in this hab i t  (fig. 16). 

Occasionally moir6 pa t t e rn s  as in fig. 19 
were also encountered  in da rk  field. Super-  
posed on the  moir5 p a t t e r n  are coarser 
s t r ia t ions which defiae the  sectors. 

Fig. 15. Dark field electron micrograph of a crystal of 
eopolymer E showing sharp halving effect. Imaged 
through 120 reflexion, corresponding plane normal 

horizontal 

Fig. 17. Dark field electron micrographs of a hexagonal 
(//1) and truncated pentagonal (H2) crystal of eopoly- 
mer E grown in two steps at 30 ~ H 2 arises through 
twinned growth of HI, the corresponding twinning plane 
in HI being shown by the dark vertical line. This and 
the axes indicated should make the origin of //2 ap- 
parent. Imaging is through 120 reflexion, particulars 

unspecified 

Fig. 16. Dark field electron micrograph of a hexagonal 
eopolymer-seeded PEO crystal. The innermost hexa- 
gon is the copolymer seed. E, (the crystal in figs. 17-18). 
The larger internal hexagonal boundary corresponds to 
a growth step of pure PEO due to a lowering of the 
erystallisation temperature from 35 ~ to 32.5 ~ As 
seen the (010) prism faces first increase maintaining the 
original central angle of these sectors. At the 32.5 ~ 
growth step, however, the (0]0) prism face growth is 
arrested. From here onwards the crystal does not grow 
with constant shape, hence sector ratio. (See also 
fig. 20 in Part I.) Imaged through 120 reflexions cor- 

responding plane normal is horizontal 

Fig. 18. Dark field electron micrograph of a hexagonal 
crystal of copolymer E (the same sample as fig. 17), 
showing central lines of discontinuity along b* and 
[120] (in reciprocal space). Imaged through 120- 

reflexion, corresponding imaging plane is vertical 

2.6. Annealing,  Etching and Overgrowth 
The crysta ls  were exposed to  var ious  hea t  

and  solvent  t r e a t m e n t s  such as are known 
to  produce  refolding and  sector isat ion effects 
in simple po lymer  crystals .  I t  was observed  
t h a t  the  present  copolymer  crysta ls  b roke  
up in character is t ic  fashions reveal ing sec- 
tor isat ion.  Fig. 21 shows e longated  cavit ies 
no rma l  to the  p r i sm faces in each sector,  
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Fig. 19. Dark field electron micrograph of a double tablet crystal of copolymer E, showing moir6 effects. Imaged 
through 120 reflexion corresponding plane-normal is horizontal 

Fig. 20 Fig. 2~ 

Figs. 20 and 21. Two annealed crystals of copolymer A. 
The crystals in figs. 20 and 21 were heated on a slide 
and in solution respectively. Photomicrographs, phase 

contrast 

while the  sectorisat ion effects in figs. 20 and  
22 are obviously  the  consequences of  the  
stabi]isat ion of the  sector  boundaries .  I n  
fig. 20 one m a y  notice an addi t ional  halving 
normal  to one pa i r  of  p r i sm faces. 

The crysta ls  in fig. 23, grown a t  the  higher 
t e m p e r a t u r e  t h a n  fig. 22, do not  show sectors 
bu t  reveal  a non-equivalence  of the  two 
square  diagonals,  which is also appa ren t  
f rom the unequal  separa t ion  of  the  etching 
figures along the  two diagonals  in fig. 22. 
Also the  p ropaga t ion  of  the  dissolution 
differs along the  two diagonals  as revealed  
b y  the  hexagonal  shape of the  dissolution 

Fig. 22 Fig. 23 

Figs. 22 and 23. Two crystals of copolymer A etched with benzene. The crystals in figs. 22 and 23 were grown 
at 25 ~ and 30 ~ respectively. Photomicrographs, phase contrast 
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figures in fig. 23 and by  the preferential 
at tack of the solvent at the most acute 
apices of the hexagonal and pentagonal type 
seeds in fig. 24. 

