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The influence of changing the block length of the polydimethylsiloxane block on the structure/property 
behaviour of two poly(ether ether ketone) polydimethylsiloxane (PEEK PSX) multiblock copolymers and 
their amorphous (non-crystallizable) ketamine precursors (PEEKt-PSX) was investigated. In the precursor 
block copolymer form, as well as the reduced amorphous and its corresponding semicrystalline form, a 
microphase morphology was noted from transmission electron microscopy (TEM) studies. For the solution 
cast precursor or the compression moulded reduced amorphous systems, the materials displayed two Tgs at 
ca. -130 and + 145°C, indicating strong phase separation. It was found that the room temperature tensile 
modulus of the PEEK-PSX multiblock copolymers with amorphous PEEK blocks of ~¢n = 4000 increased 
by 800% as the PSX block length was decreased from Mn = 5000 to Mn = 3000, i.e. the PSX mass fraction 
was decreased from 56 to 45%. This increase in stiffness resulted from developing a more continuous phase 
of the PEEK block component. After crystallization of the PEEK blocks, the room temperature modulus of 
both of the PEEK PSX copolymers increased by 200-500% incontrast totheir amorphous forms. Relative 
to the PEEK homopolymer of approximately the same molecular weight, the melt crystallization half-times 
for the multiblock copolymers were increased by a factor of 500 for the PEEK(4K)PSX(3K) system and by a 
factor of 1000 for the PEEK(4K)PSX(5K) system. A dramatic dependence of crystallization behaviour on 
thermal history prior to crystallization was observed in both microphase-separated block copolymer 
systems. Block copolymers thermally crystallized from the glassy state obtained a distinctly higher degree of 
crystallinity at a much faster rate of crystallization than the same copolymers crystallized from the melt 
at identical crystallization temperatures. Copolymers crystallized from the glass attained maximum 
levels of PEEK crystallinity o f~  40%, while those crystallized from the melt attained a maximum level of 
crystallinity of only 5-20%. The rate of crystallization for samples crystallized from the glass was ~ 30 
times greater than that for samples crystallized from the melt at identical crystallization temperatures. 
Possible explanations for these observations are presented. 

(Keywords: block copolymer; ketamine precursor; block length) 

I N T R O D U C T I O N  

Block or segmented copolymers have long sequences 
(blocks) of one type of repeat unit joined at one or both 
ends to blocks of  a chemically different repeat unit. Such 
molecules often possess surface and bulk properties quite 
different from the corresponding homopolymers of the 
respective blocks. These copolymers are especially 
attractive in the fact that their molecular design may be 
tailored to a specific application by controlling such 
features as the chemical nature of the blocks, the 
architecture of  the copolymer (i.e. diblock, triblock, or 
multiblock), as well as the block length of  the respective 
blocks. 

In the case where the chemical units within the 
backbone of the block copolymer are incompatible, 
these systems tend to form submicroscopic (1 100 nm), 
phase-separated domains 1. In block copolymer systems 
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where crystallization of  one or both of the blocks does 
not occur, or in the case where microphase separation 
occurs before crystallization and no morphological 
change occurs upon crystallization of one or both of the 
phases, microsphere, cylinder, lamella, and bicontinuous 
microstructures are commonly observed. In this case the 
morphology achieved also depends on the chemical nature 
of the blocks, the film preparation technique (melt vs. 
solvent casting as well as the type of solvent used), and the 
volume fraction of  each block type in the particular 
system 2'3. However, when crystallization may occur 
concurrently with or before phase separation, the resulting 
morphology can be strongly influenced by crystallization, 
phase sepaaration, or the competition between the two 
processes. 

Theoretical predictions of equilibrium morphologies 
of  crystallizable block copolymer systems have been 
made by Di Marzio et al l ,  Whitmore and Noolandi 6, 
and Vilgis and Halperin 7. In each of these cases, the 
amorphous segments were considered to be attached to 
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crystalline segments in lamellar crystals. The equilibrium 
morphology was determined by the energy associated 
with the thermodynamics of phase separation combined 
with the energy associated with crystallization within the 
semicrystalline blocks. In such a case the most thermo- 
dynamically favourable state is determined by balancing 
the contributions due to the entropic effects of micro- 
phase separation, combined with the free energy of 
crystal formation, the free energy of the crystal surface, 
and the elastic energy associated with the deformation of 
the covalently coupled segments. These models, however, 
are purely thermodynamic and no considerations were 
given to the complicated competition between the 
kinetics of crystallization and phase separation. How- 
ever, in the case where the chemical nature of the blocks 
is highly dissimilar,the blocks are strongly segregated 
and subsequent crystallization within one or both of the 
phases is unlikely to affect the morphology. In the case 
where the chemical incompatibility of the two blocks is 
only minimal, the blocks are only weakly segregated, and 
crystallization in one or both of the blocks may result in 
significant morphological changes. 

Considerable research has been undertaken to 
investigate the morphology of crystallizable block 
copolymers 4s'9. Gervais and coworkers investigated 
triblock copolymers including poly(ethylene oxide) or 
poly(e-caprolactone) as the crystallizable block and 
polystyrene or polybutadiene as the amorphous block 1° 13. 
A lamellar morphology of alternating crystalline and 
amorphous layers was observed. Cohen and coworkers 
have recently observed a strong path dependence on the 
final morphology of block copolymers cast from sol- 
vents 1415. They observed that in polydimethylsiloxane 
nylon-6 diblock copolymers with varying block 
lengths, the final morphology is highly dependent on 
sample history. In the case where a solvent was highly 
selective for one of the blocks, microphase separation 
occurred before crystallization and a lamellar morphol- 
ogy was observed. In the case where a less selective 
solvent was used, phase separation and crystallization 
occurred concurrently and a spherulitic morphology 
containing spherical siloxane microdomains was 
observed. 

Recently research has also been undertaken to 
investigate the nature of chain folding in crystallizable 
block copolymer systems. Douzinas and Cohen 16 have 
recently postulated that in a diblock copolymer of 
ethylene-co-butylene-b-ethylethylene orientation of the 
folded crystallized chains is surprisingly parallel to the 
direction of lamellar orientation, i.e. 90 ° from the 
orientation predicted from thermodynamic theories of 
crystallization of block copolymers! This system is an 
example of a strongly segregated system in which 
microphase separation occurs prior to crystallization. 
In this case the unusual chain folding was attributed to 
the influence of topological constraints on the crystal- 
lizable blocks which are constrained to crystallize in 
microphase-separated domains. In contrast, Rangarajan 
and Register 17 have found that for ethylene-(ethylene-alt- 
propylene) block copolymers, a system which phase 
separates upon crystallization of the polyethylene blocks, 
chain folding occurs parallel to the lamellar normal. 
Hence, with regard to chain folding features, controversy 
exists and further work is needed to address this issue. 

