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The Spherulitic Crystallization of Isotactic Polypropylene From
Solution; On the Evolution of Monoclinic Spherulites From
Dendritic Chain-Folded Crystal Precursors'

F. Khoury
(October 19, 1965)

Folypropylene can be erystallized in the form ol monoclinie (Naita) aphenliles from moderately
concentraled solutions of the polymer in different solvante. A atudy is presented involving both opLical
and electron microscopy which has led vo the characterization of the unusval siricture end marphology
af the dendritie precursor ervelals from which such spherulites evolve, as well as the mannet in which
thase precuracra deganersia progressively into spherulites,

The owergll shape of the above mentioned polypropylene dendrites approximates that of e rec-
tanigular paralielepiped (referance axes x, ¥, z, where 3y = 1.1 and y = 2z}, Theae dendrites consist
of n dense but not compael nerwork of mnnola]e'r chain-folded Inmellar brenches which traverse the
dendrite diagonally with respect to bie reclangnlar x, ¥ croas section, the fold surfaces of the individual
lamellar branches (ie., those faces benween which the conatituent molecules in each branch fold back
end forth} being normal to the x, ¥ cross seclion.  Eleciron difftaction data indical= Lthat the orienta-
tion of the h-crvetallographic asis is unique throuwghoue the oross-hatched array of lamellar branches
and is parallel 1o z, the laner axis correspending 1o the direstivn of slowest growth of the dendrite as a
whole as well a3 ils constitnent branches, [t has aleg been dedoced on Lhe basis of the abava Fealures
ecoupled with electron diffracion data and considerarion of 1wo different b plausible model twinned
dendrtes that the fold sorfaces of the lamellar branches are {001) end thal the angle betwesn the o
cryaigllographic axis in interorossing branches s circa $°.  The poseible arigin of this unuauzl mode
of twinning, which involver an B0° change in the orientation of the chain axes in offspring branches from
that in parent hranchea, is briefly presented.

The process of evolution of mounoclinie polypropylene spherulites rom the wnusually twinned
dendritic crystal precursors is contragted with the evolation of spherolites in other polymere; further-
meore, the relevance of 1the observations presented in this stedy to an understanding of the origin of the
previoualy reported mtypical fine siructures exhibited by monoclinic spherulitea of polypropylene
orystalitzed from the melt, je discussed.

Key Warda: Chain-folded, oryaial, dendritic, electron microacopy, isotaclic, moneclinic, mor-

phology, optical micrescopy, pelymer, polypropylene, precursor, spherulite,

1. Introduction

The purpese of this communication is to report on
the outcorne of an investigation of the nature of some
crystallization habits exhibited by isotactic polyprepyl-
ene when the polymer is crystallized from meoderately
concentrated solutions (in the range 3/4 to 13 percent)
in seme solvents. Specifically, the relevance of
varions observations derived from thia swndy to the
farther elocidation of the mechanism of growth and
hitherto linle vundersiood origin of the atypical fine
structures of spherulites of the monoclinic crystalline
Ewtg:;!ﬁﬂaﬁun of polypropylene will be discussed in

etail.

| Partinne of 1he work described in this presented bedorg the D vision of High
Polymer Physies of the Amwarian rmmm i Munch 1943, Marh 1 and March
%5 The o tinmn described in secilon 3, involving the crystallization &
ear from aplee: ared minered oif, were made during the author's semsclatben with the Avinea
Cop.y Murmus . Po. AN iber work wan oul st MES under paniia] Gaasriyl
wopport from ibe Advancad Raearch Propcie Agencr.

The spherulitic cryvstallization of polypropylene in
thin films of the polymer crystallized from the melt
under jsothermal conditions at temperatures in the
range 110 10 148 °C has been characterized by Padden
and Keith [1]* who found that spheralites exhibiting
different optical properties are formed in this tem-
perature range. A complementary =tudy by Keith
et al., [2] of the structure of these different types of
spherulitezs using microbeam x-ray diffraction tech-
niques revealed that all the spherulites that are formed
at temperatures above 132 *C and the majority of the
spherulites formed below 132 °C possess the mono-
clinic crystalline structure proposed by Matta et al.,
[3] for i=zotactic polypropylene?®
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The optical characteristica (birefringence) of these
movoclinic spherulites were found to depend on
the temperature at which they are formed. Briefly,
Padden and Keith [1] point out that the majority of
the monoclinie spherulites grown below 132 °C and
above 138 °C are respectively positively birefringent
and negatively birefringent, While these are the
predominant types of monoclinic spherulites formed
in these temperature ranges, an appreciable number of
“mixed™ 4 spherulites of the same crystalline modifi-
cation are also formed in these temperature ranges.
Further, most of the monoclinic spherulites formed
in the range 134 to 138 *C are of the mixed type.

The exact otigin of the differences in the optical
properties of the varicos types of monoclinic sphery-
litea i= not konown. The preferred radial crystal-
lographic orientations in both the positive and negative
spherulites, as deduced {rom microbeam x-ray diffrac-
tion data, are indistinguishable. According to Keith
et al., [2] in both these tyvpes of spherulites the -
crystallographic axis, and hence the axes of the helical
chains, are oriented at an angle of 65 to 707 Lo the
radius. The b-axis orientation is tangential.

In addition to the predominantly positive and fewer
mixed monoclinic spherulites which grow at tempera-
wres below 132 *C, Padden and Keith [1] observed
that a few negatively birefringemt spherulites are
formed also in the same remperature range (110 to
132 °C). These rarer spherulites possess an ap-
parently  pseudohexagonal metastable erystalline
structure [2, 4, 5]. The axes of the chain molecules
are normal to the radial direction in such apherulites
1. 2].

Spherulites of the more common monoclinic erystal-
line modification and the rarer hexagonal erystalline
madification of polypropylene exhibit highly contrasi-
ing fine structures. The morphology of the rarer
hexagonal spherulites is similar to that commonly
exhibited by spherulites in numerous other polymers
[6) Sutface replicas of hexagonal spherulites formed
in thin films of polymer reveal, as described by Geil
[6], & radiating fine structure consisting of thin lamellar
atructural wnits which extend radially outwards from
the central regions of the spherulites, The crystal-
lographic orientation in these spherulites as derived
from both their optical properties as well as the
microbeam x-ray difftaction experiments referred to
above (which indicate that the chain molecules are
oriented normal to the radius), coupled with the
uniformity in thickness of the radiating lamellae
normal to the radius, corroborate that these lamellae
are most probably chainfolded single crystal strue-
tural unita. The fold surfacea (i.e., the surfaces
between which the molecules are folded regularl
back and forth} of the lamellae are parallel to the radi
direction as has been established in sphernlites of
other polymers, e.g., polyethylene, polyoxymethylene,
and poly{4-methylpentene-1) [7].
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In contrast with the radiating chain-folded
lamellar morphology which, as indicated above, is
characteristic of spherulites of numerous polymers,
as well as those of the pseudohexagonal crystalline
modification of polypropylene, spherulites of the
monoclinic {:r}rstaﬁ‘; ne modification of polypropylens
exhibit highly complex morphologies the nature and
origin of which have hitherto been little understood.
Brief descriptions of the morphology of such apheru-
lites have been presented by Bailey [8] (ace also Keller
[9] and Geil [10]. Bailey [B] has deseribed spherulites
which exhibit & cross-hatched morphology consisting
apparently of interwoven or intercrossing radially
and tangentially oriented “fibrils.”  Geil [10] describes
positive and negative monoclinic spherulites as con-
sisting of radially oriented ribbonlike or ropelike
structural units which exhibit a transverse ribbed
or corrugated ‘morphology; apparently no  specific
moerphological differences between the positively and
negatively birelringent types of monoclinic spherulites
have been observed.

Additional evidence of the unusual morphologies
associated with the crystallization of pelypropylene
in its monoclinic crystailine modification rms been
further reported by Geil [11] This evidence has
bean derived from a study of the morphology of ex-
tremely thin films of polypropylene crystalized by
slow cooling from the melt on a subsirate. Examina-
tion under the electron microscope revealed that those
portions of the film which erystallized in the pseudo-
hexagongl cryatal modification consisted of thin
{~150 A thick} lamellar chain-folded c¢rystal layers
iying partallel to the substrate. Frequent instances of
spiral development of superposed layers initiated by
serew dislocations in basal lamellas were chaerved.
In contrast, those regions of the polymer film which
crystallized in the moncclinic modification were found
to congist of “incipient spherulites” various partions
of which exhibited differing morphologies. In some
regions of these structures a distinetly cross-hatched
fine structure akin to that reported by Bailey [8] was
obsetved. Geil points out that the narrow structural
units which may be seen to intercross at right angles
within limited areas appear to be thicker normal w
the subatrate on which they grew than they are wide.
The possibility is- indicated by Geil [11] that they may
be chainfolded single crystals the fold surfaces of
which are oriented normal to the plane of the film.
In oiher regions of these “incipient spherulites”
individual hroad ribbonlike stiructures were discerned
which exhibited in their thicker parts a transverse
siriated fine structure, reminiscent of thar exhibited
by the constituent radiating units in positive and nega-
live monoclinic spherulites [10].

The unorthodox morphologies of isotactic poly-
propylene in which Lhe polymer crystallizes in its
more common monoelinie crystalline modification
clearly suggested that some fundamental differences
must exist between the mechanism of evolution of
manochinic spherulites of that pﬂ]}rmer and the mech-
anism leading to the formation of polymer sphetulites
that exhibit the more mnventmnaﬁnradmtmg lamellar




fine structures. The original chjectives of the present
study were to {a) investigate the natore of the habits
and bne structures of crystalline aggregates that hot
moderately concentrated solutions of polypropylene
yield in suspension in solvent when they are cooled to
lower temperatures, and (b) determine whether any
information relevanm to the elucidation of the origin
of the complex morphologies exhibited by the rela-
tively inmraciable melt-grown monoclinic spherulites
could be derived from the stroctural characterization
of crystalline aggregates grown from solution {under
different conditiona) that are more accessible to de-
tailed morphological investigations.

It will frst be shown in what ensnes that poly-
propylene can be readily crymallized from solution
in the form of mongclinic spherylites in suspension.
Experiments will subsequently be described, the oat-
come of which has been to provide a detailed insight
into the unorthodox nature of the cryatal precursors
irom which monoclinic spherulites evolve when
formed from solution. The direet rélevance of the
observations derived from the latter experiments to
an understanding of the orgin of the atypical fine
structures of melt-grown monoclinic spherulites will
be pointed out. Finally, the nature of an underlving
fundamental phenomenological difference hetween
the mechaniam of formation of spherulites of the
monoclinic crystalline modification of polypropylene
and that of polymer sphernlites which exhibit the
more typical radiating lamellar or fibnllar morphol-
ogics will be discussed.