Fig. 24, Crystals of copolymer E grown in three steps 
(cf. fig. 16 in Part I) and etched with ethanol, which 
destroys the crystalline structure of PEO, without 
breaking the crystal apart. Note etching in the a* 

directions in the H 1 and H 2 innermost seeds 

The non-equivalence of the two square 
diagonals is also demonstrated by the over- 
growth features at the tips of the square 
tablets (fig. 25). 

Fig. 25. Crystal of copolymer E showing overgrowth 
effects. Transmission electron mierograph 

The spots and streaks noticeable on 
crystals in fig. 4 are likely to be due to the 
copolymer chains introduced in the PEO 
solution with the drop of suspension con- 
taining the seed. We think the PEO blocks 
are included in the crystal with the PS blocks 
being ejected. (See Part  I). (Note there is 
no amorphous deposition on the crystal-free 
substrate). The streaks being normal to 
appropriate prism faces reflect the under- 
lying sectorisation. 

III. Discussion 

1. On the Nature and Composition o/ the 
Copolymer Crystals 

The electron mierographs confirm the 
light optical evidence [Part I (1)], that  the 

eopolymers form layer crystals as well 
defined as a homopolymer in spite of the 
non-crystallisable chain portions present. 
The unit cell projection deduced from the 
diffraction patterns in figs. 10, 11, is con- 
sistent with that  of pure PEO as established 
from X-ray fibre photographs (5-7). In fact, 
fig. 10 is identical with that  obtained from 
pure PEO. Moir4 effects as in fig. 19 indicate 
extreme perfection within the lattice proper. 
This leaves no room for appreciable im- 
perfection within the crystal due to amor- 
phous material. Thus the amorphous PS 
must be excluded and lie on the top and 
bot tom of the crystal which by  diffraction 
evidence is constituted of PEO alone. The 
thin platelet habit, the various sectorisation 
effects and the annealing and dissolution 
behaviour leave no doubt of the PEO chain 
portions being in a folded configuration. 

This particular model thus embodies chain 
folding and an amorphous layer on the basal 
surfaces of the crystal. Since PS and PEO 
are incompatible the folds are not likely to 
be loose loops intermingled with the poly- 
styrene segments, and thus by  this argument 
alone should tend to be re-entrant and sharp. 
Accordingly the proposed model accom- 
modates an amorphous layer coupled with 
sharp folds which at the present stage are 
often presented as incompatible alternatives 
for the surface structure of homopolymers. 

Data on the layer thickness should give 
some guidance as to the ratio of crystalline 
PEO and amorphous PS in the "sandwich". 
I t  is rccognised, however, that  the entire 
material does not precipitate in the form of 
crystals only a fraction of it having the 
appropriate P S - P E O  ratio (which varies 
from 20 to 55% PS by weight; (see table 2 
in Par t  I). The long periods in table 1 there- 
fore refer to this fractionated precipitate of 
composition w~. The agreement between the 
eleetron microscope and X-ray results, where 
both available, is a guarantee for represen- 
tative sampling in the former. In sample F 
however, the X-ray spacing is only half the 
layer thickness measured directly. Now the 
layers in sample F are seen to be doublets 
(as they are in sample E by  fig. 3). According- 
ly, X-rays would register the single layer 
periodicity only. Discrepancy of a factor of 
two in layer thickness when morphology 
and diffraction evidence are compared is a 
general one in polymer crystallisation (e. g. 
ref. 8, and 9). In particular, similar doubling 
to the one here has been seen in crystals of 
pure PEO (8). 
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In the particular ease of the eopolymers, 
however, a plausible line of explanation can 
be put  forward. The double layers in them- 
selves never produce moir6 patterns. (In 
fact the moir6 in fig. 19 results from the 
superposition of two double layer tablets one 
rotated through 2.5 ~ with respect to the 
other.) This means that  the components of 
the double layers are in perfect register 
which would be difficult to visualise with 
independent amorphous layers in between. 
Accordingly a double layer tablet would 
consist of a P S - P E O - P E O - P S  layer se- 
quence, an inference already anticipated by  
fig. 24 of Par t  I. This suggests that  the 
components of the doublet must have grown 
simultaneously with PEO surfaces in con- 
tact. The perfect register in between implies 
a high degree of regularity at the fold surface 
- a deduction we regard as highly significant 
in view of existing arguments concerning the 
nature of chain-folded crystal surfaces. 