Aromatic poly(arylene ether ketones) are important as 

high-performance engineering thermoplastics due to a 
combination of good mechanical properties and 
solvent resistance, as well as a high-use temperature. 
Siloxane polymers offer properties such as low surface 
energy, hydrophobicity, low dielectric constant, low 7g 
(ca. -125°C), as well as good chemical stability at 
elevated temperatures is. Poly(ether ether ketone)-  
polydimethylsiloxane, multiblock copolymers, denoted 
as PEEK PSX in this paper, have been successfully 
synthesized by using a relatively thermally stable imide 
link between the segments 19. Using these materials we 
now investigate the effects of crystallization of the PEEK 
block. In this system the glass transition (and crystalline 
melting point) of PSX is low enough for this segment to 
act as a 'fluid' during the crystallization of the PEEK 
phase and during mechanical testing at ambient 
temperature. Additionally, the difference between the 
electron densities of these polymers facilitates easy 
monitoring of phase behaviour through small-angle X- 
ray scattering (SAXS) and transmission electron micro- 
scopy (TEM). Since the electron density distribution 
functions of the two polymers are also substantially 
different, changes in the crystallinity of the PEEK phase 
are easily measured through wide-angle X-ray diffraction 
(WAXD) measurements since the scattering due to the 
amorphous PSX phase is easily deconvoluted from that 
of the PEEK phase. While keeping the PEEK block 
length at 4K, the effects of changing the PSX block 
length from 5K to 3K were observed in terms of structure, 
mechanical properties and crystallization behaviour. 
Additionally, the effects of crystallinity within the 
PEEK phase on both structural features and dynamic 
mechanical behaviour were investigated. 

EXPERIMENTAL 

Materials 
Perfectly alternating copolymers of PEEK PSX were 

synthesized by first preparing oligomers of norbornene 
anhydride terminated polydimethylsiloxane (PSX) 
(Figure 1). These functionalized PSX oligomers were 
then reacted with aryl amine terminated poly(ether ether 
ketimine) PEEKt) in a condensation reaction. The 
resultant polymer was a perfectly alternating copolymer 
of PSX and PEEKt containing a protected ketone group, 
Rapid and complete hydrolysis of the ketimine in 
solution resulted in a perfectly alternating copolymer of 
PEEK and PSX which precipitated in the semicrystalline 
form (Figure 2). Further details of the synthetic scheme are 
published elsewhere 18'2°. 

In this study two PEEKt-PSX copolymers and the 
two corresponding hydrolysed PEEK-PSX copolymers 
were studied (Table 1). The precursor PEEKt-PSX 
copolymers had a PEEKt block number-average mole- 
cular weight of 4900 (5K) and PSX block number- 
average molecular weights of 3200 (3K) and 4900 (5K). It 
is expected that the polydispersity of the PEEK blocks is 
approximately 2 since these blocks were polymerized via 
a polycondensation reaction. The PEEK-PSX copoly- 
mers formed by hydrolysis of the ketimines had a PEEK 
block molecular weight of 3900 (4K), due to a loss of 
mass during hydrolysis of the ketamine. In this study the 
non-crystallizable precursor ketimine copolymers will 
be referred to as PEEKt(5K)PSX(3K) and PEEKt(5K) 
PSX(5K) and the reduced crystallizable ketone polymers 
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Synthesis of Anhydride 
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Figure 1 Synthesis of anhydride terminated polydimethylsiloxane 
oligomers via a ring-opening polymerization of D4 (Si4H804) 

Synthesis and Hydrolysis of Perfectly Alternatint] 
Block Copolymers of PSX and PEEKt 
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Figure 2 Synthesis and hydrolysis of perfectly alternating poly(ether 
ether ketone)-polydimethylsiloxane block copolymers 

Table 1 Number-average molecular weights of the blocks in the 
copolymers studied in this work 

Sample PSX PEEKt PEEK 

PEEKt(5K)PSX(3K) 3 200 4 900 
PEEKt(5K)PSX(5K) 4 900 4 900 
PEEK(4K)PSX(3K) 3 200 3 900 
PEEK(4K)PSX(5K) 4 900 3 900 

will be referred to as PEEK(4K)PSX(3K) and PEEK(4K) 
PSX(5K). 

Films of the (PEEKt-PSX)  copolymers were cast 
from chloroform solutions. P E E K - P S X  copolymers in 
powder form were compression moulded between copper 
sheets at 360°C for 6min, utilizing a 3-step moulding 
procedure. First, the sample was placed in the mould 
between copper sheets for 2 min, during which time the 
sample became viscous. After the initial 2 min equilibra- 
tion period a low pressure (< 5 psi) was placed on the 
fluid sample for 2 min to produce a film ca. 0.5 mm thick. 
Then the pressure was released, and the sample was kept 
in the heated mould for an additional 2min to allow 
relaxation of  any residual stress. After this relaxation 
period, the sample was rapidly quenched in an ice/water 
bath. Both WAXD and differential scanning calorimetry 
indicated that such a treatment produced totally 
amorphous samples for both PEEK PSX copolymers. 

Structural characterization 
All WAXD experiments were performed on a Nicolet 

model Stoe/V-2000 diffractometer operating at 40kV 
and 30 mA. CuKc~ X-rays (1.54 A) were passed through a 
graphite monochromator  prior to final collimation. Data 
were collected at 0.05 ° increments between the angles of 
10 and 35 ° for samples of P E E K - P S X  copolymers and 
the amorphous PEEK homopolymer. For  the PSX 
homopolymer a scan range of 5 to 35 ° was used. At 
each step a data acquisition time of 15 s was used. Data 
collection and analysis was performed using the Siemens 
Polycrystalline Software package. 