2. Experimental Precedures

1.1. Moterials

Isotactic polypropylene in powder form having a
number average (osmotic) molecular weight of 38000
[12] was wzed in all the experiments. The aolvents
used were: mineral oil (medicinal grade, specific
gravity according to manufacturer 0.880-0. at
15.6 °C), xylene (A.C.5. reagont grade, boiling range
139 o 139.3 °C) and amyl acetate (purified). The
xylene and amyl aeeate were digtilled before use.

2.2. Solutiony

Unless otherwise stated, solukion concenirations
are expreased throughout as weight (gramas} of polymer
per volume (100 em¥) of solvent at room temperature.
In general polymer solutions weve prepared by adding
the polypropylene powder to solvent ar reom tem-
perature in a Pyrex flask and then immersing the fask
and its contents for half an hour in a bath heid iso-
thermally at an appropriate elevated temperatore,
i.e., at 180 °C for the mineral ¢il preparations, and at
140 *C for both the xylene and amyl acetate prepara-
tions. The resnlting aslutions were then either coolad
continugusly to room temperature (sec. 3.1} or trans-
ferred to constant temperature baths held at lower
temperstures {sec. 3.2a; 4). Details pertaining spe-
cifically to some individual sxperiments are given in
appropriate parts of the paper.
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2.3, Optical Microscopy

With the exception of some experiments deseribed
in section 3.2b, the various structural entities pre-
cipitated from solution under different conditions were
examined under the optical micreecope at room tem-
perature while still in suspension in liquid using either
polarizing or phase centrast opiics.  In the lawer case
contrast was often enhanced by either exchanging
or highly diluting the original solvent in which the
various structures were in suspension at room tem-
perature with a liquid of appropriate refractive index.
Cargille Refractive Index Liquids were used in such
inmances, Unless otherwise stated, all optical
mictogtaphs shown in the paper represent the types
of structures that will he discussed as they varicusly
appear when seen in different perspectives (we refer
specifically here to atructures that are not spherulites)
while in suspension in a Bguid mediom.

2.4. Electren Microscopy

A JEM 6A % electron microscope was used in the
study described in section 4. e precautions re-
quired in examining the crystals described therein, in
transmission, and the technique wsed in replicating
their surfaces are presented in the selfsame section.

3. Results and Discussion

3.1. Preliminory Evidence of the Spherulitlc Crystal-
lization of Pelypropylens From Solutien in [t» Mono«
clinic Crystalline Madificotion

Exploratory experimenis revealed that when hot
Y¥ypercent and 10 percemt solutions of polypro-
prlene in mineral oil or xylene are cooled continnously
te room itemperature at — 0.5 *Cfmin, the polymer
cryatallizes in the form of spherulites in suspension
in solvent.

The mineral pil solubions yielded only positivel
birefringent monoclinic spherulites, examples of whicﬁ
as seen under the polarizing microscope while still
in suspension in solvent are shown in fgures 1 and 2.

In contrast, the xylene solutions yielded apherufites
exhibiting various birefringent properties depending
on the nitial polymer concentration.. Thus, whereas
all the spherulites grown from the 3/4 percent xylene
soiutioh were negatively birefringent (fig. 33, the 10
percent xylene solution yielded on cooling a prepon-
derance of sphernlites of different sizes exhibiting
“mixed” birefringent characteristics as well as a few
smaller distinctly negatively bireftingent spherulites.
The mixed spherulites were essentially of two general
types, namely, some which exhibit an overall irregular
change from positive birefringence in the central re-
gions to negative birefringence nearer the periphery,
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Ficure 1 FPoxitively fiirefringent
pofyprapylens
(bt ]
and others which exlubil asvmmelne birefringent

characteristios along different radial paths (se¢ foo
note 3). Examples of spherulites grown from a 10
percent xylene solution are shown in figure 4
Wide-angle x-ray  difftaction  patierns
obtained  from  samples  consisting spherulites
formed from the percent and 10 percent xylene
solutions were characteristic of the monoclini
talline  modification of proposed by
MNatta et al, [3]. An x-ray powder patiern obtained
from a sample of the negatively birefringent spheru
lites formed from the more dilute xylene solution is
shown in fgore 5 in which the four prominent 110,
040, 130, and eomposite 111, 131, 041 rings charac:
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polvpropylene
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detected.

The wvarious solution-grown spherulites  deseribed
briefly above are by no means rigid structures.  They
undergo varving degrees of deformation after elimina-
tion of the solvent by direct drying (xylene prepara-
by suitable extraction (mineral oil
preparations). The extent of deformation to irregular

shapes was pronounced in the less compact spherulites

polypropylene may be readily

liongs)l or

spherilites g
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grown from the dilute polvimer solutions.
ulites grown (rom the 10
however, underwent only some radial shrinkage on
dryine while =till retaming their spherical shape
Examples of spherulites removed from the latter prep
aration as they appear under obliguee incident illumina
tion after drying are shown in figure 6.
Further study specitheally  al
the origin of the different birefringem characlenstics
of the various types of spherolites referred o aboye
wis  nol -i[lt'lH[lil'l| i clear, however, that the
birefringent characteristics of individual spherulites
srown from the 10 percent xylene solution depend on
the temperatore range within which they develop
during the cooling cycle.  The available observations
indicate that lower crystallization temperatures lead
to the formation of negatively birefringent spherulites,
as evidenced by the fact that the smallest spherulites
formed in this prepacation were negatively birefringent.
This 1= lurther substantiated by the, albeit irregular,
change in sign ol birefringence (from positive in the
interior 1o negalive nearer the periphery) exhibited by
many of the larger “mixed” spherulites.  That lowes
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Froung 2. Paxitively brefringens spheralites grosen on cooling o W pereons sulistion
of polypr wprylene in mineral ofl.
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Fioure 3. Negattoedy direfringeit spheralites grosen on coofing o .75 percend seli
tun af polypropydene o sylens
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Ficure 4.

Sphernfites exchibiting “mived"” hivefringent characieristics grown on coosl

ing a M pereent solution of polvpropylene in xvlenn
47

Ficume 5. Wide angle voray powder patiern editadned from o sampli
of negatively hirefringene spherplites formed on
peteent solution of polvpropyvlene in cvlpae
Virtbeal |t VL oddt 13 and eompasiee 111, 131, 0640 rines

petir of th ennoclinde (Nankad oy Iahicwtinm sl plygirigiybens

copling a 075

bdenildy et Dy mitany

stalliue el
temperatures ol crystallization lead to the formation of
negatively  birefringent monoclinic spherolites  from
a 10 percent xylene solution was further substan-
tiated by the fact that when such a solution is rapidly
gquenched in liguid pitrogen (rate of cooling o room
temperat urs 4 “Clmin) only negatively birefringent
spherulites are formed.

3.2. On the Nature of the Early Stages of Formation of
Monoclinic Spherulites From Seolution

a. The Habits of Polypropylene Crystallized From 34 porcent Solu-
tions of the Palymer in Mineral Qil Under lathermal Conditions
(B0 10 112 'C)

At 80 and 90 *C the polymer crystallizes very rap
idly. The solutions yield positively bireftingent mono

34

Spfieralites grown on eooling o N perdenl selition of

Fieune f

wlypropylene in cvlenre
[i ifier having

clinic spherulites similar 1o those shown in Ggore 1.
At higlier temperatures, however, in the range 105 ta
2 0 individual solutions yield in addition (o rela-
tively more compact positively birefringent monoelini



e

Fizuae 7. Positively birefringent spherufites and smaller aspher-
deel oggregures grosen from o 0075 percent solurion af polvprope
leme in mineral il ar 112350,

Pularigers crosaed o 0P, = 170

spherulites of different sizges (hg 7), numerons smaller
vigid nonspherulitic moneclinge erystidline aggregates*
which exhibit differing but related habits.  The re-
spective shapes of these varions aggregates were
readily deduced by observing them (after erystalliza-
tion was completed and the solutions cooled to room
temperature] as they twmbled, or were induced o
tumble slowly, in suspension in liquid under the optical
microscope in transmission either in anpolarized ligh
Or [ore ﬂpprupriuh:l}' UsIng illllﬁl‘ contrast optics.
An example is shown in figure B of an aggregate
typical of muny that are formed in the temperature
runge 105 to 112 "L These agoregates exhibit
characteristically contrasting profiles when  viewed
along different directions,  Observing such structures
as they tumbled inoa liquid mediom revealed that thes
possess o plane of preferential development. When
they are oriented so as o oceupy @ maximum surface
aren in the field of vigw of the microscope they exhibit,
as may be seen in hgure 8, an essentially elliptically
shaped profile.  For the soke of convenience in what
follows, the major and minor axes of the aggregate
cross gection depicted in hgure 8 will be referred to
below as the (x) and (v) axes, respectively, and the axis
normal to the (x,+) plane (the plane of preferential
development) s the (2) axis.  When such an aggregate
is viewed along any axis lying in the (v v plane (Le.,
il the ageregate shown in Ggure 8 s rotated theough
O from the position depicted therein about any axis
normul e the microscope axis), it exhibits an essen.