In the knowledge of the specific volume 
of PS a combination of layer thickness with 
chemical analysis of the crystals leads to 
thickness figures in the range of 30 A for PS 
on each side of a PEO layer for all four 
samples. This limiting thickness (which 
increases with the molecular weight of the 
PEO block and decreases with the long 
period of the fold length; see Par t  I) is the 
governing factor of the fractionation process 
during crystallisation. Accordingly the limit- 
ing elongation of PS normal to the basal 
plane which governs the fractionation is about 
1.5-2.0 for crystallisation from ethyl benzene 
solution [_the value for 4*, see Par t  I (1)]. 

In the double layer tablets the P S - P E O -  
P E O - P S  sequence would account for the 
large X-ray spacings in sample E, L and 
l having been calculated accordingly. For 
sample F, values for both the P S - P E O -  
P E O - P S  and P S - P E O - P S  layer sequences 
where calculated. We think this sample may 
well be a mixture of two kinds of layer 
sequences which would account for the 
X-ray observations. This point would need 
confirming. 

The difference in thickness for layers 
erystallised at 15 ~ and 25 ~ is in line with 
the general expectations of higher fold 
length of the PEO for higher crystallization 
temperatures, as can be seen from the L 
values in the table. 

2. Electron Dif fract ion Pat terns  
The diffraction patterns allow some de- 

ductions to be drawn about  the poly(ethylene 

oxide) lattice. This is monoclinic with lattice 
parameters a = 7.96 A, b = 13.11 A, 
c = 19.39 A, fl = 124048 ' (5, 6) - c  being 
the chain direction. (The above values are 
based on ref. 5). Fig. 10 represents the a* b* 
reciprocal lattice plane hence the beam must 
be along c and thus the chains must be 
perpendicular to the lamellar surface (a* 
= 2b* = 0.153 A-l). Accordingly the strong 

rcflexions are {120} which are the prism 
faces of the square crystals. As pointed out 
elsewhere (4) patterns as in fig. 11 could then 
correspond to {120} twins. 

Inhexagonal crystals the normal to the 
truncating faces was identified as b* (henceb), 
consequently the most elongated direction 
as a*. This demonstrates morphologically, 
the non-equivalence of the two crystal 
directions in question and is in agreement 
with the general rule that  crystals grow more 
slowly along the larger repeat distance 
direction. In the truly square-shaped crystals 
the identification of the axes is not possible 
from the crystal shapes as such. Nevertheless 
the etch patterns as in fig. 23 suggest that  
the square diagonal of preferred etching 
corresponds to a*. This point is directly 
confirmed by  etching of H 1 and H e crystals 
(fig. 24). 

The {120} twins would not be revealed by 
the prmm face development of square 
crystals with {120} faces only but  they are 
expected to be apparent when additional 
prism faces are showing up as in the hexa- 
gonal crystals. In this case a single {120} 
twin in its most regular form, would lead to 
a shape as in crystal H~ of fig. 4 the genesis 
of which is illustrated by  the lines drawn on 
to one of the H 1 crystals. Accordingly the 
type of twinning already proposed in Par t  I 
is directly confirmed here by diffraction 
providing at the same time the morpho- 
logical origin of diffraction patterns of the 
type fig. 11 also found earlier but  never 
accounted for in pure PEO (4). The same 
kind of twinning is also illustrated in fig. 17, 
where it leads to a more strongly truncated 
pentagon. The corresponding twinning in the 
square crystals can manifest itself morpho- 
logically through distinct halving effects. 
This can show up as an additional sector 
boundary either as a ridge (fig. 3) or as a line 
of coalescing material on melting (fig. 20). 
I t  might be noted that  fig. 20 is reminiscent 
of a similar effect found earlier in case of 
poly-4-methyl-pentene- 1, fig. 8 of ref. 10 which 
makes the analogy between this polyolefin 
and PEO, already pointed out elsewhere (4), 
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even closer. The sharp crystal halving by 
diffraction contrast may well be of the same 
origin, and is most likely to be so in the case 
of fig. 15 in view of the additional morpho- 
logical features faintly discernible in the 
dark portions of the crystal (see below). 

