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ABSTRACT The influence of the morphological structure on the phase behavior of a liquid crystalline side 
chain block copolymer has been investigated using SAXS, DSC, TEM, and low-angle electron diffraction. 
All samples of poly[styrene-block-2-((3-cholesteryloxycarbonyl)oxy)ethyl methacrylate] (PS-b-PChEMA) 
show a phase separation between the two blocks. An influence on the phase structure of the liquid crystalline 
subphase exerted by the morphological structure was observed. It was found that in the case of those samples 
where the liquid crystalline subphase is not continuous (spheres), only a nematic phase is seen, whereas in 
all samples in which there is a continuous liquid crystalline subphase, the smectic A phase of the homopolymer 
is formed. 

Introduction 
Block copolymers are an interesting and already well- 

studied variation of polymers. In this class of polymers 
it is possible to combine the properties of two completely 
different polymers with no macroscopic phase separation 
occurring. Owing to the chemical link between the 
noncompatible polymers, the phase separation is limited 
to a microscopic scale and is dependent on the volume 
fraction of the different blocks. Several different mor- 
phological structures have been predicted and observed. 
These morphologies are spheres in a cubic lattice, rods in 
a hexagonal lattice embedded in the matrix of the other 
component of the block copolymers, or lamellae of both. 
Recently, ordered bicontinuous morphologies were also 
found.'-6 These double-diamond structures, space group 
Pn3m (OBDD), were found for volume fractions in between 
the lamellar and the rodlike hexagonal phase. So the 
scheme for the morphologies of the block copolymers is, 
as described by Bates and Fredrickson! a sequence of 
spherical, rodlike hexagonal, double diamond, and lamellar 
phases. 

If one of the blocks is a liquid crystalline (LC) side group 
polymer, two different scales of phase separation might 
be obtained. It is now the aim to study the influence of 
the morphology of the block copolymer on the phase 
structure of the LC block. It is extremely important for 
these studies to have a narrow molecular weight distribu- 
tion of the synthesized substances to get a clear phase 
separation and a narrow interfacial area. The best way 
to obtain this is with a living anionic polymerization. 
However, it is very difficult to find a comonomer with a 
mesogenic group attached which is stable against the attack 
of the strong anions present during the chain growth 
reaction.'-'O Therefore, polymer-analogous reactions on 
preformed block copolymers were performed to obtain 
the block copolymer with a LC b10ck.ll-l~ Initial inves- 
tigations on poly[styrene-block-2-((3-cholesteryloxycar- 
bony1)oxy)ethyl methacrylatels (PS-b-PChEMA) and 
poly[butadiene-block-2-((3-cholesteryloxycarbonyl)oxy)- 
ethyl methacrylatels (PB-b-PChEMA) suggested an in- 
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Figure 1. Chemical structure of the block copolymers. 

fluence of the amorphous block on the phase structure of 
the LC block which was dependent on the type of monomer 
in the A block for a lamellar structure.12 More systematic 
investigations have been carried out now using di- and 
triblock copolymers of poly[styrene-block-2-((3-choles- 
teryloxycarbony1)oxy)ethyl methacrylate] s (PS-b-PChE- 
MA13 and PChEMA-b-PS-b-PChEMA) (see Figure 1) to 
determine the influence of the different block lengths and 
thus the change in the morphology on the phase behavior 
of the LC phase. 

Experimental Section 
The block copolymers were synthesized and characterized as 

described previou~ly.~~J~ Lithium naphthalene, instead of sec- 
butyllithium, was used as an initiator for the first step of the 
anionic polymerization of styrene to obtain the triblock copoly- 
mers. Samples for transmission electron microscopy (TEM) and 
differential scanning calorimetry (DSC) were prepared by casting 
-1 mm thick films from dilute solutions of the polymers in 
toluene over a period of about 10 days at 25 OC and annealing 
them afterward at 130 "C for 24 h under vacuum. The samples 
were cut using a diamond knife at room temperature, and the 
thin films (- 10 nm thick) were transferred onto copper grids. 
To get sufficient contrast for TEM and low-angle electron 
diffraction studies,"Js the styrene parts of the samples were 
stained with RuO, vapor at 25 "C for about 30 min.'6 Alterna- 
tively, the methacrylate parts were stained with Os04 after the 
reaction of the methacryl ester group with hydrazine using the 
technique described by Kanig and Misra.lsJ9 For the TEM 
studies and the low-angle electron diffraction experiments, a 
Philips EM 301 was used. The diffraction experiments were 
performed as described elsewhere.l6J9 DSC traces were obtained 
using a Perkin-Elmer DSC 7 with heating and cooling rates of 
10 K/min. Optical microscopy (POM) was performed using a 
Zeiss Ultraphot combined with a Linkam HM 600 hot stage and 
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Table I. Molecular Weight, Molecular Weight Distribution, 
and Thermal Data of the Synthesized Block Copolymers. 