*Thi berm aggremsté s memi Shromghemt (his paper an o6 geoera aenee 1 dnisity any
wirictwral ciay whanls bas grews Trom ssludion sl shich poalsd ne e amrghaly «larae
terised & lieing am imifividual caherest covstal or o spbenalive. Differom tapes o agpre
patvs will b alieremtiniod by sustalibe slmaois e, allippieal, appareni o peieaidopsly
liealeal, et | sedermng sarmnaly o destingsislimng sbhiopd charanirisbes
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Ficune 8,  Orstalline aggregate grown from a 075
tlo of pelvpropylene in mineeal o e |12 '"f
Sane etfipoeal prehbe o uggeopate whor seen as depiceed liesn sl an mm |.*| #l wighn

wnples b jte plang 15,8 ol preeferential droelnprsem Tgnifatived Bight, =] %

pereent soln

Fiume 9, dggregate similor to that shown in fugeee 8 bt odened
edge-on afong an axis parallel o oy plane Devh of prefecentiod
development,

Ulnguibariped Bigla, = | 9

tially incipient sheaflike appearance as shown in figure
9. Owverall growth along the (z) direction is substan-
tially slower than in the (v.v) plane, the relative dis-
parity in growth being roughly characterized by the
following overall (v, ¥, z) dimensions: — 30 u <20 u
®5 (e, oz~ 6:4:1), In actual fact these ag
gregates are somewhat thicker along the (z)-direction
in the peripheral regions than at the center. This
is. more clearly revealed by examining these struc.
tures under the phiase contriast microscope, as may be



Ficume 10, Clusier af varlously oriented stractires growp from a 0,75 perrent
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seen in figure 10, in which the distinetly darker peri-
pheral regions in the appropriately oriented “ellip-
teal” aggregate present in the field of view can be
clearly discerned,

In addition o the tvpe of aggregate described above,
still smaller aggregates exhibiting different but related
habits are also (ormed under the same conditions of
erystallization.  Examples wypical of these different
agregates, as seen ander the phase contrast micro-
scope, are shown in figure 11, They are essentially
planar structures which exhibit respectively the char-
acteristic profiles seon in figure 11 (o o d) when viewed
along an axis normal 1o their plane of preferential
development,

The smallest aggregates (he 11a), which are rela-
tively rare, exhibit parallel lateral edges and a dis-
tinctly concave profile at the extremities of their longer
axis.  This latter aspect is also evident in the slightly
larger structures (fe. 11b) in which, however, the
longer lateral edges are slightly convex.  The lateral
sides of the still larger structures (hg 1le, d) are
pronouncedly convex and these ageropites also exhibi
a distinctly re-entrant or notched appearance ot
apposite  extremitics along the bisectrix parallel 1o
their direction of preferred overall growth.  As men-
tiomed earlier, the aggregate types shown in fgure 11
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prelypropylene solurton on mineral off gt 1126,
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are thinner (= 5 p) than they arve long or broad.  They,
too, however, as in the case of the elliptical structures
deseribed above, are slightly thicker in the periphecal
regions than at the center.  They all exhibit incipient
sheaflike appearances when viewed on edge (ie.,
along any axis in the plane of the respective eross
sections depicted in figure 115 A view is shown in
figure 12 including a few “notched’” apgregates of the
type shown in fgure lle, d lying flat on a substrate
and several other nonspherulitic aggregates similar
t those deseribed above, oriented with their plane
of preferential growth parallel wo the axis of the phase
contrast microscope.

A vomparison of the relative sizes and correspond-
ing habit features of the types of aggregates shown in
figure 11 which had all formed under the same con-
o ditions as the elliptical structures shown in figures
8 and 10, indicates an evident size-habit trend (in-
creaged convexity of the lateral sides und progressive
filling in of the re-entrant extremities) which strongly
suggested that these structures might well represent
varly successive stages in the formation of the larger
“elliptical” structures (figs. 8 1o 10), but further de-
velopment of which hod been areested due to depletion
of the polymer from the solution. By the same token,
since the spherulites (hg 7) that are formed under
the same conditions as the types of aggregates de-
scribed above were larger than the elliptical structures
formed at the same temperatures in individual solu-

Fiovee 12
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tinns, the possibility was envisaged that the elliptical
and other sggrepgates are vepresentative of the early
suceessive transient  structures  that  develop  pro-
gressively during the initial stages of growth of in-
dividual monoclinic sphernlites.  This was confirmed
by some experiments deseribed below,

b. Direct Microscopic Obsarvations of the Growth of Monaclinic
Spherulites From Concontroted  Solutions of Palypropylens in
Mineral Oil

The procedure adopted in these experiments was
facilitated by the low volatility of the mineral oil at
the temperatures at which the experiments were
carried  out.  Appropriate  weights  of  powdered
polypropylene and mineral oil were deposited on a
microscope slide at room temperature,  The polymer-
solvent mixture was then covered with a thin cover-
wlass and placed in the heating chamber of a Leitz
heating stage (Model 3500 mounted on the rotating

stage of a phase contrast microgseope.  The tempera-

ture of the heating stage was then raised to 200 °C
and maintained ar that temperature for approximuately
10 min. The temperature was then ]nwemdpgy suitihle
adjustment of the current supply to the hot stage and
maintained within =1 °C of a predetermined temperi-
ture at which the rate of spherulite formation was slow

enough to be recorded with o conventional photographic
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camera.  The vertical size of the heating stage and
the mechanically restricted vertical travel of the phase
contrast condenser system used were such that suit-
able illumination could be obtained only for low and
medium power phase contrast objectives.  All direct
obzervations and photographic recordings were made
using a * 20 phase contrast objective. The sequences
deseribed below were recorded within a period of 30
o 45 min.

A sequence of micrographs depicling successive
stages of growth of an individual positively birefringent
monoclinic spherulite from a 5 percent (wiw) solution
af the polymer at 113 °C is shown in figure 13 (a to h).
The thickness of the solution between the glass slides
was of the order of 50 @  The similarity between the
profile of the initial successive ransitional structures
depicted in hgure 13ab, and thar of the sggregates
shown in figure 1ed, and hgore 12 is clearly evident,

Fritike 13
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Note the convex lateral edges of the successive struo-
tureg shown in figure 13ab, and the re-entrant or
notched appearance these transitional aggregates
exhibit at opposite extremities. This latter Feature,
which is less pronounced at the more advanced stage
of development represented in figure 13b, becomes
progressively less evident on subsequent growth and
disappears eventually, a1 which stage the developing
structure exhibits an essentially elliptical profile (as
seen in figure 13¢.d) which corresponds to that of the

aggregates shown in figures 8 and 10, Subsequent
stages of growth culminating in the development of a
monoclinic spherulite are shown in ligure 13 (e to h),
Figure 13h represents the spherulite thus formed as
geen between crossed polarizers and a quarter wave
compensator revealing itz positively  birefringent
charncter.

I some instanees it was possible to observe and
record the growth of individual spherulites at even
earlier stages of development thin has been depicted

Fioume 14, Time lapae sequenee depicting saceessive carly gtages (A) in the growth of a positively bivefringent spheralive from o [2 percent
sifution of polvprapylene in minerad ol ar 165,
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in the sequence shown above, Correspondingly, the
very initial resolvable precursor structure was found
to exhibit (when appropriately oriented) a rectangolar
(almost square) profile.  Early stages of development
of an individual monoclinig spherolite from a 12 per:
pent (wiwl solotion of polypropylene in mineral oil
at 116 *C are depicied in the sequence of micro-
graphs shown in figure 14, The particular strocture
{A) the growth of which was followed in this sequence
wits moving very slowly in the solution; its identity is
confirmed in hgore 14 (a to g} by a reference ageregate
{Bl, at & more advaneed stuge of growth, which was
moving along with it (note the elliptical profile of B).

The apparently rectangular (almost square) profle
of the first elearly resolvable precursor seen in hgure
I4b is evident. At the growth stages depicted in
figure lded the profile of the growing structure can
be seen to correspond with that of the smallest and
rarer ageregates (of the type shown in hg 1lab)
deseribed in the previous subsection. Note the
longer lateral edges and the distinetly cusped appear-
ance (concave with respect to the imterior) of the
shorter edges of the growing aggregate (A) in hgure
14c,d. The aggregate subsequently assumes on fur-
ther growth a profile similar o that of the siructures

)
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slivwn in hgure 1led. At the more advanced stages
of growth depicted in hgure 14 (0 1o g) the aggregate
may be seen to exhibit an essentially elliptical pro-
file—it eventwally develsped into a positively bire-
fringent spherulite,

On the basis of the evident similarity between the
transient precursors seen in the sequendes shown in
figures 13, 14, and the ageregates deseribed in the
previous subsection (3.2a), it is w be expected tha
their appearance would vary significantly depending
on their orientation with respect o the direction of
viewing, hence the contrasting appearance of pre-
cursors C (g 14 8 to o) and D (hg 14a). Tt may
be readily deduced that they are respectively oriented
with their plane of preferential development essen-
tially normal to the plane of the feld of view photo-
graphed in figure 14

In summary, the observations deseribed in this
section provide a gross insight into the nature of the
carly stoges of development of monoclinic apherulites
of polypropyvlene.  Fuorther opportunity to characterize
in finer detail the early stages of development of such
spherulites is clearly provided by the ready aocessi-
bility of the representative precursors of the spheru-
lites formed from the %y percemt mineral oil solutions.

—
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Clearly these structures can'be readily isolated from
the latter preparations and subjected to an electron
microscopic study using replicating techniques in
order 1o characterize the nature of their fine strocture.

The apparently polyhedral carliest precursors which
develop during the mitial stages of formation of the
spherulites are of particular initial interest, however.
Similar essentially planar objects exhibiting a square
or slightly rectangular profile have been respectively
obzerved by Lengering | 13] and Geil [ 14] to form during
the imitinl stages ol growth of monoelinie spheralites
from the melt.  In short, the formation of such initial
structures is nol o peculiar characteristie of the mode
of growth of monoclinic spherulites under the specibe
conditions of crystallization described in this section—
it i evidently a phenomenon of more general ocetr-
rence.  The discovery that ¥y percent solutions of
polypropylene in amyl acetate vield, ar remperatures
between 110 1o 115 °C, monoclinie erystalline aggre-
gates the shape of which (see hig. 15) coincides with
that of the above-mentioned initial apparently poly-
hedral precursors  of monoclinic  polypropylene
spherulites, was therefore particularly gratifving [15].
The outcome of an optical and electron microscopic
study, which has led to the characterization of the
highly pnorthodox structure of these model counter-
parts  of the earliest  microscopically  resolvable
spherulite  precursors, is discussed in the ensuing
section, [t will be shown that they are not polyhedral
ubjects, but possess instead a complex fine structure
which is distinctly dendritic in churacter.