New face development may be associated 
with the hexagonal habit, showing 4110} in 
addition to {120} and {010} or in some cases 
even {100} faces (fig. 4; also fig. 5b in Par t  I). 
In the twinned form (//2) one of the 4120} 
faces is entirely replaced by a 4110} face so 
that  the twin boundary passes through the 
intersection of the corresponding 4110} faces 
of both twin components. In  figs. 3 and 15 
the crystals are halved, the outlines deviate 
from perfect squares, being somewhat elon- 
gated along the central halving line, and are 
bounded by slightly curved faces. We 
associate the halving line with a 4120} twin 
boundary and the curving with a trend 
towards the 4110} face development, in the 
H2 crystals. In fact stages intermediate 
between crystals as in fig. 3 and H~ in fig. 4 
have been observed. 

The {120} twin boundaries also appear as 
sharply diffracting lines in crystals of various 
kinds, - fig. 17 being one example. A family 
of more complicated multiple twins were 
revealed by such effects, to be described in a 
later publication. 

Diffraction patterns with fewer than four 
120 reflexions correspond to crystals where 
the c axes are inclined to the lamellar surface. 
In particular, where one pair of 120 re- 
flexions only are present, the tilt is around 
the correspoMing 4120} plane normal (see 
ref. 4). Tilts around other <h/c 0 ) di- 
rections were also observed, particularl~ 
around [010]. Such patterns and the cor- 
responding morphological consequences have 
not yet  been fully evaluated. 

When c is normal to the crystal plane 
[vertical structure (11)] the lamellar, hence 
fold surface, is (104)1); there will be other 
(hlc l) indices for tilted structures. I t  is 
evident that  in a monoclinic subcell system 
the vertical structure will not correspond tb 
(001) planes as in polyethylene e. g., and 
that  two kinds of a orientations with respect 
to the film plane, hence corresponding (100) 
twinning is possible. Such a twin would make 
itself apparent only in the (h k l) reflexions. 

1) For the cell parameters quoted this indexing is not 
quite exact. As (104) is far the closest low index plane 
we retain this assignment nevertheless, the exact fit 
being of little consequence for the present argument. 
:For further qualification see ref. 4. 

In fact boundaries along b implicit in such 
twinning were observed in more complicated 
twins (to be published) and are indicated in 
some of pentagonal and hexagonal crystals 
(figs. 17-18). Further,  as in PEO the chain 
members are not all identical chemically 
a (104) [or any other than (001)] terminal 
plane will not pass through identical chain 
members. This means that  if the fold surface 
is accurately defined, the molecules will not 
all fold at equivalent chain positions on the 
atomic scale, hence the folding will not be 
determined by particular atoms or bonds 
along the chain. 

One could imagine that  the terminal plane 
is (001) of alternating sign resulting from 
(100) microtwinning so as to give an overall 
envelope which is normal to the chain 
direction. However, the observation of 
macroscopic (100) twin boundaries referred 
to above, excludes' this possibility as a 
general explanation. 

When crystal layers are stacked on each 
other new twinning possibilities arise in view 
of the monoclinie symmetry of the lattice 
which could, in principle, be a source of 
layer doubling. In  case of the vertical 
structure a pair of layers might be in twin 
relation with (104) as the common twin plane. 
Here the c axis direction is identical in both 
twin components, hence the diffraction 
pattern as recorded by the electron micro- 
scope would not reveal this twinning and 
would be as in fig. 10. Actually this parti- 
cular pattern was obtained with a double 
layer crystal. While there is no experimental 
evidence either for or against such (104) 
twinning, the possibility of this occurring 
needs to be reeognised. 