sample (PS) (copolymer) @PS D phase behavior ("C) 
M" M. 

PS 1.00 g 102 i 

Figure 2. Optical micrographs of (a) sample 78 (fan-shaped 
textureofasmecticAphase),and(b)sample53(nematictexture, 
crossed polarizers). 

a Sony video recorder. X-ray studies were carried out using an 
Eliott GX 21 with a copper target combined with a Siemens 
X-1000areadetectoranda Rigaku Denki small-angle filmcamera. 
More precise small-angle measurements were performed at the 
synchrotron facility in Daresbury, England, beamline 8.2, with 
a camera length of 3.5 m. 

Results and Discussion 
The investigated block copolymers were characterized 

as described in ref 13 using GPC, DSC, and POM. As 
with the LC homopolymer (PChEMA), liquid crystalline 
behavior was observed for most of the block copolymers 
synthesized, as shown by DSC measurements and polar- 
ization microscopic investigations (see Figure 2, Table 1). 
Parts a and b of Figure 2 show the typical textures found. 
X-ray measurements confirmed the existence of a smectic 
Aphasefor these s a m  les (seeFigure3). Thelayerspacing 

distance between the mesogens of 5.5 A is in good 
agreement with the values found for cholesteryl derivatives. 
The smectic phase was identified to be a smectic A since 
no tilt of the layer reflections with respect to the wide- 
angle reflection and only one diffuse wide-angle reflection 
(unordered structure) were observed. The  copolymer 
samples with the shortest LC blocks are exceptions to 
this. They were found to  form a nematic phase with an 
isotropization temperature as determined in the polarizing 
microscope only, since there was no evidence of a liquid 
crystalline phase from the DSC measurements and X-ray 
diffraction. For thesesamples only diffuselayerreflections 
wereobserved. ThePOM pictures 2aand 2b show instead 
a difference in textures for the different liquid crystalline 

was found to be 45 1 (inner reflection), and the lateral 

Dihlock Copolymers PS-b-PChEMA 
53 57500 73200 0.78 1.07 g105g126n 188i 
55 48300 71000 0.67 1.07 a101a126S~ 187i . .  
57 62200 109000 0.56 1.11 g103 Si197i 
59 51000 133000 0.37 1.11 g103g126S~202i 
78 20400 64000 0.30 1.03 g 91g12OS~189i 
82 18400 111000 0.16 1.11 g100g127S~200i 
75 10100 63000 0.15 1.18 g 9 1 g 1 2 3 S ~ 1 9 8 i  
61 25000 202000 0.11 1.10 g 1 0 2 g 1 2 5 S ~ 1 9 9 i  

Tribloek Copolymers PChEMA-b-PS-b-PChEMA 
DB2 29100 54300 0.53 1.15 g l 0 0 g  119S~190i 
DB4 22200 77300 0.29 1.15 g 101 g 117 SA 184 i 
DB7 25600 75000 0.33 1.20 g 102g118S~199i  
DB5 22600 64000 0.35 1.15 g 98g118S~186i 
DB6 24000 43000 0.55 1.20 gIOlg118S~183i 
DB8 21000 29000 0.70 1.05 g 9 8 g l l 8 n  193i 
DB9 26000 29000 0.88 1.04 g 98g n 194i 
DBlO Zoo00 87000 0.22 1.47 g103g118S~201i  
DBl l  34000 57000 0.59 1.25 g 99g120S~ 194i 
DB12 52000 78000 0.66 1.12 g 95g119S~180i 
DB14 26000 45000 0.57 1.13 g 93g118S~197i 
DB15 37700 53500 0.70 1.09 g103g116SA200i 
DB16 54400 68000 0.77 1.09 g 93g  n 194i 
DB17 21000 23000 0.90 1.10 g 98g  n 184i 
DB18 37000 42000 0.88 1.26 g 92g  n 195i 
DB19 51200 53000 0.96 1.08 g 98g  i 
DB20 22700 26700 0.84 1.06 g 96g  n 186i 
DB21 34700 37000 0.93 1.07 g 98g  n 194i 