SAXS measurements were performed on films before 
and after dynamic mechanical testing using a PAAR 
Kratky camera system with an M. Braun position- 
sensitive detector from Innovative Technology, Inc. A 
Phillips model PW 1729 tabletop generator was used. 
For  all experiments the generator  was set to 40 kV and 
20mA using CuKc~ X-ray (1.54A). Lead stearate was 
used for angular calibration and Luopolen for absolute 
intensity calibration. Optical density corrections were 
also made. 

Transmission electron microscopy (TEM) samples 
were prepared from films of the PEEKt -PSX copolymers, 
amorphous films of P EEK -P S X  copolymers and P E E K -  
PSX films that had been directly crystallized in a dynamic 
mechanical spectrometer at 230°C for 30min. Samples 
were ultramicratomed at -140°C, using a Reichert-Jung 
ultracut E43 ultrarnicrotome equipped with a diamond 
knife, in three normal directions. Samples were cut to a 
thickness of ca. 500 A. All TEM studies were performed on 
a Phillips IL 420T scanning transmission electron 
microscope with an acceleration voltage of 100 120 kV. 

Mechanical testing 
The stress-strain behaviour of the samples was examined 
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by using an Instron Model 1122 tensile tester interfaced 
to a computer  for data collection and stress calculation. 
Small dog-bone specimens, stamped from either the films 
of the solution-cast precursor or from the compression 
moulded P E E K - P S X  systems, with cross sectional areas 
of  1.75ram 2, were tested with a gauge length of 10mm 
and a crosshead speed of 2 m m m i n  i under ambient 
conditions. In each case three samples were run in order 
to determine reproducibility. 

Dynamic mechanical testing was performed on 
samples with cross-sectional areas of  ca. 4 m m  2 and an 
initial gauge length of 10 mm using a Seiko 200 dynamic 
mechanical spectrometer equipped with an auto cooler at 
a frequency of  1 Hz, using a heating/cooling rate of  
1 °C min l and a maximum force amplitude of 20 g. 

Thermal analysis 
A Seiko 220C differential scanning calorimeter 

equipped with an auto cooler was used to obtain bulk 
crystallization information as well as the heat of  crystal- 
lization as a function of  sample composition and thermal 
history. Amorphous  films were heated to 360°C at a rate 
of  10°C min 1 under dry nitrogen and held at 360°C for 
6min before being quenched to the isothermal crystal- 
lization temperature. Crystallization from the melt 
occurred very slowly and was only observable in a 
reasonable time frame by this" method in a very narrow 
temperature range between 225 and 235°C .for the 
PEEK(4K)  PSX(3K)  copolymer and in the temperature 
range of  229 to 232°C for the P E E K ( 4 K ) P S X ( 3 K )  
copolymer. Isothermal crystallization experiments were 
not possible at either higher or lower temperatures to 
these due to limitations of  the long-term temperature 
stability and sensitivity of  the calorimeter used in this 
study. Isothermal crystallization experiments were also 
performed on amorphous  films that had been quenched 

from the melt in an ice/water bath by placing these films 
in a differential scanning calorimetry (d.s.c.) cell equili- 
brated at the crystallization temperature. After all 
isothermal crystallization runs, samples were again 
heated to 360°C at 10°C min -~ in order to determine 
the heat of melting. 

D A T A  ANALYSIS  

Thermal analysis 
Percentage crystallinity was determined from the d.s.c. 

data by integrating the entire region under the melting 
endotherm to obtain the heat of  melting as a function of 
temperature and prior thermal history. Assuming the 
difference between the heat of  crystallization and heat of  
melting to be negligible, this value was then normalized 
by the mass fraction of PEEK within the copolymer and 
the molar  heat of  fusion of the PEEK homopolymer  to 
obtain the percentage crystallinity within the PEEK 
phase. A value of 130Jg -1 was assumed as the heat 
of  fusion of perfectly crystalline PEEK 21 . 

WAXD 
Wide-angle X-ray diffraction was used to determine 

whether structural differences between the crystalline 
phase of  the block copolymers  and the P E E K  homo- 
polymer  were evident. W A X D  experiments also 
allowed for an independent determinat ion of crystal- 
linity which could later be correlated with heat of  
melting measurements  obtained from d.s.c. 

Yao has recently developed procedures for resolution 
of overlapping W A X D  curves and for subsequently 
determining the apparent  crystallinity relative to the 
entire sample as well as the relative crystallinity within 
the crystallizable phase. He has used this procedure to 
determine the crystallinity of  poly(ethylene oxide)-  
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8truoturo/prol~Orfg boheviour of PEEK=PSX hlook oo#olFmor#; ~, (?= Fti~oh otal, 

polystyrcn~ block and ~ra~ eopolym~rs ~'~, and 
poly(mctht¢l aerylat~)=poly(¢thyl~n~ oxide) sra~ 
¢opolymcrfl ~, ag w~ll ag pol~'(m~tM'l m~)haerylat~) 
8rat~ eopolym~rs and their ionic ¢ompl~x@~: In raeh 
of thcs¢ eases the p~ak d~eonvolution procedure was 
,ompliratod duo to tho faat that the s,attor|n~ profiles 
due to the amorphou~ components of tho r~spe~tiv¢ 
blocks word similar; thus, it was ditlleult to dceonvolut¢ 
th~ seattorinl~ ¢ontribution~ du~ to tha amorphou~ 
phas~m 

In our case a slight modification of the procedures 
used by Yao was possible due to th~ ~rrat diffor~no~s that 
wrr~ ~vid~nt in th~ WAND ~gatt~rinl~ profil~ of 
amo~hous Pl~l~g and PSX homopol~mrrm Ftgur~ 3 
tllustratos th~ diffzronz~ ~vid~nt in th~ s~att~rin$ prolllos 
of amorphous PBI~K homopolymor with that of 1200 ¢P, 
mothyl:ondgapp~d polydimothyhiloxan¢. PgI~g ha~ an 
amorphous halo with a maximum intonsity at 18:78 ~ and 
a f,w,h,m, (full width at half maximum) of 7,4 ~' while 
PSX has an amorphous halo with maximum intensity 
at 11,4 ~ and a f,w,h,m, of3,$L Th~ s~attorin$ profilos of 
the amorphous PI~BK-PSN ~opolym+rs ar+ shown in 
Figure 4, By ~ubtraetin$ th~ geatt~rinl~ profile of Pl~l~g 

from th~ raw data of th~ two ,opolymrrs in tho 10-35 
d~t~r~ ran~, th~ scatt~rin$ profil~ of th~ PSX phas~ 
owr this rant~ of an~l~s ig obtained and is thzn 
normalizod as a ~nation of th+ PSX volum+ fra~tion 
(Figure J), Th~s~ data may thon b+ subtracted from the 
raw data alon$ with the ba~ksround a~att¢rin¢ to 
obtain th+ ~¢attoring contribution due to th¢ PBl~g 
phaso alonm 