Analogous twinning could arise also in 
ease of oblique structures. Here the e axes 
would have equal but opposed inclinations 
with respect to the twinning plane - the 
interface between the two superposed crystal 
layers. In this case the diffraction pattern 
would not be the a* b* reciprocal net and 
h ]c 1 reflexions are expected to appear. So 
far we know of no double layer crystals to 
which this model would be appropriate. 

3. Di~raction Selection 
I t  is apparent from the dark field photo- 

graphs that  the crystals do not diffract 
uniformly throughout. However, in contrast 
to polyethylene - explored in detail - there 
is more than one kind of selection. 

The most pronounced non-uniformity is 
given by the striations. In  general these 
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imply periodic orientation variations in the 
lattice. In particular, the periodicity is along 
the reflecting plane-normal for each 120 re- 
flexion selected. Accordingly there must be 
a cross-grid of orientation variations with 
the unit cell oscillating around both the (120) 
and (i20) plane-normals. Nevertheless this 
periodicity is more pronounced in one sector 
pair, the one where the diffracting planes are 
normal to the fold planes for any given 
120 reflexion selected. In the other sectors 
the striations are weak or may even be 
absent. This effect in itself makes the two 
sector pairs distinct. Accordingly one pair 
will always be striated, (in which the 
imaging plane is normal to the fold planes, 
the lines being parallel to the imaging plane) 
while the other pair will be made more 
uniform and in some cases may not be 
reflecting ifig. 14). 

Sector selection due to striations, similar 
to ours in appearance, were reported by  
D. C. Bassett,  Dammoncl  and Salovey (13) in 
crystals of poly (oxymethylene) and poly- 
4-methyl-pentene-1 and attr ibuted to the 
collapse of shallow pyramidal crystals. The 
same explanation may well apply also to our 
case. [According to (13) the 120 diffraction 
selection differs from ours. This statement, 
however, is an error: the diffraction selection 
was in fact identical to ours - private commu- 
nication from authors of (13)1. 

There is some correlation between the 
above dark field effects and the morphology. 
The crystal surfaces, which at first sight 
appear to be smooth could sometimes be seen 
as slightly puckered, and in one case even 
corrugated, preferentially perpendicular to 
the corresponding sector boundaries when 
low contrast shadow effects were examined 
more closely. 

Another feature may be worth noting. 
Fig. 19 also reveals sectors. The vertical 
broad banding in the top and bot tom sectors 
represent the striations just discussed. In 
addition, the horizontal moir6 fringes are 
seen to be more wavy in these sectors than 
in the two others where the diffracting planes 
are fold planes. This means that  the lattice 
planes normal to the fold planes are less 
straight than those parallel to them. 

All these effects are obviously related to 
chain folding. There must be an up and down 
undulation of the chain-folded ribbons with 
respect t o  the plane of the crystal tablet, the 
ribbon planes themselves remaining vertical, 
to give rise to the striations in dark field if 
they are normal to the imaging planes. In 

addition, there must be a long range deviation 
from perfect lattice register to produce the 
bending of the lattice planes giving rise to 
the waviness of the moir6 fringes. The two 
effects may have the same origin and could 
be caused by stresses set up parallel to the 
fold planes within a chain-folded ribbon 
when accommodating folds. Such stresses 
may arise because of the additional space 
requirement of the folds, particularly when 
they are re-entrant. 