PChEMA 2 5 0 0  0.00 1.90 g 126 SA 213 i 

'D polydispersity; bps'volumefractionof PS,calculatedusing 
the densities for PS ( p  = 1.02 g/em3) and PChEMA ( p  = 0.99 g/cm3). 

3 4 7 . 1 9 9  
3 0 8 .  
2 6 8 . 7 9 9  
2 2 9 . 6  
1 9 0 . 4  
1 5 1 . 2  
112. 
7 2 . 8  

Figure 3. X-ray diffraction pattern of the smectic A phase of 
sample 78 (oriented fiber, 25 "C). 

phases. The  fan-shaped texture in Figure 2a is typical for 
asmectic A phase whereas the texture shown in Figure 2b 
hints to a nematic phase. 

DSC measurements of annealed samples show, in 
general, two glass transition temperatures (see Figure 4). 
The separation of the glass transitions in the block 
copolymer can only be explained by a phase separation of 
the two different blocks. The  two glass transition 
temperatures, therefore, correspond to the glass transition 
temperatures of the homopolymers of block A (PS) and 
those of block B (PChEMA). Both glass transitions are 
labeled in Figure 4 since especially the glass transition of 
PChEMA has only a small heat capacity (0.05 J g-' K-1). 
Additional to the two glass transitions it is possible to 
observe a peak corresponding to the transformation of the 
mesophase into an  isotropic melt. A plot of the transition 
enthalpies a t  the temperature where the mesophase 
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Table 2. Morphological Data of the Observed Block 

- 

Tg PCEMA-Block 

Tcl PChEMA 
C 

W 

Tg P C E I M  

Blend 50/50 

70 90 110 130 150 170 190 210 

Temperature (C) 
Figure 4. DSC traces of the trihlock copolymer DB5 and of a 
mixture of both homopolymers with volume contents of 50%. 
respectively (10 Klmin, second heating scan). 

o.5 0.0 0.0 1 0.2 0.4 0.6 0.8 1 .o 

QPPS 

Figure 5. Plot of the transition enthalpies of the block 
copolymers at the clearing point vs aps. 

transforms into an isotropic melt (clearing points) versus 
the volume fraction of polystyrene, @ps, is shown in Figure 
5. Thetransitionenthalpyisscaled totheabsoluteamount 
of LC polymer. The drop in transition enthalpy of the 
smectic phases from the homopolymer to the copolymer 
can be explained by the existence of the interface region 
between the two separated polymers. The  nematic phases 
show a smaller heat of transition at the clearing point 
owing to their lower order. However, a distinct difference 
in value is noticeable for the block copolymers displaying 
a smectic A phase and for those showing a nematic phase. 

The phase separation of the two blocks could be 
confirmed by small-angle X-ray diffraction studies of 
unoriented samples (see Figure 6, Table 2). Besides the 
reflection a t  45 A indicating a smectic order in the liquid 
crystalline suhphase, more intense reflections a t  -200 A 
were observed. These reflections arise from the electron 

Copolymers 
SAXS < A >  

reflection 
layer from block morphology 

sample OB reflection separation (TEM) 
PS 1.00 

Dibloek Copolymers PS-b-PChEMA 
53 0.78 (45) 392, 192 PChEMA spheres 
55 0.67 45 420 lamellae 
57 0.56 45 440,220, 147 lamellae 
59 0.37 45 510,267,245 PS cylinders 
78 0.30 45 393,227 PS spheres 
82 0.16 45 340,240,200 PS spheres 
75 0.15 45 187 PS spheres 
61 0.11 45 324,165 PS spheres 