On the Morphology of Model Counterparts
of the Pseudopolyhec'ral Precursors of Mono-
clinic Spherulites of Polypropylene

Ihe observations presented in this section were
derived from an oplical and electron  microseopils
study of ervstalline ngoregntes grown [rom 304 pereent
solutions of polypropylene in amyl acetare at 114 7,
Within 6 hr at that temperature the solutions exhibi
a very [wimt eloudiness indicating the onset ol crys
tallization. The particular solution rom which the
aggregates shown in figure 15 were formed was held
at 114 °C for 10 davs. At the end of this period, the
solvent and suspended aggregates were poured into
a special flration vessel maintained at 114 °CC,  The
type: of vessel used was essentially similar in design
to o fillering apparatus previously deseribed by Bossen
et abl, [16].  The preparation was liltered isothermally
and washed several tmes with fresh amyl acetate
preheated o 114 °C.  Care was taken nol 1o allow
the filtrate Lo dry between successive washings.,  Afler
a final addition of hot fresh solvent, flirution was
stopped, and the yvessel allowed o eool o room
Tempreratlure.,

The charncteristic monoclinie 3] wide angle x-ray
diffraction pattern (powder pattern) obtained from a
sample consisting of randomly oriented aggregates
formed at 114 °C is shown in ligure 16,
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4.1. Observations Derived From Optical (Phase
Contrast) Microscopy

Examination of the aggregates formed in the prep:
aration described above at high magnifications ander
the phase contrast microscope as they tumbled in
suspension in Liguid revealed that they possess a
planar habit, and that when viewed along an axis
normal to their plane of preferential development
(e.g., the aprregates marked (E) in he 15) they ex-
hibit an  essentially  rectangular (almost  square)
profile, Characteristically however, the shorter of
the two pairs of lateral edges wppear either slightly
cusped near the apiees or are slightly eurved, con-
cave with respect to the interior of the aggregate,
The length of the longer pair of lateral edges was
generally in the range 5 w 7 p. The thickness of
these structures along the axis normal 1o their plane
of preferential development, i.e., along the direction
normal to the cross section whose peripheral charac-
teristies Liave been just described, is of the order of
| to 2 . When viewed edge-on as is the case of
agrrogdates marked (F) in figure 15, they exhibit a
rodlike or blum spindlelike appearance.

In 2o far as one could aseertain under the optical
microseope the aggregates appeared o possess sub-
stantial overall vigidity, No detéctable chunges in
profite were observed under the phase contrast micro-
scope when they were allowed to dry in gir gt room
temperaiure.  This feature s further conlirmed by
the electron iCrnsCopie ohservations ]i!'f"Hl‘lll'l'l.I below
and will be discussed in a later purt of the paper.

4.2. Observations Derived From Electron Microscopy

a. Direct Examination in Transmission

The sgeregates were deposited on eléctron micro-
seope grids covered with a carbon film and examined
directly in the electron microscope. It became
immedigtely evident that they were highly susceptible
to the election beam. At levels of illumination that
were high enough to permit elenr visual examination
al the image formed on the Hoorescent sereen of the
microscope, the aggregates were invariably observed
o shrivel up extremely rapidly, This drawback was



overcome by scanning the grids and photographing
the aggregates at very low intensities and by limiting
the area of the specimen grid exposed w the eleetron
beam at any given tme o approximately one grid
square. This was accomplished by the conventional
method of using the double condenser system of the
microscope and appropriately defocusing the second
condenser lens.

Under such conditions of low illumination it was
poszible 10 discern only faintly the outline of individual
aggregiates on the MICTHECOpe SCTeen. Consecutive
micrographs recorded within 30 sec of exposure of
individual aggregates to the electron beam under such
conditions of low “illumination™ revealed no detect-
ghle morphological changes in that period of time.
Within two minutes, however, substantial ¢hanges in
overall shape were discerned, even visually.

Electron micrographs depicting  three  individuoal
aggregates  photographed  immediately  after  being
exposed 1o the electron beam are shown in figures
17, 18, and 19, These aggregates orginate from the
same preparation as the structures shown in figure 15,
Two charactenstic features detected under the optical
microscope are clearly revealed in these electron
micrographs, namely, the overall essentially  rec
tangular profile of each aggregate and the slightly

cusped or concave nature of the shorter “sides”
The length to breadth ratio of the sggregites (as
determined from the length of the central axes bizect-
ing opposite sides) was generally found to be of the
order of 1.1:1.

As would be expected from the 1 to 2 w thickness
of these structures they are essentially opague to
the electron beam, particularly so in the somewhat
thicker central regions. MNevertheless, transmission
electron micrographs generally revealed two char-
geteristic morphological features.  First, what' ap-
peared to be narrow diagonally oriented spikelike
outgrowths were frequently seen protruding from the
edges ol the agpregates, as may be seen in particular
in figures 17 and 195, Second, a weakly discernible
diagonally oriented eross-hatched appearance which
could be traced from the peripheral regions for a
limited distanee into the interior, as may he seen for
example in Agure 18, was frequently detected in the
electron micrographs.

In addition to the shove-mentioned features ap-
parently spurious lamellar single erystallike  out-
growths, a5 may be seen for example near the apex
(G} of the ageregate partially in view in figure 18, were
occasionally observed in the periphieral regions of ome
aggregales.
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The consequence of prolonged exposure to the elec
tron beam is shown in figure 19b. The aggregates
were always observed to underge preferential overall
shrinkage along a direetion normal to their longer
axis as may be readily ascertained by comparing higure
194 and hgure 19b. No further change in aspect
wis observed bevond the stage of shriveling depicted
in the latter electron micrograph even when the in.
tensity of illumination is substantially increased. The
specificity of the mode in which the aggregates de-
form remains unexplained.  The change they undergo
when exposed to the electron beam is primarily
attributable to melting or partial melting resulting
from the heating effects of the electron beam and the
poor dizsipation of heat generated by the impinging
eleotrons due to the low thermal conductivity of the ag
gregates and their supporting carbon flm. It Lo
he expected that the |u-|'_.[r:rup}!r-|1r chains undergo
erpss-linking on exposure to the electron beam [17]
(n the basis of estublished experience, [or exaumple
contrasting the behavior of these ageregntes with that

L]

of polyethylene single crystals, it may be readily
assumed that the oceurrence of cross-linking (which
feads to a loss of crystallinity in polvethylene crystals
without their undergoing a change in shape) is not the
prime tactor leading to the drastic deformation which
the agoregates undergo when irradiated.

b. Electron Micropcopic Examination of Surfece Replicas

In order further 1o elucidate the nature of the fine
structure of the agoregates, replicas of their large
surfaces were prepared using the method of shadow
transfer. For this purpose, the aggregates were ini-
tially deposited on a glass slide and allowed 1o dry
in air al room lemperature: they were then shadowed
with metal (80 percent P20 percent Pd alloy), A
backing film of carbon was subsequently evaporated

oo the shadowed aggregates on the shide. The
resulting composite metal-carbon “Alm™ thes formed
wits  floated over distilled water. The aggregates

were found o adhere o the film, portions of whicl
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wire then picked up on electron mi
and allowed to dry in air ot room temperatore.
ditficulty was encountered in disselving the aggregates
from the metal-carbon replicating medinm but they
were effectively dissolved by immersing the replicas
gupported on the grids in escess distilled decalin,
heating the solvent 1o 160 €, and maintaining it al
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Replicas of the large agoregate surfaces prepared
in the manner described above revealed, as may he
aeen n fgure 20, a distiner oross-hatched surfaee
texture consisting of o network of narrow (150 00 200 A)
apparently  intercrossing structural units which tra-

verse  the serface for varving distances  diagonally
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with respect to the agrregate periphery, A magnified
view of the central portion of the replica depictéed in
figure 20 is shown in figure 21 in which the dense b
nolt compact network of narrow  diangonally orented
structural units is clearly seen,

In summary, the preliminary morphological observa-
tions derived from the examination of the agoregates
in transmission and by replication clearly established
Hhu rlu~3.- possess 4 |'um|m_~jn- fine structiore Imving
the carmarks of a crystallographically specific paliern
of growth which is dendritic in character—the narrow
diagemally  oriented structural units  being  readily
identifiable as elementary (primary, secondary, ete.)
dendrite branches.

O the basis of the foregoing morphologcal observa-
tions several questions immediately orose, inter alia
How is growth propagated normal to the plane of
preferontial  development of the aggregates?  Whal
is the nature of the molecular orgamization in the
constituent branches? A possible clue relating 10
the nature of both these aspects was provided by the
vecasionally observed lamellar, and benee one could
reasonably  presume chain-folded. singleé crystallike
peripheral outgrowths revealed, as mentioned earlier,
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in transmission electron micrographs of some aggere.
ites.  The  apparently  spurious  nature of  these
lamellar omgrowths  seemed  inconsistent with  the
highly organized ine structure revealed by the surface
replicas (in particular) which evidently reflected a
highly specific mechanism of growth. This eonsid-
eration led to the conjecture that these lnmellae might
simply be individual branches of the type revealed
by the replicas (the narrow diagonally oriented stroe.
tural units pointed out in fzs. 20 and 21) which, how-
ever, were being seen in o different perspective as a
consequence of localized  distortions  undergone in-
advertently by the aggregates in their peripheral
regions un being transferred 1o, or during subsequen
llr'}"lnﬂ on, the eleciron |‘|t'u'1‘u$t'.np1' 5umpl{' p;rjds.i.

In short, the possibility was considered thar the
narrnw disgonally oriented branches revealed by the
replicas are lamellar chain-dolded single erystallike
structuries whose fold surfaces are normal or pref-
erentially normal to the apgregate plane of preferential
development.  Clearly, this would readily account
for the apparent uniform width of the branches when
viewed wlong that same  direction.  Substantiation
of the foregoing conjectures is presented below,



Frounge 21,

t. Morphological Observations on the Pseudopelyhedral Spherulite
Precursars Isoloted Fram the Mother liguor ot an Eorly Stage of
Growth

Further elucidation of the nmure of the internal
structure and mechanism of growth of the aggregates
discussed in the previous two subsections was pro-
vided by isolating such aggregutes from the mother
liquor at a relatively early stage in their growth and
examining the fine structure of these smaller (and
hence more  electron tl'll."-‘"!"ﬂ-rﬁ“” Precurscrs tlee-
tronmicroscopically in transmission.

Examination under the phase contrast microscope
of aliquot samples removed periodically from a %%
percent solution of polypropylene in amyl acetate
from which the polymer wis erystallizing ae 114 °C,
revealed tha after o period of approximately 9 hr a
that temperature, the average size of the aggregatos
formed was approximately half that of those discussed
in the preceding subsections. At this point the solu-
tion was Altered isothermally in the manner descoribed
earlier.  Fresh solvent preheated 1o 114 °C was added
intermittently to the proparation doring filtration 1o
wash away polymer stll in solution.  Care was taken

4b
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not to allow the residue to dry between suecessive
additions of fresh solvent in order to prevent the for-
mation of a compact mat of aggregates on the Glier
which might be difficult w0 redisperse.  Inevitably
however, the aggregites were repeatedly drawn to-
gether during the process of filtration thus giving rise
to o high incidence of random interaggregate impinge-
ment and subsequent adherence as a consequence of
superficial intergrowing al regions of contac)  par-
ticularly during the early stuges of fltration.