The crystal tablets on the whole are planar. 
Nevertheless sector selection such as in 
fig. 14 (with only one sector pair reflecting 
- the halving effect apart) is analogous to 
effects due to the collapse of pyramids en- 
countered in polyethylene. Such effects, 
however, are not frequent in the present 
crystals and the obliquities involved in such 
sector selection are small in any case. On the 
other hand, the splaying nature of the shish- 
kebabs implies pyramidal or at any rate non- 
planar habits. As at least some of the 
platelets originate from these complex multi- 
layer aggregates seetorisation due to opposed 
obliquities in the different portions of the 
same crystals is to be expected. However, 
morphological evidence for non-planarity in 
individual crystals is only available for the 
spiral terraced crystals (see below). I t  
appears therefore that  the pyramidal cha- 
racter implicit in the observations made on 
shish-kebabs resides in the multiterraced 
units and only in some cases, and even 
then only to a small extent, in the single 
tablets possibly in the sense implied by  (13). 

FinMly, we have the halving effect, which 
can divide the crystal irrespective of sectors, 
into a diffracting and a non-diffracting half, 
roughly parallel to one of the {120} plane 
normals (illustrations were chosen so as to 
contain both seetorisation and halving effect). 
This effect may have at least two origins. 

a) Diffuse halving may be a consequence 
of the non-planarity of the crystal, slightly 
bent around an axis parallel to the halving 
line, which is not necessarily straight. In 
this case, the line of bending must be 
parallel to the reflecting planes. Such effect 
can be observed for both square or hexagonal 
habits (figs. 13, 14 and 17, 18). 

b) On the other hand, sharp halvings as 
shown in fig. 15 should be associated with the 
120 twinning. This twinning is confirmed by  
the curved sector boundaries normal to the 
halving line, as in fig. 3. In this ease, relatively 
sharp bending has to be assumed along the 
twinning plane. 
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4. Some  Comments  on Mul t i layer  Features  

The  s t r ing  o f  p la te le t s  (shish-kebabs)  so 
f r e q u e n t  in t he  p resen t  p e p a r a t i o n s  are  a 
c o m m o n  f ea tu re  in p o l y m e r  crys ta l l i sa t ion .  
Crys ta l l i sa t ion  du r ing  flow or  a g i t a t i o n  is one 
w a y  of  p r o d u c i n g  such  c rys ta l s  r e a s o n a b l y  
s y s t e m a t i c a l l y  (14) b u t  t h e y  can  occur  also 
u n a c c o u n t a b l y  u n d e r  a p p a r e n t l y  n o r m a l  
c i r cums tances  (16, 17). T h e  i m p o r t a n t  new 
o b s e r v a t i o n  m a d e  here  is t h a t  t he  sh i sh-kebab  
c o m p o n e n t s  themse lves  are  m a i n l y  mul t i -  
l aye r  c rys ta l s  w i th  spiral  t e r races  ba sed  on 
screw dis locat ions .  This  m e a n s  t h a t  each  
un i t  h a d  n u c l e a t e d  separa te ly .  Ac c o rd i ng l y  
such a s t r ing  is no t  ana logous  to  a single 
c rys ta l  whisker  as some t imes  c la imed (15), 
b u t  is t he  resu l t  o f  more  or  less s imu l t aneous  
c rys ta l l i sa t ion  f r o m  a r o w  o f  nuclei .  H e r e  we 
shall  n o t  discuss t he  possible  or igin o f  this  
r ow  nuc lea t ion ,  ne i the r  t he  po in t  w h y  this  
is a p p a r e n t l y  f a v o u r e d  b y  the  copo lymers .  
U n d o u b t e d l y  this  is a genera l  p h e n o m e n o n  
o f  s ignif icance for  m a n y  aspec ts  o f  p o l y m e r  
c rys ta l l i sa t ion  a n d  t he  p re sen t  subs t ances  
p rov ide  conven i en t  examples  for  the i r  study~). 