Triblock Copolymers PChEMA-b-PS-b-PChEMA 
DBZ 0.53 45 230.116,77 lamellae 
DB4 0.29 45 200,160,105 PS cylinders 
DB5 0.35 45 196,157 PS cylinders 
DB6 0.55 45 180 lamellae 
DB7 0.33 
DB8 0.70 
DB9 0.88 
DBlO 0.22 
D B l l  0.59 
DB12 0.66 
DB14 0.57 
DB15 0.70 
DB16 0.77 
DB17 0.90 
DB18 0.88 
DB19 0.96 
DB20 0.84 
DB21 0.93 

PChEMA 0.00 

(45) 
(45) 

45 
45 
45 
45 
45 

(45) 
(45) 

(45) 

(45) 

45 

214,102,77 PS cylinders 
170 PChEMA spheres 
163 PChEMAspheres 
185 PS spheres 
250,125 lamellae 
255,132 lamellae 
180,SO lamellae 
224,112 lamellae 
280 PChEMA spheres 
140 PChEMA spteres 
150 PChEMA spheres 
130 PChEMA spheres 

PChEMA spheres 
PChEMA spheres 

density differences between the two separated copolymer 
blocks. An investigation of the morphology formed after 
phase separation was possible by examining further 
reflections than the first and strongest SAXS reflection. 
Figure 7 shows the observed reflection for sample DB2. 
The reflections could he indexed as 001,002, and 003 and 
attributed to a lamellar morphology (Table 2). In 
principle, the expected morphologies were found and vary 
with the volume ratios of the different blocks in the 
copolymers. A direct investigation of the present mor- 
phology of the phase-separated block copolymers was 
possible by TEM of thin films of the block copolymers. 
To increase the contrast between the two blocks, it was 
necessary to stain the polystyrene block using RuOl 
vapor.'6 Figures 8-11 show representative pictures of the 
observed morphology. A t  first, a blend of the two 
homopolymers was examined to show that macroscopic 
phase separation (Figure 8) occurs. As can he seen in the 
other figures, lamellar (Figure 10a,b), cylindrical (Figure 

Figure 6. Smnllhnglr &ray dil tractim patterns 0 1  (a) sample DB2 and ( 1 , )  sample 1lHX (25 "CI  
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DE 2 ,  small angle diffraction 

o'6 11.....1..I 
a 

b 

Figure 7. Small-angle X-ray diffractogram of sample DB2 
(lamellar morphology). 

Figure IO. TEM pictures of sample D H l l  (lamellar murphol- 
ogy): (a) PS block stained with R u 0 4  (appears dark);  (h) 
PChEMA block stained with OsO, (appears dark). 

Figure 8. TEM picture of a blend 01 troth homopolymers with 
volume contenta of 50%, respectively, stained with KuO, (PS 
appears dark). 

Figure 9. TEM picture of the rodlike morphology of sample 
DB7 stained with KuO, (PS appears dark). 
9), and spherical (Figure l la ,b)  morphologies have been 
found as expected. Cylindrical morphologies are only 
observed in the case of PS rods embedded in a matrix of 
the LC block (Figure 9). It was not possible to obtain 
completely uniform areas of orientation, but this was of 
advantage since views in the rod direction as well as 
perpendicular to the rods could be recorded simulta- 
neously. Top views of the rods are clearly visible. There 
is a hexagonal arrangement of the rods is only in small, 
possiblyduringthecuttingprwessdeformed areas. Larger 
areas show also a tetragonal arrangement of the rods.17 
Thishasbeenobservedinthecaseofthediblockcopolymer 
as well as in the case of the triblock copolymers." With 
an increase of *ps lamellar phases and with a decrease of 

i 
j h  

Figure I I .  'I'KM pictureiofsphericalmorphologies: (a) sample 
75 (PS hlockstained with Ru04,appearsdarkI; (b) sampleDB19 
(PChEMA block stained with OsO,, appears dark). 