The intergrowing and consequent adherence  of
groups of randomly oriented aggregates as ngd clus-
ters which remained as such after transfer and drying
on the carbon coated electron microscope grids proved
to be highly beneficial, 1t provided, as demonstrated
below, o means of examining aggregates in widely
different  perspeetives  ranging from  “normal™ o
edge-on viewing: ¥ clearly such widely divergent view-
ings, equivalent 1o tilting an individual aggregate
through 907 could not have been casily accomplished
otherwise in the electron microscope.
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Frovng 22 Electron micrograph of a cluster of varioaxly oriented “half-gronn™ pseadopolyhiedral polypropylene nggregates.
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An electron  micrograph  depicting a  cluster of
“hall-grown™  ageregates isolated [rom the mother
ligour at 114 °C in the manner described above, is
shown in figure 22, Characteristically the aggre-
gates are variously oriented: in particular, aggregate
(H) (note its rectangular profile) is oriented “normally™
with respeet to the microscope axis, whereas agpre-
gates (J) and (K} are orionted on edge.  The plane of
aggregate (L} is inclined to the substrate. It should
be pointed ot that these “hall-grown’ aggregates
were found also to be suseeptible to the heating effects
of the electron beam, hence the precantions deseribed
earlier (iLe., scanning and photographing at low beam
intensities and suitably limiting the area of a specimen
grid exposed to the electron beam at any time) had
to be resorted 1o, The characteristic morphological
features exhibited by the aggregates when viewed
“normally™  and  edge-on are considered in detail
below.

An examination of electron micrographs of aggre-
gates oriented with their plane a1 right angles to the
electron beam revealed the following structural char-
acteristics which may be readily diseerned in the rep-
resentative aggregate shown in figure 23, First, they
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exhibit an overall rectangular (almost square) profile,
their length to breadih ratio being of the order of
L1:1. Onaverage they were found 1o be about 2.5 p
long. Second, they exhibit a highly regular fine strue-
ture consisting of a dense but not compact “network™
of narrow diagonally oriented branches. This evi-
dently dendritic cross-hatched fine structure could in
all instances be traced 1hruughuut each aggEregale
thus oriented from the thicker central regions 1o the
periphery.  The width of the constituent branches
ibased on the measurement of those branches that
are individually resolvable in the peripheral regions)
is of the order of 150 10 200 A,

On the basis of geometric considerations (length/
breadih ratio), the seute angle sublended at the center
of the erystals by the disgonally oriented branches
{L.e, the angle subtended at the center by the shorter
aggregate edges) is estimated o be ~ 85" Accu-
rate direct interbranch angular messurements are
frustrated by the overall opacity of the crystals which
are 0.5 p~0.75 w thick.

These obhservations lurther confirmed that the cross-
hatched surfuce structure revealed by the replicas of
the larger precursors described earlier is character-
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istic of their intermal structure. The continuity of
the same dendritic pattern of hranch propagation
parallel 1o the plane of preferential development of
the smaller precursors just described and the larger
aggregates discussed in the previous subsections is
evaidem. Some loss of specificity in the mode of
propagation of the branches as these dendrites become
larger iz however sugpested by regional deviations in
parallelism of the branchea revealed by the replicas
of the bigger dendrites and by the apparent concavity
of their shorter “sides.”

We turn now t¢ a consideration of how these evi-
dently dendritic crystals propagate along the direction
normal to their plane of preferential development.
In this respect the structural features exhibited by the
smaller “half-grown" denddtes when viewed edge-on
(as exemplified in fig 22 (stroctures ], K} and figs.
24, 25) were examined. When viewed thus, i.e., along
directions parallel to their plane of preferential de-
velopment, they exhibit a cigayv-shaped profile; they
were on average found to be 0L75 p wide at the center
and somewhat narrower at the extremities, which is
consistent with the observed decrease in overall
opacity to the electron beam from the central to the
petipheral regions when they are viewed as shown in
figure 22 {H) and figure 23. In all instances in which
the dendrites were examined edge-on, distinctly lamel-
lar single crystallike omgrowths were ohserved
protruding from their extremities as may be seen in
figures 24 and 25; further the profile of these lamellae
always formed a natural extension of the overall
cigarshaped contour of the dendrites (see both ex-
tremities of the dendrite shown in fig. 24 and the one
visible extremity of the dendrite shkown in fig. 25
This latter feature, coupled with the general observa-
tion that no such lamellae were seen protriding else-
where in dendrites examined in edge-on perspective
indicated that the lamellas are not spurious outgrowths
but are the extremities of constituent dizgonally
oriented branches which extend from the interior to
the rectangular periphery of the crystals.

The evidence presented in the preceding paragraph
substantiates the proposition advanced earlier that
the wuniformly narrow diagonally oriented dendrite
branches are chain-folded crystal entities whose fold
surfaces are odented at right angfes to the dendrite
plane of preferential development. These branches
once formed can be readily visualized to develop in 2
continucus fashion at right angles io that plane as
well as diagonally during the growth process. A
simplified and essentially self-explanatory schematic
reptesentation of the mode of growth of these paly-
propylene dendrites as presently envisaged is shown
in figure 26. For the sake of simplicity only four
primary and two secondary branches are depicted;
their respective fold surfaces f) {i.e., the faces be-
tween which the molecules fold back and forth) are
also identified. Clearly, profuse crystallographically
specific branching involving a dihedral angle of ~— 85*
between the fold surfaces in pareoi and offspring
branches is envisaged.

The apparent overafl rgidity of the dendrites may
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be attributed to interlocking gt points where branches
impinge and grow “around” one another as depicted
in figure 26. :

It should be emphasized at this stage that the pat-
tern of development exhibited by these dendritic
crystale is highly wnusual. It is common experience
that solution-grown chainfolded polymer crysials
{lamellae) generally thicken along a direction normal
to their fold surfaces through the agency of screw
dislocations {with Burger’s vectors parallel to the chain
sepments}. These dislocations give rise to the for-
mation of additional chain-folded terraces which are
caplanar with the basal lamella® Aa far as this author
is aware, no previows instances have been reported,
in the conlext of chain-folded crystale of other poly-
mers, of the occurrence of the repeated formation
of lamellar outgrowths the fold swifaces of which are
orieated at a suhstantial and specific angle (~ B53" in
the present instance) to the fold surfaces of the parem
lamellae from which they have grown, as exemplified
by the polypropylene crystals described herein.

Further elucidation of the structure and mecha-
nism of growth of these vnvsual dendritic crystals
clearly required their characterization on a crystal-
lographic basis. Some observations pertaining to
the nature of the malecular orientation in the dendriles
are presented helow,

d. On the Crystallogrophy of the Dandrites

The birefringent properties of the dendrites were
determined by examining the crystals orthoscopically
under a polarizing microscope while they were in
suspension in amy] acetate and other liquid media at
room temperatore. The resulbing observations are
described below and their significance in so0 far as
providing a rough indication of the nature of the
maolecular oriemtation in the dendrite branches is
discussed in conjunction with some limited electron
difftaction data. Eleciron diffraction  experiments
have been somewhat frustrated by the instability of
the erystals in the electron beam, as well as by the
overall opacity of the crystals to the impinging elec-
trens.  In a few instances the crystals were preserved
long enough at low illuminations that a selected area
electron diffraction pattern as well as the correspond-
ing selected area including a erystal were recarded
photographically. The few diffraction patterns which
have so far been recorded, and which will be discussed
presently, were extremely weak; they could not be
discerned visually on the Huorezcent screen of the
electron microscope. Evidently only the peripheral
regions of the dendrites contributed to the diffraction
patterns.

The room temperature extinction characteristics of
the larger dendrites (such as those shown in figs. 15,
17 10 21), when variously oriented with respect to
crogsed polarizers as well az the corresponding inter-
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FIGURE 26, Simplified schematic representation of the strgckire
and made af branch propagation of the polypropylene dendrites
dexeribed in frores 15 4o 25,
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Froure 27, Schemetic representatinn af birefringsnt properties af
the farger dendritas shown fn figures 15 10 21
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ference celors obsetved after insertion of a frst order
red retardation plate between the crystals and the
analyzer, are summarized in figure 27.% For the sake
of brevity in the ensuing discussion, the long and
short axes which bisect the plane of the dendrites
will be referred to as the x and ¥ axes respectively,
as shown in figure 27.  The axis normal to the dendrite
plane (i.e., the x,¥ plane) 15 denoted z.

When viewed along axes parallel to the x,y plane,
the dendrites exhibit positive birefringence with
respect to that plane {note interference colors when
xy plane is parallel to =45 positions in lower hali
of fig. 27) and become extinguished when the latter
plane is oriented paralle]l to the privileged directions
of the crossed polarizers (f and N® positions, lower
part of fig 27). When viewed along the z-axis, the
dendrites exhibit throughout negative birefringence
with respect to the x-direction {cf. interference colors
with compensator inserted when x s at +=45° 1o the
privileged direclions of the crossed polarizers, upper
half of fig. 27). Consideration of the extinction
characteristics and interference colors observed as a
dendrite is rotated through 180° about the z-axis indi-
cates however that whereas the slow privileged direc-
tion of vibration of light which has traversed the
crystal is oriented normal to the x-axis in the regions
situated along and adjoining the x and ¥ axes, it
deviates symmetrically by up o *=22%° from that
orientation in the regions close to the apices. The
sense of thiz deviation in orentation of the slow priv-
ileged direction of wibration near each of the four
apices is as indicated in the ceniral diagram in fignre
27.

The extinction characteristics of the amaller den-
drites {from the same preparation as= those shown in
figs. 22 tn 20} were alsp examined onder the polanzing
microscope, So far as could be ascertained, con-
sidering their amall size, their opticel propertics were
essentially similar to those of the larger dendrites,
The deviation in extinction angle between the axial
regions and the apices appeared to be somewhat less
proncunced {ie., < 22%:%) than was the case in the
larger dendrites.

Aszuming that the refractive index ellipsoid of mono-
¢linie polypropylene is uniaxial and positive and that
the major axis of the ellipsoid is parallel {as indicated
by caleulations based on bond polarizabilities [18]) to
the e-anis of the unit cell (i.e., parallel to the axes of
the helical molecules), the positive birefringence ex-
hibited by the dendrites with respect 1o the x¥ plane
{lower part of fig. 27} indicates that the chain molecules
are preferentially oriented parallel to that plane.  This
was substantiated by an ¢lectron diffraction pattern
(fig. 2Ba) obtained from a dendrite oriented edge-on
(fig. 28b) with respect to the electron beam. In view
of the opacity of the interior of the dendrite to the
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impinging electronz, the pattern may be readily a-
tributed o the transparent branches (note their lamel-
lar character) protrading at its extremity.  The dif-
fraction spols recorded in hgure 28a are reflections
from {110}, (040), and {130} planes. The disposition
of the spots corresponds to that to be expected from
a monoclinic crystal of polypropylene oriented with
its e-axis parillel to the electron beam, i.e., parallel
to the vy plane of the dendrite in figure 28b, and with
its h-erystallographic axis (note the disposition of the
MO spot) essentinlly at right angles to both the beam
direction and the 1y plane.