Once th~ abov~ m~thod of p~ak ~uhtraetion had b~n 
earriod out, tha er!cstallinity d~t~rmlnations wore 
p~rform~d on the P]~l~g phaso by usinl~ a ?.imilar 
approach to that of Hrrmans and Woidin~or~L Th~ 
mothod of p~ak deeonvolution u~ed in this study has boon 
pr~iously utilized by the pr~ent authors to d~tormin~ th~ 
~rystallinit~, of l:,^g~ ~PF' and n~,lon--6~": Tho amor-- 
phous scatt~rin$ profil~ was fitted to the total ~att~r~d 
inton~it~, and ~ubtraet~d from th~ total seatto~d intonsity 
of th~ PBI~g phase, thus ~¢ioldin$ tho soattorin~ poak~ duo 
to th¢ ¢r~tallin~ phas~ alon~, Th~ ratio of th~ int~$ratod 
intensity under th~s~ paaks eompar+d to th~ total ~eatt~red 
int+nsity Say+ th+ e@stallinity of tM Pl~l~g phase, It is 
roeo~rdz~d, howzwr, that this t~b.niquo do~ not tak+ into 
account any minor eor~etiona for diffor~neo~ in atomic 
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8truotur~/propcrty bc~h#viour of Pt~.K=PSX blook aopolym~ra: B, G, Ri~¢h ot ~1= 

Ta51~ I R~ult~ of :atr~+=~frain t~lng: oo PE~K=P~X and ~mor= 

Modulu~ l~lon$~iJon:lo:br~al~ 
~,~ml~l~ (MPn) (%) 

PI~I~Igt(SK)P~IX($K) 300 $ 30 40 ~ 

and thermal diffuse ~eattering, The e~perimontal method 
of peak resolution is outlined in Flgur~ 6, 

RI~SULTS AND DISCUSSION 

M~hanieal to~tin$ was p~rfonned on both the solution= 
cast PSX Pl~I~Kt precursor polymers and the quenched 
compression=moulded amorphous PSX Pl~l~K polymers 
in order to investigate the effect of oonvertinl~ the ketimine 
Stoups to ketone groups, As illustrated in Fisure L 
eonversion of the k~timin~ to a k~on~ resulted in a 
significant de~reas~ in modulus aa well as an increase in 
elongation=to=break in both samples, Additionally, the 
~onwr~ion of the ketimine group~ to ketone group~ 
aaused a mush more ~isnifltant decrease in modulu~ in 
the eaae of the aamples with a PSX block length of SK= 
The results of these mechanical tests are ~ummari~ed in 
Table 2, It is expected that the differeneea in m~hanieal 
properties between the Pl~l~Kt PSX and PI~EK-PSX 
eopolymers are due to differences in mierostruetural 
featurea as a result of ~he chemical nature of the two 
speeie~ and the mass loss of ca, ;~0% of the hard pha.~e 
during hydrolysis, The miarostrueture, in ~aeh ease, 
determines the level of ~ontinuity in each phase and thu~ 
the result|rig mechanical properties= A~ will be discussed 
inter, the gla~s transition of the k~timine precursor ia 
hardly affected by the eonwrsion eorrespondin~ to the 
PI~I~K phase, 

Transmission electron microscopy ~speriments were 
easily faailitated, due to the differences in the den~it|ea 
of PI~I~K and PSX', 1,40gem: for crystalline PI~E,  
i,~6 gem ~ for amorphous PI~EK ~ and 0,OS f~em ='~ for 

Fi~u~o II T~an~mi~lon olo~ron mJorograph~ of PI~I~KI=PSX ~opoly~ 

~_0tl 

FlllurO 9 ~AX~ profil~ obl~Jn~d f~om PF~Kt-Plan ~opolym~r~ 

Flllur~ 10 Transmission ~l~t:ron mi~ro~r~ph~ of ~h~ P~I~K(4K)P'AX(~K) ,~opolym~ (At observation ~,orm,~l ~o film ~g~f~,~ (9, ~] p~,~p,~n~li~,Jl~r 
~ i o n ~  with oh~v~Jon~ p~ l l~ l  ~o ~h~ film ~u,r~,~ 
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$teuoturo/#ro#,rtF boho~iour of PEEK=PSX blank eo#olymor~; 8, O, Ri~eh at al, 

lq~ure II T~an~ml~ion electron ml~ro~r~pM of the ~emi~C~talline 

polydimethyisiloxan¢~°, Transmission electron micro= 
graphs obtained for the Pl~l~gt-PSN ¢opolymors 
revealed a lamellar--liko morphology in the 
Pl~I~gt(sg)PSX(sg) copoiymer (Figure 8,4) and a 
morphology with a more continuous Pl~l~gt phase 
and mterodomatns of PSX in the Pl~l~gt(sg)PsXOg) 
copoiymer (Figure 89), Smeared SANS scans on the 
Pl~l~gt=PSX copolymers ~indieated an estimated inter= 
domain sparing of ~ 225 A for the Pl~l~gt(sg)PSN(sg) 
copolymer and ;!40 A for the Pl~l~gt(sg)PSXOg) cope= 
lymer (F~ure 9), 