The  same  conc lus ion  applies to  the  
spec tacu la r  tw i s t ed  t e r r ace  s t r u c t u r e  in 
figs. 8, 9, wh ich  can  be c o m p o n e n t s  o f  t he  
sh i sh-kebabs  jus t  discussed.  These  h a v e  
been  no t i ced  p r ev ious ly  in p o l y e t h y l e n e  
(quoted,  e . g .  in refs. 18 a n d  17) b u t  aga in  
t h e y  a p p e a r  t o  be specia l ly  charac te r i s t i c  o f  
the  p resen t  b lock  c o p o l y m e r s  wh ich  t h u s  
c o n t r i b u t e  to  the  s t u d y  of  this  c rys t a l  
g r o w t h  p rob l em.  I n  pa r t i cu la r ,  a t t e n t i o n  is 
d r a w n  to  t he  p y r a m i d a l  n a t u r e  o f  these  
c rys ta l s  as seen f r o m  the  shadows  (figs. 8, 9) 
wh ich  revea l  t h a t  t he  face t s  are  sloping, a nd  
s econd ly  t h a t  t he  t e r r ace  r o t a t i o n  is in t he  
same  d i rec t ion  as the  w ind ing  o f  the  s p i r a l  
B o t h  are  i m p o r t a n t  fea tures ,  t he  signif icance 
o f  wh ich  will be d iscussed in a sepa ra t e  
pub l i ca t i on  d e v o t e d  to  these  tw i s t ed  crys ta ls .  

Summary 
Single crystals of various two block copolymers of 

poly(ethylene oxide) (PEO)-polystyrene (PS) were 
examined e]ectronmicroscopically with examples of 
pure poly(ethylene oxide) included. These copolymers 
crystallise in the form of square tablets or long strings 
of layers, the latter breaking up into square shaped 
multilayer crystals often consisting of twisted spiral 
terraces. 

1) Since the completion of the present work shish- 
kebabs were produced systematically by initiating 
chain-folded crystal growth of polyethylene along 
thread-like crystals of the same material (19). This is 
broadly in agreement with the present inference of 
"row" nucleation being the origin of this particular 
crystal form. 

Electron diffraction patterns confirmed that the 
lattice is that of PEO. This result in combination with 
layer thickness measurements from electronmicrographs 
and by low angle X-rays is in agreement with the sug- 
gestion made previously that the crystal platelets 
consist of chain folded crystalline PEO sandwiched 
between amorphous PS. A variety of habit features 
were observed amongst the single tablet crystals 
equally characteristic of the copolymers and of the 
PEO homopolymer. In particular, twinning effects were 
detected and interpreted, which amongst others aided 
the elucidation of anomalies in the electron diffraction 
patterns of pure PEO found earlier. 

Examination of the crystal tablets revealed various 
kinds of sectorisation effects, striations and crystal 
haltings, both morphologically and by diffraction 
selection. In some preparations the tablets were 
doublets, with the PEO components in perfect atomic 
register suggesting regular fold surfaces in contact 
within these doublets. 

Some new observations made on the multilayer 
aggregates promises to be of general validity in polymer 
crystal growth. In particular, the string of layers result 
from growth initiated by a connected line of nuclei. 

Zusammen/assung 
Einkristalle yon verschiedenen Block-Copolymeren 

aus Poly~thylenoxid (PE) und Polystyrol (PS) wurden 
elektronenmikroskopisch zusammen mit Proben aus 
reinem Poly~thylenoxid gepriift. Diese Copolymeren 
kristallisieren in Form yon quadratischen Tafeln oder 
langen Streifen yon Schichten. Letztere zerbrechen in 
quadratisch geformte Viclschichten-Kristalle, die oft 
aus spiratisch verdrehten Stufcn bestehen. 

Elektronen-Beugungsaufnahmen sichern, daI3 das 
Gitter das des PEO ist. Dieses Ergebnis in Verbindung 
mit Messungen der Schichtdicke aus Elektronenauf- 
nahmen und Kleinwinkelbeugung ist in Ubereinstim- 
mung mit der frfihcren Vermutung, dai~ die Kristall- 
bl~ttchen aus kettengefalteten PEO-Kristallen als 
Sandwiches zwischen amorphem Polystyrol bestehen. 
Eine Vielzahl yon Zfigen des Habitus wurde bei den 
einzelnen Tafel-Kristallen beobachtet, gleich charak- 
teristisch fiir Copolymere und ffir PEO-ttomopolymere. 
Insbesondere wurden Effekte der Zwillingsbildung ent- 
deckt und interpretiert, welche u. a. halfen, die frfiher 
gegebenen Erkl~rungen yon Anomalien bei der Elektro- 
nenbeugung yon reinem PEO zu kl/~ren. 