On the basis of the latter observations, i.e., that the
b-axis in the dendrite branches i1s oriented at right
angles 1o the x,y plane of the dendrite, and that the
c-axis in the branches is oriented parallel 1o that plane,
it follows that the a-axis in individual branches musi
also lie parallel 1o that plane. In this respect, two
erystallographically distinguishable but morphologi-
cally similar hypothetical “twinned” dendntic crystals
Ficume 28, (o) lnsere: Electron diffraction patiern from o 4.|'|'r1.r4'r.l.'r may he 1'T]1r'ihilf_’.t‘lj whnse ﬂ"!'i[]l"'l.'li'lr'i‘ I'[!IllT[th':H,'-Ijt"l-

orente elgeon with espect o the slctrn beam.. ) G yould " coincide closely with the experimental obser.

giving rise to diffraction pattern: in () vations deseribed above. The b-axiz projections of
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shown in fgures 20b and 30b, The fold surfaces (f)
of individual branches are viewed edgeon in both
models as depicted in figures 29a and 30a. In both
models the acute dibedral angle beiween the fold
surfaces of the intercrossing branches i= circa 80F
{cf. experimentally estimated angle — 85°%. In order
to compate the essential features of these models
with respect to experimenial observations we identify
the axes bisecting the acute and obluze angles between
the dendrite branches as the x and y reference axes
respectively {cf. the x- and y-axes which have been
referred 1o previously in the discussion of the experi-
mentally observed optical properties of the dendrites
ifig. 27)).

The essential and contrasting features of models 1
and IF are summarized bhelow:

Model I. The dominant feature of this model is
that the axes of the constituent helical molecules,
and hence the e-axis, in all the branches are oriented
throughout the whole strocture parallel 16 . The
a* and [00]1] axes in the “intercrossing” {twinned)
hranches in this model are parallel to x and ¥ respec-
tively. The rtespective lattice orvientations in the
twinned branches are such as to be brovght into coin-
cidence by rotation through 180°F either about x
(i.e., a*) as shown in figure 32 or about ¥ {i.e., [(HRHL].
It may be noted that a* which is normal to the b-axis
in the monoclinic umit cell of polypropylene, is very
clogely parallel 1o the [601] axis in the cell, and that
the {108} planes are very closely normal to the {1000
planes. Individual branches in this model are bound
by (101}, (100} and {010} faces (the latter which are
parallel to the x,y croas section are not shown in fig.
209a). The (101) faces. which are the fold surfaces,
are denoted {f) in figure 2%a.

Model I,  In this modal {Gg. 30) it is assumed that
the fold surfaces are pacallel to the {001} planes in
each branch whose other faces are parallel to the (1)
and (010) planes. It is also assumned that the (1040)
planes in individual branches are parallel to 1he (1)
planes in branches that “cross” them. The chain
molecules in intercrossing branches are symmetrcally
inclinded ar 49° 40° 10 ¥ in the x5 plane, and the
twinned lattice orientations are such as to be brought
into coincidence by rotation through 180° about x.
It may be noted that the [101] and [101] axes in the
brarllches are very nearly paraliel to x and y respec-
tively.

Both Models T and IT conform with the experimental
ohservation that the b-axis in the dendrites is oriented
at rizht angles to their x,y plane. That the overall
development of the dendrites is slowest ai right angles
10 the farter plane may be accounted for in both
maodels if it is envisaged that the growth of individpal
branches occurs more rapidly along the direction
normal i¢ their {100} faces (.e., along a*} than along
{010].

In suommary, therefore, on the basis of the Lwo
models discussed above, the possibility was envis-
aged, as an initial guide, 1that the mechanism of pro-
pagation of the dendtitic monoclinic polypropylene
erystals may involve either repeated bwinning throogh

180° lattice rotations about a* or [001] as in hgure 2%9a,
or about an axis at right angles to the b-crystallographic
axis and almost coincident te [L01] 2s in fipure 30a.

Using the two model twinned cryatals T and IT as a
hasis of reference, we turn now to a consideration of

~ the experimentally observed optical properties of the
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dendrites about their x,» cross section (upper half of
fig. 27, in conjunclivn with some electron diffrac-
tion data obtained from their peripheral regions with
the crystals oriented with their x5 cross section ar
right angles 10 the electron beam.

The optical feature of the dendrites which initially
strikes attention is the overall negative birefrigence
they exhibit wilh respect to theit x-axis since, a priori,
this feature iz consistent with the orientation of the
chain molecules in Model 1. The birefringence with
respect 1o the x-axis was measured however, and found
to be of the order of —0.007 birefringence units.
This value is rather lower than would be expected
when considered in the light of birefringence-draw
ralio data obtained by Keedy et al., [19 from drawn
filaments of isotactic palypropylene. A value closer
te — (.03 birefringence units with respect to x would
ke expected of a structure corresponding to Model 1.

While the low hirefringence of the crystals with
respect to x argues against Model I this feature alone
could not be used to discriminate unambiguously
against this model in view of the uncertainty involved
in the determination of the overall thickness of the
dendrites at right angles to the x, cross section,
coupled with the Fact that these structores are not
solid ohjects and thal consequently their effective
thickness is most probahly lower than the overall
thickness which waz used to calculate their bire-
fringenee. .

A further factor adding to the uncertainty in inter-
preting the low valoe of the observed birefringence
unambiguously in terms of a precursor model is the
fact that the extinction behavior of the dendrntes,
which iz not uniform throughout their .y cross
section (fig. 27), indicates deviations ({albeit sym-
metrical} in average molecular orientation about that
cross seclion. We turn, therefore, to the outcome of
electron diffraction experiments which, although
subject to complications associated with the latter
factor, nevertheless provide a maore direct means
of crystallographic characterization.

Twa typically weak electron diffrzction patterns
obtained from smaller dendrites (same preparation as
the crystals shown in figs. 22 to 25) are shown in
figures 3l and 32. lInterpretation of these patterns
iz provided by consideration of AGgure 33 in which
the b-axis projection of the monoclinic unit cell of
polypropylene is depicted together with the corre.
sponding projection of the reciprocal lattice. The
projected dispositions of the 110 and 111 reciprocal”

* These meosureows wore wiads on e inrger demdribes from ibe seme preparsiion
thwaw alown im figure 15, The demdrites in ayopanaben lo syl dcette were depurited on
2 plasa alide.  Farlip] avgporstion of excenn salvent was allowed 1o oocwr in aie afier which
an excess of & Cargille immersion biguid whese refraciive Index (1510} correspanded o
the inatropic refrachive Index of highly cryatalline unoriemted polypropylens [2 was sdded
o the depueit,  Pusnible contrbutions of farn birefrigence wate thue mininzed. The
birefeagencs: measurenients were camied out with 2 Berek compennator.
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() Electron diffraction pastern obtained from the

lattice points with respect to the unit cell (real space)
are also shown in the same figore. The angles of
inclination of the (110 and (111) real space planes
with respect to the ae plane of the unit cell are 73°
and 80°, respectively.  In anticipation of what follows
the projected dispositions of the 110 and 111 reciprocal
lattice points with respect to the h-axis projections of
the model twinned erystals | and 1T shown in figures
29 and 30 may be considered.

The diffraction patterns shown in fgures 31 and 32
have one particular feature in common, namely, in
both cases four inner diametrically paired 110 reflec-
tions (d=6.28 A) are discernible. The acute angle
between the two pairs is 85° in figure 30 and — 627 in
figure 31, some uncertainty being involved in the osti-
mation of the latter angle in view of the arced and
unevenly spotty nature of the refections: hence the
choice of the midpoints of the ares is subject 10 some
arbitrariness.  The feature of interest which will be
returned to presently is the apparently twinned dis-
position of these L10 reflections, the bisector of the
acute angle between the two pairs being closely ¢oin-
cident in arientation with the v-axis of the dendrites.

In addition to the 110 reflections, individual (ie.,
unpaired) spots or arcs corresponding o an interplanar
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Fieure 320 (o) Electron diffraction pattern obtained from dendrite
shown in (Bl Correction made for relobioe rotation af the imaoge
iwith respect to the diffraction pattern.
abien gurlenituiion of vanis of dendrivg with pepect u il diffrac
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spacing of 4.15-4.20 A which could thus be indexed
111 are pointed out in figures 30 and 31, An indi-
vidual arced reflection corresponding to a spacing of
475 A, hence indexed 130, may also be seen in
fgure 31.

Some complicating l(actors arising from the very
nature of the dendrites must be contended with in
attempting to interpret the diffraction  patterns in
figures 31, 32, and the vadations between them.  First,
the weskness of the patterns, which, as indiciled
earlicr, could not be discerned viswally on the fuo-
reseent sereen of the electron microscope, indicates
that they are essentially contributed o only by the
extremities of those branches that extend 1o the thinner
peripheral vegions of the dendrites.  Second, it can
be anticipated that distortions or relative displace-
ments undergone by the branches in the periphiral
regions as 8 consequence of surface tension forees
incurred durnng drying coonld give rse to @ situation
approximating that of precessing the undistorted strug.
ture with respect to the electron beam. In principle,
if the a- and ec-axes in the branches are orented
parallel 1o the x.v crogs section, the (1100, (111) and
(1304 planes would not satisty the Bragg condition for
diffraction (Bragg angle < 1° for an 80 kv electron
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beam). The presence of these reflections can, how-
ever, be atinbuted to distortions in the network of
branches; their resulting dispasitions, however, would
not be expected 1o coincide precisely with precession
patierns (about the b-axis) corresponding to either
models I or [I. Some deductions may nevertheless
be based on the dizposition of the 11{) arcs in figures
31 and 32, with respect to the x-avis of the dendrites.