The notable decrease in modulus for the Pl~l~g(4g) 
PSXOK) system relative to the corresponding ketamine 
precursor is believed to be due to a disruption of 
continuity in the Pl~l~g phase in this system, Transmission 
electron mtcrographs of tM amorphous Pl~g(4g)  
PSN(SK) ¢opolymer in three normal directions (rW4lures 
IOA-C) r~veal that the sample possesses an isotropic, 
biconttnuous morpholo~ which is notably different from 
that of its kotimine pre¢ursor, Continuity of the PSX phase 
in this sample is, therefore, consistent with the low 
modulus observed, TEM performed on the crystalline 
sample (Fi~r~ 11) revealed no change in morphology due to 
crystallization of the PEER phase, Thus, in thin system 
where $trong segregation i8 expected, the morphology 
attained while pre~tng the fll¢o become~ locked4n prior to 
cry#talli~atton and ~ub#equent cry#talli~ation rau~t take 
place in i~ola~cd m#rodomaim, a~ will be di~c~ed later, 
SANS patterns obtained for the Pl~l~g(4g)PSN(Sg) 
copoiymer tndtqat¢ an approximate smeared inter-domain 
spacing of 150A For both the crystalline and amorphous 
samples (Figure 12), This peak, howewr should be 
interpreted cautiously for it is somewhat distorted due to 
its nearness to the beam stop, However, this value 
corresponds closely to the tnterdomain spacing observed 
tn the transmission electron mierographs, The only 
differences evident in the SANS scans of tM crystalline 
and amorphous Pl~l~g(4g)PSN(sg) copolymor was a 
slight reduction in peak intensity and the development of a 
shoulder on the peak corresponding to a possible change in 
the microdomain long sparing, This may be due to the low 
levels of crystailinity attained in these materials upon 
crystallization, as will be discussed later, 
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Figure la ~AN8 p~ofiles obtained h~om the Pl~gg(4g)PSX($g) 
eopol:cmer~ (A) amofphou~ ,~mplel (1~, C) ~emiee~C~t~lllne sample with 
beam p~llel and peependieul~ to the film normal, re~pe~tivel~¢ 

Transmission electron micrographs, normal and 
perpendicular to the surface of an amorphous film of 
the PI~K(4K)PSX(3K) ¢opolymor, reveal a more 
lamellar-like morphology intermixed with loss defined 
textures (Ftgurex 13,4 and B), Similar morphological 
Features have been observed by Hashimoto in systems 
near the eylindrieal--lamdiar transition composition ~, 
The fact that the lamdiar structure in this system is not 
as well defined as in the 4 K : s g  system, may possibly 
be attributed to the Fact that the volume Fraction of the 
two phases for this copolymor may be nearer to the 
transition composition for Formation of cylindrical 
microdomains of PSX, Transition electron micro= 
graphs of crystalline P]~I~K(4K)PSN(3K) reveal that 
the lamellar structure is retained in this system during 
crystallization; however, the lnterlamellar spacing 
appears to ¢hanse due to crystallization (Figure 14), 
The change evident in the smeared SANS patterns of 
the PI~I~K(4K)PSN(3K) eopolymer ts consistent with 
the development of a more highly ordered lamoliar 
structure: however, the SANS data are smeared data 
and this causes peak broadening (Figure ta), 

Dynamic mechanical analysts ( d..m,aO 
Dynamic mechanical tests were performed on both the 

ketamine precursors and the PI~I~E=PSX ¢opolymers, 
These tests were carried out on the Pt~I~Kt-PSN 
¢opolymers over the temperature range from =150 to 
,~ 150~C, at which point the samples softened due to the 
T a of the PI~BKt component: The storage modulus data 
obtained From these tests at 1 Hz are illustrated in Figure 
16A and the corresponding tan ~ data are presented in 
Figure 168, At 20°C the modulus for the PEI~Kt(SK) 
PSNOK) copolymer was ca, 800 MPa, while the modulus 
for the PI~I~Kt(SK)PSX(SK) ¢opolymer was ca, 
400 MPa, These values are slightly higher than those 
obtained from the earller stress=strain curves due to the 
higher strain rate in this case, Two distinct glass 
transitions are evident at ca, =130 and 145~C, which is 
consistent with the phase separation indicated in these 
systems by Tl~M and SANS, No crystallization or 
melting were noted in the PSX phase in either of the 
kotimine ¢opolymers, 

Similar tests were performed on the amorphous 
P]~I~K=PSX eopolymers; however, due to the ability of 
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these polymers to crystallize durin~ the d,m,a, ¢xpcri: 
merits, these tests were carried out up to temperatures 
of ~ 330~C+ at which point the Pl~l~g began to melt, 
Figure I?A illustrates the storage modulus data 
obtained at a frequency of 1He and Figure 1TO 
illustratos the correspondin~ tan t~ behaviour, For these 

l~lHur~ 15 Tran~mi,sion eloetron mierosraph~ of th~ amorphou~ 
PI~I~K(4K)PSXOK) eopol~m~r: (A) ob,~rvation normal to film 
~urfa~o, (fl) oMorvation parallel to ~Im ~urt~a~ 

l~lsura 14 Transmission ~l+~tron mmo~ral~h~ of th+ ~emi~r~,,tallin~ 
Pl~igg(~g)PsgOg) ~opol~cm~r~ (A) oM~rva~ion normal to film 
~urf'a,oi (B) observation p,rp~ndi~ular to film ~urf'a~ 
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~00 

i ~00 

100 

A (11 am) 

Fisur¢ 1$ SAgS profil~ obtained from th~ PI~I~K(~,K)PS;~OK) 
~opol~cm,r~ (A) amorphous ~amlolfl~ (B~ C) ,~mi~r¥~allin~ ~ampl~ with 
b~am paralM and p~rp~ndi~ul~r to th~ ~lm normal, ro~p~tlvol:¢ 

¢opolymers the dynamic mechanical behaviour is more 
complex due to both the crystallization and the melttnt! 
of the PI~I~K phase, Additionally, in the Pl~l~g(4g) 
PSX(SK) copolymer, crystallization and melting of the 
PSX phase also occurred, a phenomenon not observed in 
the corresponding PI~I~Kt=PSX ¢opolymer, Besides the 
two glass transition temperatures, due to the PSX and 
PI~l~g phases, at = 130 and 145~C, respectively, crystal: 
lization of the PlYing phase occurs in the temperature 
reuse between 145 and ~00~C, while in the PgI~K(4K) 
PSX(Sg) system crystallization and meltin~ of the PaX 
phase occurs in the temperature reuse from =130 to 
=$0eC, It is interesting to note that the #ass transition of 
the PtggKt phase is only slightly affected by conversion 
to the Pgl~g phase, i,e, both samples begin to soften at 