Die Prfifung der Tafel-Kristalle ergab verschiedene 
Arten yon Unterteilungseffekten, Streifung und Ka'i- 
stallnnterteilungen, sowohl morphologisch als auch 
durch selektive Streuung. Bei einigen Pr~parationen 
waren die Tafel-Doubletten hinsichtlich der PE0- 
Komponente in vollkommen regelmi~13iger Atom- 
anordnung, was auf regul~re Faltenoberfl~chen im 
Kontaktbereich mit diesen Doubletten schliel3en l~13t. 

Einige neue Beobachtungen an Vielschicht-Aggrega- 
ten scheinen allgemein ffir Polymer-Kristall-Wachstum 
Giiltigkeit zu haben. Insbesondere ist die lineare An- 
ordnung yon Sehichten das Ergcbnis aus einem Wachs- 
turn, initiiert dureh eine Kette yon Keimen. 
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Diffraction Effects in Single Crystals and Spherulites of Poly(Ethylene Oxide) 

By F. J. Bal td  Calleja, I. L. Hay,  and A. Keller 

With 14 figures 

1. Introduction 
The object of this paper is to report some 

diffraction effects encountered while working 
with poly(ethylene oxide) (PEP) in our 
laboratory. This publication has been prompt- 
ed by the more recent work on block copo- 
lymers, containing PEP,  being published 
concurrently (1, 2). The material to be re- 
ported here in fact provided some of the 
background for the crystallographic aspects 
of that  project. 

The subject of the present publication is 
centred around two problems. 1. The unit cell 
and packing of the chains in the PEO lattice. 
This involves the correlation of electron and 
X-ray diffraction patterns and includes 
some novel texture features. 2. The structure 
of spherulites. Besides clearing up ~ contro- 
versial issue in PEO, this part  of the work 
also raises some general points concerning the 
crystallography of spherulites. 

2. The Unit Cell and Chain Packing 
2.1. Single Crystals and Electron Di//raction 

Patterns 
Single crystals of various grades of PEO 

were grown from solutions in xylene and 
amylacetate. The crystals, as seen by optical 
phase contrast and electron microscopy, 
were square tablets indicative of chain folded 
crystallisation. In one preparation the cry- 

in 20 details 
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stals were seen to be pyramidal while floating 
in the liquid. The crystals were unstable, 
they broke up readily sometimes without 
any apparent reason into a lace-type pattern. 
Moisture certainly accelerated this trans- 
formation, which is presumably due to re- 
folding. Even when the crystal outlines were 
seen to be unimpaired under the optical 
microscope, electron diffraction often reveal- 
ed that  reerystallisation had set in and the 
original single crystals had become poly- 
crystalline entities. This was particularly 
conspicuous with large square and dendritic 
crystallisation products, which could reach 
the size of several rams. These large regular 
entities raised the hope of having obtained 
macroscopic polymer crystals; however they 
proved to be polycrystalline. Undoubtedly 
they must have been true single crystals at 
some stage. 

Examples of PEO single crystals have been 
shown previously (3, 4, 5, 7), consequently 
the morphological material will not be 
illustrated here. The electron diffraction 
patterns of most of the crystals were as 
shown in fig. 1, the weak spots being of 
variable visibility. Similar patterns were first 
obtained by Holland (6) and Kobayashi (7). 
The four strong refiexions correspond to 
planes, with spacing 4.64 A, parallel to the 
prism faces of the square crystals. The unit 
cell of PEO has been derived from X-ray 