If the sirweture of the dendrites corresponded with
Model I the 110 reflections from the twinned branches
would coincide and be expected to [all along, o be
spread about, an axis parallel to x as may be deduced
from bBgure 29b. The diffiraction patierns shown in
figures 31 and 32 in which the angle beiween the paired
110 refiections are 85° and ~ 62° respectively therefore
argue against Model L. The corresponding angle
for Model Il however is ~ 100°. The discrepancy
observed in the angle between the 110 reflections with
vespect ta Model IT may be attributed to distortions
incurred by the erystal en drving, evidence for which
may be delected in the eleciron micrographs shown
in figures 31, 32, and, in a secondary way, to possible
as-grown migorientations  between the dendrite
branches (see sec. 5 for discussion concerning possible
origin of such misorientations). The same factors
could alsa accoumt for the fact that the reflections
marked 111 on rectangular backgrounds in figures
31 and 32 do not fall along the axis parallel to ¥ as

FIcURE 4. Schematic representaiton of the b-oxis prajection of
“oinaed” brancher in which the ongle defween their respective
fold surfoces (F] is 807 40°, their faltice orientations Deing relozed

o am 80" 07 rodation ahour b,
The projecaed dispmiion of the 10 and 11] eeciprocat iics poluts |a slen shows.
) Poindn cormeaponding to = e. g Pointe vorreaponding bo sy,

woulid be expected of Model II. In some instances
however as indicated for example in fignre 31, arced
111 reflections {circular background} included in the
acute angle between the paired 110 reflections were
observed. Unless it is assumed that they are artifacts
gssaciated with deformations in the dendrites, they
raise the possibility thal the latiice orientations in
mtercrossing branches may be related by an B(0° 40
rotation about the b-axiz 2z shown in figure 34. It
should be noted in the latter instance, however, that
whereas the chain axes in the twinned branches are
respectively oriented at 80° 40° to one another as is the
case in Model I1, they are not symmettically inelined
with respect to x. Furthermore, whereas the chain
molecules in branch (1), fizure 34, are parallel to the
fold surfaces of branch {2), the reverse does not hold,
thus implying the unlikely possibility that there exist
two different modes of formation of offspring branches
from parent branches. Assuming, for reasons which
will be discusged later {see sec. 5), that the formation
of offapring branches from parent branches oceurs
through the zpitaxial deposition of chain molecales
on and parallel to the fold surfaces of parent branches,
the development of branches (2) from branch (1) can
be envisaged. The Formation of branch (1} from
branch (2} does not comply with the above assump-
tion which iz however satisfied by model IT.

In summary, while realizing that the interpretation
of the twinned nature of the dendrites presented in
previous parapraphs is aubject 1o ambiguities as-
sociated with the problem that they are not perfectly
rigid entities, it appears nevertheless that the strueture
of these erystals corresponds closely to that depicted
in Model II shown in figure 30. It is of interest to
nole in this respect that Geil [11] has reported that
electron diffraction patterns obtained from those
areaz in very thin melt erysiallized polypropylene




films which exhibit a woven morphology indicate
that the chain molecules lie paralle] to the plane of
the films and that the a-axis in the interweaving
structural units is ejither parallel or perpendicular 1o
the long axis of these units, the orientation being
indeterminate in ¥iew of the interwoven disposition
of the units. On the basis of the findings reported
in the present paper it can thus be concluded that the
a-axis in the individoal interweaving onits is paraliel
10 their long axis and that the e-aws is transverse to
their length. Reciprocally, Geil's observation lends
further credence to Model H. In addition, following
our observation Lhat the polypropylene dendrites
described herein could he grown from solutions of
polypropylene in amyl acetate, Sazuer, Bichardson,
and Morrow [20] have observed that similar dendrites
exhibiting however a much more apen structure fi-e.,
less profuse branching conld be grown [rom very dilute
solutions of the polymer in a-chloronaphtkalene,
These structures collapse and distort pronouncedly
on deying with the result thet individual lathlike lamel-
lar branches protruding from the collapsed dendrite
and lying with their fold surfaces parallel 1o the sub-
strate were observed. Electron diffraction patterns
from such lamellae as reported by Saoer et al., show
that the chain molecules are oriented a2t right angles
{or closely =0 to the plane of the lamellae and 1hat the
a-axiz is paralle]l 10 the long axis of the laths. These
features are consistent with Mede] I1.

5. Discussion and Conclusions

The coincidence between the overall shape of the
dendritic polypropylene crystals deseribed in section 4
with that of the earliest microscopically detectable
apparently polyhedral objects which are obzerved to
develop during the initial stages of growth of mano-
clinic spherulites {sec. 3.2b) leads to the conclusion
that their fine structures must be similar. In short, it
15 deduced on the basis of the prezent study that mono-
clinic polypropylene spherulites evolve from initially
formed dendritic crystal precursors whose fine struc-
ture and mwode of propagation is similar 1o that of the
highly unusnal erystals shown in figures 15 to 26.

The diagram shewn in Ggore 35 represents sche-
matically the respective profiles of the smaller and
larger dendrites described in section 4. Also shown
in the same figore is the correzponding cross-sectional
profile exhibited by the transient and still eszentially
planar structores whose development corresponds,
as shown in section 3 1o a stage in the evolulion of a
monoclinic spherulite that is intermediate between
the initially formed pseudopolyhedral precursor
idendritic ¢rystal) and the ultimate spherulite.

Consideration of figure 35 clearly reveals the specific
manner in which the dendribic precursor changes pro-
gressively in shape as it evolves into a spherulite,
This feature suggests that the characterslically ob-
served increase in concavity of the shorter “edges”™
and convexity of the longer edges of the dendritic

Ficure 35, Comparisen af I,y croas seclion: of smadler and
iorger dendrites with ehet of the corresponding croar section of a
aotchied aggregate represembetioe of a meore advanced stage in
the enodusion of @ monoclinic spherulize.

precursor, followed by ihe characteristic symmetrical
pincet pattern of filling in 2t the concave extremities
leading to an intermediate elliptically.profiled aggre-
gate, must be the result of a progressive degeneration
of the apparently regular paitern of propagation
through branching associated with the precursor
initially.

Before proceeding into a further discussion of the
unusual habit of the dendritic precursors of the mono-
clinic spherulites, and the apparently specific manner
in which they degenerate into spherulites, it is insiroe.
tive Airst to consider the observations reported in pre-
vious sections in a more general perspective. With
this purpose in mind, current views relating to the
mechanism of formation of polymer spherolites are
summarized helow.  This will serve further ta empha-
size the nature of the atypical features associated with
the formation of monoclinic polypropylene spherulites.

The mare common morphological forms adopted by
crystalline polymers may be classified into essentially
three categories. These are in ascending degree of
morphological complexity: lamellar chain-folded single
crystals {planar or hollow pyramidal), axialites, and
spherulites,

The term axialite was first coined by Bagsett, Keller,
and Mitsuhashi [18] w0 a species of solution-grown
crystalline aggregates of polyethylene which consist
of chain folded lamellae splaying about a comman axis
parallel to the b-crystallographic axis of the lamellae.
When viewed along this common axis the axialites
exhibit a sheaflike appearance, whereas they exhibit
pelygonal or oval shaped profiles when viewed at right
angles to that axis. The conitasling appearance of
theze axialites when viewed in different perspectives
led to the suggestion [18] that the sheaflike chjects
from which polymer spherulites grown in thin films
fram the melt have been frequently observed to evolve,
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as well as the hedrites [21] also cbserved in thin mel
crystallized films of several polymers [21, 22, 23], are
axialite type structures seen respeclively in different
perspectives. This generalization has heen substan-
tiated and elaborated on further by Keith [24] in a paper
in which the relations among the different types of
morphological forms commonly exhibited by polymers
are discossed, in the context of spherulite formation,
in terms of the role played by fractionation and jm-
purity segregation in the crystallization «f polymers
[25, 26]

According to Keith [24] axialiles and spherulites
represent respectively successive stages in the evolu-
tion of an initially formed lamellar chainfolded crys-
tal growing (e.g., fraom the melt) under the influence of
impurity species which give rise 1o cellulation at the
growth froms of the crystal along -which the chain
molecules zecrue in a regularly folded manper.  Moe-
phological evidence supporting thiz view has heen
presented in the case of isotactic palystyrene in par-
ticular. It appears, as suggested by Keith [24], that
the single crystal — axialite = spherulite patiern of
evolution associated with the farmation of ‘spherulites
in the latter polymer is, with minor variations, generally
characteristic of polymer spherulites which exhibit,
when fully grown, conventional radiating lamellar fine
structures such as found in polvethylene, polyoxy-
methylere, polyoxyethylene and polvid-methylpen-
tene-1y [7]. The same growih scheme applies most
probably 1o spheruliles of the hexagonal cryslalline
modification of polypropylene.

It is evident that the pattern of evolution of maono-
clinic polypropylene epherulites differs in a funda-
mental manner from the lamellar single crystal
{planar or hollow pyramidali— axialite — spheruliie
patietn of spherulite formation summarized above.
The origin of this difference as well as the atypical
fine strugtures exhibited by monoclinic polypropylene
apherulites [8, 11] is clearly traceable to the unorthodox
nature of the dendritic crystal precursors described
herein, from which such spherulites evolve. The
factors governing the nnus=ual habit of theze dendritic
crystals of polypropylense are sl ohscure. Some
consideratiens relating to their mode of initial propa-
gation and progressive degeneration into spherulites
mgl!hne\rertheless be speculated on.

e puzzling featire about these polyprepylene crys-
tals is, as indicated by the diffraction data, that the
orientations of the chain axes in the two {amilies of
“intercrossing” hranches in these crystals are not
coincident. This feature represents a departure from
the generally encountered compliance of the habits
and mechanisms of growth of polymer single as well
as twinned crystals [27] with the inherently character-
istic parallel mode of chain packing which long chain
compounds adopt in the erystalline state.

Clearly the 80° change in chain obentation between

arent and ofispring branches implicil in twinned
R’[nde] II (fig. 30} raises the evident question, namely,
how dees an offspring branch in which the chain
segments (and fold suorfaces) are oriented at 80°

ta those in a parent branch develop from the latter in
such a specific manier? One would expect that such
a change in lanhice orientation between parenl and
offspring branches would involve an interim boundary
region of considerable disorder hetween them if one
assumes that there exist a substantial number of tie
molecules between individual branches and their
offshoots. 11 is difficult to envisage that crystallo-
graphic information of a szpecific nature could be
transmitted through such a region, particularly
80 in view of the 80° change in chain orientation in-
volved. In short, the mechanism of branching of the
dendrites atill remains abscure. It may be speculated,
however, that the formation of new branches could be
initiated by the epitaxial accretion of individual mole-
cules in a regularly folded conformation onto the fold
surfaces {i.e., the (001) faces) of parent hranches such
that the chain segments lie parallel to the latter faces.
The resulting monomolecnlar “steps’™ formed by such
individual molecules might then be envisaged to
develop further throngh the parallel aceretion of fresh
molecules onto them. Such an epitaxial mode of
development of new branches evidently presupposes
that spme topegraphical features of the (001) fold
surfaces in the parent hranches must favor the initial
deposition of individual molecules paralle]l to these
feees in a specific manner such that their chain seg-
ments are also ornented at right angles to the b-
crystallographic axis in the paremt branch. This
latter feature must be assumed in order to account for
the paralBel orientation of the b-axis in both parent
and offspring branches.