14$*C, D..m,a, scans were also made in the tempered 
turf ranter from 0 to ~30~C for samples which were 
crystallized from the t~lass at ~30°C for 30rain, The 
storage modulus values obtained from these tests at 1 Hz 
are summarized in Table 3: The PI~I~Kf4K)PSXOK) 
sample shows an in,tease in the modulus at ~0~C from 
300MPa for the amorphous sample to ~00 MPa for the 
semicrystalline sample, The Pgl~g(gg)PSXOg) sample 
shows an increase in modulus at ~O°C from 4 MPa for the 
amorphous sample to :!0MPa for the semicrystalline 
sample, i,e, a flvefold increase[ Ftgurea 18d and # 
compare the storage modulus and ¢orrespondin~ tan t~ 
behaviour of an amorphous Pl~l~g(4g)PSXOg) sampl~ 
with a semicrystalline sample, The presence of crystal: 
linity shifts the maximum value in the tan t~ ~ curve 
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approximately 1 SaC higher for the ~emiorystalllne ~ample 
than for its amorphou~ oounterpart, The r~du~tion of the 
amplitude of the tan e peak at the T~ is also tndtoattve of a 
smaller fraction of the material being in the amorphous 
~tate, and therefore undergoing a glass transition, 

The large difference between the glass transition 
temperature~ of the ,omponents in these eopolymers 
results in a large temperature range where the modulus of 
the oopolymer remains nearly ~onsttint, Additionally, the 
~tbility of the PEI~K=PSN ¢opolymers to orystallize 
extends their effe,tive use temperature and allows, 
depending on the thermal history, Further control of 
the mechanical properties, 

X=ray dMeraetton 
In order to determine the amount of ~rystallinity 

a~tually attained in the PI~IgK phase in these oopolymer~ 
WAND experiments were performed on the PI~I~K(gK) 
PSX(3K) and PI~I~K(4K)PSX(gK) ¢opolymer, A~ dim= 

eugged earlier, the ~atterin~ due to the PSN pha~e was 
subtracted from the total s~attering profile of the blo~k 
,opolymers and the resulting profile was then ,ompared 
to that obtained from a Pl~l~K homopolymer with a 
number=average molecular weight of ~ 30K, As addressed 
earlier, gtgure 4 illustrates the wide=angle X=ray s~attering 
behaviour for the two amorphous P ~ K - P S X  oopoly= 
mars, As the ¢ompositions ¢hange from the 4K=$K 
polymer to the 4K=3K polymer, the s,attered intensity 
corresponding to the PI~I~K phase increases and the 
scattered intensity due to the PSX phase de~rea~es, 
aooording to the eopolymer ¢ompositions.. AdditionaLly, 
peak integrations performed on the de,onvoluted peaks 
agree well with the respective weight fraction~, WAND 
experiments were performed on the PI~I~K(4K)PSNOK) 
and PI~I~K(4K)PSN(~K) ,opolymers, which were erys= 
tafli~edfrom the g/ass at 230~C for 30 rain, as well as the 
PI~I~K homopolymer whioh was zrygtallized at 230~C 
from the melt (Figure 19), Crystalltntty of the PI~I~K 

Table ~ l~e~ult~ of dynamic mechanical testin~ at ~OoC (1 H~) showin$ effeet~ of ~r}'~tallinJt}' within the Pl~tlK pha~e 

Modulus (MPa) 

Sampl~ Amorphou~ 8~mi~r),~allin~ 

PI~F~K(4K)PgX(~K) 4 ~0 ~00 
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phase was determined from the X:ray data to be ca, 40% 
for both copolymers, while the homopolymer attained 
approximately the same level of crystallinity when 
crystallized under similar circumstances. 

The f:w..h.m, breadth of various peaks was measured 
to determine if peak broadening occurred due to changes 
in the long:range ordering or erystallite sizes. Hindeleh 
and Johnson have measured peak breadths in polyamide, 
polyester, and cellulose fibres and related these measure= 
ments to weight:average crystallite sizes normal to 
the (h k l) diffracting planes -aL~, Their analysis as 
well as ours, however, neglected the effects of thermal 
and structural disorder, Similar analysis performed on 
the 1 1 0, 1 1 1, and ~ 0 0 peaks in the Pl~lgg-PSN 
copolymers illustrated that substantial line broadening 
occurred in these polymers relative to that of the Plgl~g 
homopolymer (Table 4), In this case it is likely that a 
substantial contribution of line broadening is due to 
disruption of structural order due to the attachment of 
non=erystrallizable polydimethyMloxane blocks on to 
the surface of Pl~Bg tryst.lilies. The fact that the 1 1 0 
and a 0 0 peaks are more substantially broadened than 
the 1 1 1 peak indicate that fewer structural irregularities 
occur along the e=asis, These structural irregularities are 
almost certainly associated with the short nature of the 
PI~IgK blocks, since both the (1 1 0) and the (a 0 0 ) planes 
are parallel to the direction in which the polymer 
molecules traverse the unit cell in PFJ~K: It is likely 
that less chain folding occurs in these copolymers since 
the domain spacing observed from SANS measure= 
merits and TI~M esperiments is of the order of ;!00 to 
~ 0  A, which is very close to the average length of the 

crystallizable PlYing blocks. In addition, since the 
distribution of the Pieing block lengths is rather 
broad due to their development by a step=growth 
reaction, as indicated above, there are likely to be many 
short PEIgK blocks which may also substantially 
disrupt the crystalline order, 

Cr)'.tall/:atton behm, tour 
Isothermal crystallization e~periments performed on 

PI~I~g-PSN block copolymer powders indicated that 
these block copolymers crystallized at much slower rates 
than the corresponding Plgl~g homopolymer with a 
molecular weight on the order of the PI~I~K block length 
or even PBlgg homopolymers with much higher 
molecular weights. This result is likely to be due to two 
contributing factors, First, the crystallizable Pl~l~g 
blocks in this system are connected to PSX blocks in 
segregated domains. While the PSX blocks are liquid=like 
in the crystallization range of the Pl~l~g blocks, the 
high chemical incomparability of these two blocks will 
place a restriction on the ease of chain transport in the 
Pl~l~g phase during crystallization. Additionally, the 
PI~I~K phase is segregated into microdomains in which 
the likelihood of heterogeneous nucleation events is 
decreased: Furthermore, since the PSN segments are 
highly fluid in this system, the likelihood of self nucleation 
at the domain interfaces may be very low. Analysis of 
crystallization in this block copolymer system must 
therefore address both chain mobility and crystal 
nucleation. 