+ p ~ .  spherical phases are found. To examine block 
copolymerswithsmaller +ps, a differentstainingtechnique 
~asused.~SJ9 Figure lobshows thelamellarphaseofDBl1, 
similar to  that  in Figure loa. However, in Figure 10a the 
styrene block was stained and in Figure 10b the meth- 
acrylate block was stained. The  volume fraction of the 
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Figure 12. I.mvuangle electrm diitractiiun 1 ~ a t t e r n  of sample 
DBl l  (lamellar morphology). 

methacrylate main chain is comparatively small; therefore, 
only very small lines are visihle. Most of the volume of 
the phase of the LC block is filled with cholesteryl units. 
Also with this technique the cylindrical phase of LC-block 
rods embedded in the PS matrix was not found; only the 
spherical phase of LC spheres was observed (Figure l lb) .  
The small differences in the observed morphologies 
compared to ref 13 can be explained by the fact that  in 
ref 13 aligned samples for the SAXS studies have been 
used. Fibers were drawn from the samples a t  high 
temperatures, which might have caused a change in 
morphology. 

To confirm the observed morphologies with diffraction 
pattern, low-angle electron diffraction studies were carried 
out, using the procedure described by Bassett and Keller'5 
and Kampf et  aLZ0 Compared with X-ray diffraction 
techniques, the advantages of their method are, first, the 
resolution limit is very much smaller (-4000 A) in the 
case of low-angle electron diffraction as stated by Bassett 
and Keller.15 Secondly, the exposure time is also smaller 
than in the case of X-ray diffraction. Also, due to the 
point focus of the electron beam, two-dimensional resolu- 
tion is immediately obtained without slit desmearing 
approximation procedures etc. Finally, the area with a 
uniform orientation can be much smaller (25 pm2) 
compared to the small-angle X-ray diffraction (-1 mm2). 
Therefore it was possible to select large areas with a 
uniform orientation in the transmission mode prior to 
switching to the diffraction mode. Unfortunately, it is 
quite difficult to find a suitable calibration standard. 
Therefore, the diffraction patterns obtained have only 
qualitative meaning. Figures 12 and 13 show the low- 
angle electron diffraction patterns of different areas of 
samples D B l l  and DB7 confirming the lamellar and 
hexagonal morphologies. The orientational relationship 
between the smectic layers and the microdomain surface 
will be the subject of a further paper.21 

Finally, it was possible to draw a phase diagram of the 
observed morphology dependence on the volume fraction 
of PS, aps (see Figure 14). I t  appears that the dividing 
lines of the areas of spherical morphologies are very well 
defined due to the fact that on both lines there are two 
data points of samples showing both morphologies. The 
open circles represent a nematic structure of the suhphase 
whereas the filled symbols represent the smectic A phase 

Figure 13. l . ,nv~angle ~ l w t r o n  dif i ract ion pattern of sample 
DB7 (hexagonal mr,rphologyl. 

60 

I ,  . I  

8 ,  I .-> ; 
* . i ' l  . I ,  

20 

0.0 0.2 0.4 0.6 0.8 1 .o 

QPS 

Figure 14. Phase diagram of the observed block copolymers. 

of the subphase. As already stated, rods of PChEMA 
embedded in PS have never been observed. Considering 
a symmetric phase diagram, the area of the rodlike phase 
of PChEMA is obviously occupied by the lamellar phase. 
This is understandable if one takes the structure of the 
subphase into account. The formation of the thermody- 
namically stable smectic A phase in the suhphase is 
energetically more favorable than the formation of an 
equilibrium morphology. On the other hand, theenergetic 
differences between lamellar and rodlike phases aresmaller 
than the differences in energy terms between a nematic 
and a smectic structure. A smectic phase can only he 
realized in continuous suhphases like lamellar or matrix 
phases, not in rods or spheres with a very small diameter 
compared to the layer spacing. The influence of the 
subphase on the morphology is stronger. 

Conclusions 
In those samples where the liquid crystalline subphase 

is not continuous (spheres), only a nematic phase is seen, 
whereasin allsamplesin which thereis acontinuousliquid 
crystalline suhphase, the smectic A phase of the ho- 
mopolymer is formed. Obviously, there is some influence 
on the phase structure of the liquid crystalline subphase 
exerted by the morphological structure. The dimensions 
ofthe suhphases, being only ZOOAinasphericalsubphase, 
mean that only a few layers of the liquid crystalline 
structure should be present. This is clearly not enough 
for a smectic phase to form. 
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