We 1urm now to a consideration of the nature of
possible factors which lead to the progressive evalution
of the dendritic crystal precursors discussed above imo
monoclinic spherulitic aggregates.

It has been pointed out earlier that the progressive
transition in shape (see growth sequences in fgs. 13,
14, and diagratnmatic represeniation, g 35) which
the dendrites undergo as they evolve into spherulites
must be a consequence of progressive deviztions from
the apparent crystallographically specific pattern of
branch propagation which characierizes their earliest
istages of development.

Evidence has been obtained which indicates that
the propagation of new lamellar branches from the
fold surfaces of chaindolded parent lamellae in the
manner depicted schematically in figure 26 remains
however basically an intrinsic and continuing feature
of the mechanism of evolumtion of the dendrites imo
spherulites. Briefly, it is pointed out in this lanter
respect thal explorstory experiments have revealed
that polypropylene crystallizes uwniformly in the form of
“notched™ type ageregates, examples of which are
shown in figure 36, from 0.01 percent amyl acetate
spolutions at 100 *C. Surface replicas" of these
aggregates of which the shape is similar to that of
the transient struciures which develop during the still

" The preparnimon wit fMersd faothorgally b the manmer described earier. The
replicas were prepared by the anme teehmique 3 tha wsed for e dendrites described in
e Ginm 4,

57




Fuaames

kL]

il .-Ill'ma E a:

Fe g TRPRTL L i

e =

Notched oggregaltey grown from o 04 percent sofution of pitypropylene in amyl!
acetibe ai 100
Phsse Uvsittramt o THHL

Fioune 37. Repliva of an aggiegate simnilar do) those ghenm (n
fegriere b0

Ao
Arrive  iidile
CR TR




Frorng 38,

relutively early stages of evolution of the initial den-
dritic erystal precursors into  spherulites revealed,
s shown in figures 37 and 38, a distinctly cross-hatched
fine structure clearly related 1o that of the dendrites
described in section 4,

Two factors. one possibly intrinsically associated
with the folded conformation of the chain molecules
in the lamellar branches, and the other environmental,
may be considered, that contribute (o the progressive
degeneration of the dendritic crystal precursors into
spherulites,

With respect to the fivst of the two factors indicated
above, recent gquantitative measurements of lattice
distortions arising from the chain folds in polymer
crystuls reported by Bassett [28] may be pointed out,
These measurements have been derived from an analy-
sis of Moire patterns exhibited under the electron
microscope by bilayer orystals of polyosymethylens
and  polytbmethylpentene-1) in  particalar. 1t has
been shown that the spacing of o family of planes
parallel 1o the chain molecules in erystals of these two
polymers differs. depending on whether or not the
planes contain the chain folds.  Such battive distor-
tions are attributed to the bulkiness of the folds which
givee rise 1o a slight inerease in spocing between planes
along which the molecules acerue in o regularly folded
conformation.  Bassert et al, [29] present evidenoe
suggesting that the resulting distortion of the teira.
gonal subeell in simple (lous-sectored) lamellar orys.
tals of polyid-methylpentene-1) causes the lamellae
to adopt a very slightly curved (“Cvonicalness™), as
distinet from planar overall shape, It would appear
that the highly curved bowlshaped tetragonal crystals
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of polvidmethyipentenc=1} consisting of multisectored
chain folded layers observed recently by Khoury and
Barnes [30). as well as the orthorhombic crystals of
polvbutene: ! which, as reported by Holland and Miller
[41], are curled up in the form of tubelike stroctures,
owe their distinetly curved habits wo lattice distortions
associated with the chain folds in their constituent
lamellae. It also seems very likely that the well
estublished wwisting of the constituent radiating
lamellge in certain species of polymer spherulites
[32, 34, 34] is also a consequence of lattice distortions
associated  with chain folds [35]. In short, there
exists a widespread body ol evidence of the for.
mation of chain-folded lemellas that are curved in
some manner, as well as some diregt and cireum-
stantial evidence indicating that this phenomenon may
be associated with lattice distortions due 1o the bulk-
iness of the folds in their constituent molecules,

O the busis of the phenomena indicated in the fore-
going paragraph the possibility may be envisaged that
the lamellar branches in the polypropylene dendrites
may develop as very slightly curved rather than planar
laths,  Such an effect would clearly lead cumulatively
to progressively more pronounced misorientations be-
tween newly formed branches throughout the dendrite
anedl hence 1o a slow change in overall shape of the
developing structire,

Direct detection of a possible very slight curvature of
individual brunches in the dendrites deseribed in
section 4 is elearly hindered by the impossibility of
tracing individual branches unequivocally for appreci-
able distunces.  Deviations in the relutive orientations
of the dendrite branches may however be seen in the




replicaz of the larger dendrites shown in figures 20 and
21. In addition, the slight change in profile of Lhe
dendrites between the atages of growih corresponding
to the smaller and larger crystals described in section 4,
as evidenced by the more proncunced concavity of
the shorter edges of the laiter, coupled with the
symmetrical deviations in extinction {about the x,¥
cross seclion) between crossed polarizers, distinetly
exhibited by the larger dendrites, suggests the con-
tribution of a factor inherent in the very nature of the
structure and mode of praopagaton of the dendrites
to their progressive change in shape. Tt is merely
pointed oul in this respeet, that a tendency of the four
primary hranches (i.e., thuse lying along the diagonals
of the rectangnlar x,¥ cross section of the dendrites}
which play a major role in the propagation of the
crystals, to curve inwards towards the interior of the
-erystal in the manner indicated in exaggerated fashion
by the arrows in figure 35 would account for the char-
acteristic manner in which the overall shape of the
dendrites changes progressively during their early
stages of evolution inte spheruliles.

We turn now to a brief discussion of the role played
by environmental factors on the mode of propagation
of the dendritie crystel precursors and Lheir progressive
evolution into spherulites under izothermal conditions.
The influence of temperature, and hence rate of
growth, as well as rejected impurity species (e,
atactic molecules and low melecular weight chains)
on the mode of propagation of the dendritic crystal
precuraors heeds to be considered in this respect.
Some indication of the effect of these factors may be
obtained from a consideration of their influence on the
development of individual dendrite branches, We
may borrow in this respect from the views advanced
by Keith [24] relating 10 the influence of impurty
segregation at the prowth frontz of a chain-folded
polymer crystal

It may be anticipated that whether growth occurs
frotn solution or from the melt, an inpurity-rich layer
surround= the dendrite, thos leading 10 cellulation in
the form of pronounced reentrances developing at
those faces of each branch at which growth occurs
through the paralle]l accretion of chain malecules (e,
the (10G) and (010} faces). Lattice misorientations
between neighboring “cells” may then be expected
to lead to the progressive acquisition of a polycrystal.
lire character by each branch, as bas been cbserved
for example in the case of individual polystyrene chain-
folded lamellae growing from the melt, Intrabranch
lattice misorientations would evideotly lead to mis-
orientations belween offspring branches growing from
differeni regions of the fold surfaces of a parent branch
and hence would contribute cumulatively to the pro-
gressive degeneration of the initial dendritic crystal
into a spherulite.

Recapitulating, therefore, it is considered that the
characteristic development of monoclinic spherulites
from the particular species of dendritic crystals
described in this paper is brought abour cumulatively
as a conaeguence of (8} the curving of individual den-
drite branghes due 10 lattice distortions associated

&0

with chain folds, and (b) Lthe progressive acqoisition
of a polyerystalline character by individual branches
growing under the influence of rejected impurity
species. At low undercoolings and hence slow growth
rates which favor the diffusion of impurities away
from the growth {ronts of the constituenl dendrite
branches the disruptive effects of cellulation are mini-
mtized in pariicular. Under such conditions the pro-
gressive transilion {rom dendritic crystal to spheru-
lite will be gradual and the initial precursor dendrite
may attain, as has been observed, microscopic (optical)
proportions  before exhibiting pronounced signs of
degeneration. At high undercoolings, however, the
dendrite to spherulite transition would occur much
carlier in the growth sequence at ihe submicroscopic
level of resolution with the result that no initial pseuda-
polyhedral precursor will ke observed.

The considerations presented in the preceeding
three paragraphs have been only concerned with the
influence of rejected impurity species on the degenera-
tion of the dendritic precursors. An important
consideration arises however regarding the influence
of impurity rejected species on the frequency with
which offspring branches develop {rom a parent branch
in these dendritic precursors. In this respect the
possibility ¢annot be discounted that the development
of discrete offspring branchez from the fold surfaces
[(031) faces] of a parent lamella may actually result
from the favored epitaxial accretion of molecules
{assuming the epitaxial mode of development of
branches suggested carlier holds) only on specific
asperities on the fold surfaces of parent lamellae,
and not necessarily due to a cellular pattern of mono-
molecular deposition of chains paraliel to fold surfaces
having an initial upiform topography. Carrying this
latter conjecture further, it would follow that the fre-
quency of branching will be governed by the number of
branch-initiating asperities per unit area of the {001)
faces, such as for example localized steps formed on
those faces due to irregularities or fluctuations in the
fold period of the constituent chain molecules in the
parent lamella, which in turn may well be governed by
the environmental conditions.

In conclusion, while the present study provides some
detailed insight into the nature of the early stages of
evolution of monoclinie polypropylene spherulites from
solutivn as wel! as from the melt, a final analysis will
have to account for the preferred molecular orrentation
with reapect to the radial direction in the fuily grown
spherulites, information op which iz, as indicated in
the intraduction, at present limited to manoclinic
spherulites grown from the melt in the range of 110 to
148 °C [2), While such a detailed analysis is beyond
the scope of the present study, it may he pointed oot
at this stage that the preferred tangential erientation
of the b-crystallographic axis in melt grown spherulites
[2] correlates with the observation that growth is
slowest parallel to the h-crystallographic axis in the
branches of the dendntic precursor erystals. The
average 65° to 70 inclination of the chain molecuies
with respect to the radi=! direction in these spherulites
[2] still remains unexpiained ar this stage.
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