Typical Avrami analysis could not be used to accurately 
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Tsble 4 X=ra~' line broadening in the PI~I~K phs~ of PI~I~K:P~X eopolymer~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10 F:w:h:m: breadth l~roadenin~ 
Pesk ~smple (de~) (rsd) (%) 

l 10 PI~I~K 18 35 0:009~$ 1 
110 PI~IgK(4K)PSXOK) 1 ~30 0 :01~  l:Ol~ 
1 tO PI~I~g(4K)PSX(~K) 1~:7~ 0:01600 134 

I 11 PI~I~Kf4K)P$XOK) ~0:?0 0,01 ? 1 1:~4 
111 PI~I~K(4E)P~X(~K) ~0:7~ 0:016! 1: l ? 

~00 Pl~lgg ~!~:90 0:01~9 1 
100 PI~I~K(4K)PSX(~KI ~=90 0~0197 1:~ 
~00 PI~I~K(4K)P~X(~K) ~=90 0:0170 1:~6 

describe the c~stallization behaviour of these phase= 
separated eopol~w~ers= The assumption of impingement of 
l~rowth centres associated with the derivation of the 
Avrami relationship does not account for the complication 
introduced due to the possibility of impingement of 
growing cr-ystah with domain interfaces which may 
occur in a phase=separated system, Due to the very slow 
rates of crystallization and the ~mall volume of crystallizable 
material in these samples, crystallization eouM only be 
accurately monitored over a very narrow temperature range, 
Crystallization of the PI~I~K(4K)PSXOK) ¢opolymer 
could only be esperqmentally monitored by d=s=e: in the 
narrow temperature range from ~ to ~3~°C, At 
temperatures higher and lower than this, the rates of 
crystallization became so slow that the heat flow measured 
by d=s=c, due to crystallization could not b¢ re~olved from 
the background noise, Crystallization of the Pl~l~g(~g) 
PSX($K) copolymer was also extreme/);, d~eu/t to 
monitor due to the even lower volume ~aetion of 
crystallizable polymer+ as well as the extremely low 
crystallization rates observed in this system.. Crystallization 
in tleds latter eopolymer could only be experimentally 
monitored in a temperature range ~om 129 to 23~C, the 
range where the maximum growth rate was expeete& For 
both eopolymers a maximum in the bulk crystallization 
rate was observed at a temperature of ;~30..$~C, very dose 
to the temperature at which low=molecularxweight Plgl~g 
homopolymer crystalli~s most rapidly ~"= F/gate 20 
illustrates the effects of changing the crystallization 
temperature on the rate of crystallization of Pl~l~g(4g) 
PSX($g), Figure 21 illustrates the influence of block length 
on the rate of crystallization for both of the Pl~l~g-PSX 
block eopolymers at ~30,~C: At this temperature Pl~l~K 
(4g)PSX(3g) has a crystallization half=time of ;!60 s while 
PI~I~K(4K)PSX(~K) has a crystallization half=time of 
l~00s; a 1;1% change in the volume fraction of PSN 
decreased the rate of crystallization by a factor of $! This 
large change in crystallization rate is believed to be due to 
the g~at decrease in continuity observed in the PEEK 
phase+ which is e~ident as the volume fraction of PLUCK i+ 
decreased from $1 to 38% (recall the earlier TEM data), 
As will be discussed later+ the change in the continuity 
of the Pl~l~g phase ha~ dramatic rife,Is on the rates of 
nucleation in the microdomains, Crystallization half= 
times as a ~netion of temperature and copolymer 
composition are plotted in Figure 22; again the dramatic 
effect of changing the block length is evident, Aider 
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crystallization experiments were performed, samples 
were heated at a rate of 10~¢ rain =t to determine the 
heat of melting, Ore, as a function of temperature, These 
data we~ then normalized by PI~I~K ye l le r  fraction and 
divided by the enthalpy of  melting" for perfectly 
crystalline PI~I~K (130Jg =') in order to estimate the 
crystalline fraction of the PI~I~K phase (Figure M)= The 
PI~I~K(4K)PSX(3K) copolymer developed up to 10% 
crystallinity in the PI~I~K phase, while the PI~I~K(4K) 
PSX(3K) ¢opolymer only developed 6% crystallinity in 

1~00 

R~m=o ll gt~t of laSX block length on e~stalli~ation of th~ Pl~gg- 
P~N bloe~ eopolym~rs st ;!~0:~eC~ (AI Ptitig(4g)P~tX(~K)~ h/~ = ;~60 ~i 
(lJ) PI~gK(4K)PSX($K), ~/~ = 1100 
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this phase, even when crystallized over far longer time: 
periods, 

The effects of previous thermal history on the crystal: 
lization behaviour of Pl~l~g-PSX copolymers were also 
studied, Since varying levels of structural continuity may 
occur as a function of block copolymer composition, the 
process of nucleation within phase:separated domains is 
likely to strongly affect the rate of bulk crystallization, 
As less continuity within the P~,I~K occurs, more and 
more nucleation events must occur within separate 
domains in order to achieve the same level of crystal: 
linity: If nucleation occurs heterogeneously, it is likely 
that many of the small domains contain no such 
het¢rogeneities and crystallization may not occur 
within these domains within the time=scale of our 
esperimonts, As early as 195L Price had noted that upon 
successive melting and recrystaliization at relatively low 
undercoolings crystalline nuclei reformed repeatedly at 
fixed locations in the molt, presumably at hetero= 
8eneities-~s= At higher supercoolings, additional nuclei 
were formed, Subsequently, a variety of droplet experi: 
meats were performed on various polymer systems in 
order to investigate the effects of dividing the molt into 
such small droplets tb.aLmost of these would not 
contain heterogeneities~'~L These experiments showed 
that not only was the rate of nucleation greatly 
inhibited in these microdroplets but at low under: 
coolings only a small fraction of the droplets crystallized in 
the time:frame investigated, Since the crystallizable 
phase in block copolymer systems may be separated 
into microdomains similar to those in the droplet 
experiments, thermal history may be especially important 
in determining the crystallization rates and absolute 
crystallinity in crystallizable block copolymers, 

Crystallization exotherms as a function of the previous 
thermal history for PI~EK(gK)PgX(3K) films crystallized 
isothermally at ~30,5°C are plotted in Figure $4: curve A is 
an exothorm for Plgl~g(4g)PSX(3g) crystallized from 
the glass; curve B is an exotherm for Pl~l~g(4g)PgXOg) 
crystallized from the melt, It is clearly evident that 
previous thermal history has a very dramatic effect on the 
rate of crystallization, When the normalized crystalline 
content, X~, is plotted against time, the effect of thermal 
history on crystallization half:times can be determined 
(see Figure 25), The crystallization half:time for 

PBBgC4g)Pgx(3g) crystallized from the glass is 56 s 
compared to 1560 s for a sample crystallized from the 
melt, Thus, quenching a sample before crystallization 
increased the rate of crystallization by nearly a factor of 
30! Quenching the samples prior to crystallization brings 
these samples into a temperature range where homo: 
gcneous nucleation may occur more readily, which 
would enhance the rate of crystallization, 

If phase separation retarded the nucleation of 
crystallites within the PI~EK microdomains, it is 
likely that during crystallization from the melt some 
of these domains may not crystallize at all during our 
experimental time:frame, Therefore, the heat of melting 
for samples crystallized from the glass is likely to be 
greater than for samples crystallized from the melt, 
Additionally, this difference should become more and 
more pronounced as the PI~l~g phase becomes less and 
toss continuous, For the Pl~l~gCgg)PSX(3g) copolymer 
the heat of melting for a sampl~ crystallized from the melt 
at 330,5~C for 3 h was 1~,$ J g=', while the heat of melting 
for a sample crystallized from the glass under identical 
conditions was 35Jg =', For the Pl~I~g(gg)PSX(Sg) 
copolymer the heat of melting for a sample crystallized 
from the melt at ~30~C for 3h was 3Jg =t, while the heat 
of melting for a sample crystallized from the glass under 
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identical conditions was 16,$ J g:l, The heats of melting 
wore used to calculate the percentage crystallinity as a 
function of the previous thermal history and wore then 
compared to the values obtained by WAXD (Table $)= 
The erystallinity determination from the heat of melting 
data agreed fairly well with the WAXD results, The 
slight disagreement in these measurements may be due to 
the high surface energies of these crystals which would 
decrease the heat of molting, or the fact that the method 
of crystallinity determination used in this study did not 
account for atomic or structural scatterint! factors, In the 
PI~I~K(4K)PSX(3K) eopolymer the sample crystallized 
from the glass attained twice the erystallinity of the 
sample crystallized from the melt, In the PEI~K(4K) 
PSX(~g) copolymer, crystallizing the sample from the 
glass resulted in a fivcfold increase in the amount of 
crystallintty relative to the same sample crystallized from 
the melt, As in the droplet experiments of Price discussed 
earlier ~s, it is likely that the samples crystallized from the 
melt were never brought to sufficient undereooltngs for 
homogeneous nucleation to occur in all of the PI~I~K 
mierodomains, The fact that the crystallinlty determined 
by d,s,c, was substantially lower in the case of the 
PI~I~K(4K)PSX(SK) copolymor may be related to the 
fact that small crystallites surrounded by attached PSX 
chains may be associated with a high surface energy, 
thus leading to a decreased heat of melting, Addition= 
ally, the fact that the phase=separated morphology 
formed in this system is locked into place prior to 
crystallization is likely to make crystallization a less 
energetically favourable phenomenon than in the ease 
of the homopolymer, 

The results obtained in this study are contrary to 
trends observed in PI~I~K homopolymer, As may be 
expected, Cebe and Hong ~° observed that PI~I~K 
homopolymer crystallized from the glass obtained 
levels of crystallintty on the order of one=half of that 
obtained from the melt, They attributed this difference to 
the formation of crystals with less perfection when 
samples wore quenched prior to crystallization, The 
results obtained from crystallization of the PEEK=PSX 
copolymers illustrate that decreasing continuity within 
the crystallizable phase may drastically impair a polymor's 
ability to crystallize from the malt, due to a decreasing 

probability for nucleation of erystallitos= Due to the very 
low glass transition temperature of the PSX phase, the 
likelihood of nucleation at domain tnt, rfaees is expected to 
be very low, Furthermore, the flexible nature of the PSX 
blocks allows a substantial amount of the Pl~l~g phase to 
crystallize at lower crystallization temperatures, In this 
case, the crystalline fraction of the Pl~I~g phase in the 
PEI~K:PSX block copolymors crystallized from the glass 
was greater than that observed in PI~l~g homopolymers 
crystallized under similar conditions, 

CONCLUSIONS 

The structural features and mechanical properties of two 
Pigl~gt=PSX and PI~I~K=PSX block eopolymers, as well 
as the crystallization behavtour of the Pl~l~g=PSX block 
copolymers, were studied as a function of copolymer 
composition, The phase behaviour obtained as a result of 
film casting, thermal history, and ¢opolymer composition 
dramatically affects both the mechanical properties and 
crystallization bohaviour of these block ¢opolymors, A 
dramatic decr~a~ in modulus was observed as the 
continuity of the PaX phase was increased, The rate of 
crystallization in Pl~l~g PSX block copolymars is 
extremely sensitive to both copolymer composition and 
thermal history, As the PSX block length was changed 
from 3K to SK (a 12,$% increase in the PaX mass 
fraction) the rate of crystallization decreased by a factor 
of five, Thermal history had a h r  more dramatic effect: 
when crystallized from the glass the Pl~l~g=PSX 
eopolymers crystallized 30 times faster than from the 
molt at the same crystallization temperature, The fact that 
lower crystalltntttes were observed in samples crystallized 
from the melt indicated that the crystallizable phases in 
Pt~I~K-PSX copolymers were segregated into mtcro= 
domains, Therefore, the probability of heterogeneous 
nucleation within these domains was greatly reduced, 
and at high crystallization temperatures some domains 
were potentially unable to crystallize, This may be due to 
the inability of primary nuclei to form at these higher 
temperatures, This hypothesis was further verified by 
the fact that as the Pl~l~g phase became loss continuous, 
the crystalltntty of this phase when crystallized from the 
melt was greatly reduced, 
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I¢l~ur¢ 15 Normalized cry~llin~ content w= time for Pl~l~g(4K) 
P~XOK) ery,talliz~d at ~0=~C, ~howin8 the ~ff~et of proviou~ thermal 
hi~tor),: (A) heated from the $1a~ t~:~ = ~6 g (B) quenched from th~ 
moll ~/a -= 1~60~ 
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