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Poly(tert-butoxystyrene)-b-poly(styrene)-b-
poly(4-vinylpyridine) Supramolecular 
Complexes I: Morphological Studies 

 
 
 
 
 

 

 

 

Abstract 

Poly(tert-butoxystyrene)-b-polystyrene-b-poly(4-vinylpyridine) linear triblock 
copolymers were synthesized via sequential anionic polymerization. The self-
assembly of the bulk triblock copolymers and their complexes with stoichiometric 
amounts of a low molecular weight amphiphile, pentadecylphenol, was 
investigated using Transmission Electron Microscopy (TEM) and Small-Angle X-
Ray Scattering (SAXS). The triblock copolymers adopt self-assembled 
morphologies in which the St/P4VP interface is minimized at the cost of creating a 
larger PtBOS/St interface, which is expected considering the values of the χ- 
parameters involved. It was shown that the morphologies change significantly upon 
addition of nominal amounts of PDP, which is due to the increased weight fraction 
of the hydrogen bonded P4VP block, the lowering of the interfacial tension 
between PS and P4VP and the nature of the comb block. 
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5.1. Introduction 
 
In the field of nanotechnology, many possible applications are foreseen due to the 
unique properties of nanoscale objects. An important tool in this field is the self-
assembly of block copolymers, which is therefore an intensively researched topic 
in polymer science nowadays. For simple diblock copolymers, a variety of 
morphologies has been found,1 and this number has dramatically increased with the 
investigations of tri-2-8 and multiblock copolymers9,10 as well as star-type 
topologies.11-17 Of course, an important issue is whether these morphologies will 
actually lead to interesting applications. One promising feature of ABC linear 
triblock copolymer self-assembly is the possibility to separate A- and C- phases 
with a B phase, where the latter may be in the form of either the matrix (or shell) 
for cylindrical, spherical or bicontinuous morphologies or as lamellae in the case of 
triple-lamellar systems. Our research was partially motivated with nanoporous 
charge-mosaic membranes in mind. Since this requires the separation of positive 
and negative charges by an uncharged phase, triblock copolymers seem an obvious 
choice. To investigate new systems in which two phases are separated from each 
other by a third phase, we synthesized novel linear ABC triblock copolymers, 
notably poly(4-tert-butoxystyrene)-b-poly(styrene)-b-poly(4-vinylpyridine) or 
PtBOS-b-PS-b-P4VP (see Figure 5.1). 

 

H2
C

H
C

H2
C][

n
[ H

C
H2
C

H
C

N

[] ]
m p

O

C(CH3)3  

Figure 5.1. The triblock copolymer of interest. 
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The triblock copolymers are synthesized via a three-step sequential anionic 
polymerization (Figure 5.2). 
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Figure 5.2. Synthesis route of the PtBOS-b-PS-b-P4VP triblock copolymers. 
 
In these triblock copolymers, all phases have interesting properties, which may 
prove useful for many different applications. Firstly, as was investigated 
thoroughly in our group,18-20 the poly(4-vinylpyridine) (P4VP) phase allows the 
complexation of low molecular weight amphiphiles such as pentadecylphenol 
(PDP) through hydrogen bonding, which results in so-called hierarchical structure 
formation. This in short means that within the hydrogen bonded side-chain 
P4VP(PDP) domains further microphase separation will occur between the alkyl 
tails of the amphiphiles and the rest of the comb block. Of course, the addition of 
these amphiphiles will dramatically change both the interactions associated with 
the P4VP phase as well as increase its weight fraction. Therefore, it is of direct 
interest to investigate the differences in self-assembly between the bulk triblock 
copolymer and its supramolecular complexes with PDP (Figure 5.3). In relation to 
membrane applications,21 the most interesting property is the possibility to wash 
away these amphiphiles after the structure formation has taken place, which will 
then create a nanoporous structure. This phase may subsequently be positively 
charged by quarternization at the nitrogen atom, which could be of interest for ion 
separation from fluids. 
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Figure 5.3. Schematic illustration of the formation of triblock 

copolymer supramolecular complexes. 
 
It was shown before that the tert-butyl group of PtBOS can be removed in solution, 
thus creating a poly(hydroxystyrene) macromolecule.22 Although it is known that 
this removal is more difficult than the removal of a tert-butyl methacrylate group, it 
may be possible to remove the tert-butyl group in thin films. This would then give 
another porous phase. If this is achieved, a membrane with two different types of 
pores and pore sizes may be created from the original triblock copolymers. We 
would also like to note that when the tert-butyl group is removed, a triblock 
copolymer is obtained with both hydrogen bond donating (phenol) groups as well 
as hydrogen bond accepting (pyridine) groups. This should result in dramatic 
changes in the equilibrium copolymer morphology, since now the A and C blocks 
will have favorable interactions due to the hydrogen bonds that may be formed.23,24 
Also, these amphiphilic macromolecules are expected to have interesting solution 
properties,25,26 although this is outside the scope of the present research. Last but 
not least, the PS phase is not easily derivatized by aforementioned types of 
reactions, let alone degraded. Therefore, it will serve as a stable separating phase 
for the other block domains. 

To rationalize the observed self-assembly of these systems, additional 
investigations into the values of the pertinent interaction parameters were 
conducted. From previous miscibility studies on blends of PS with P(S-co-4VP) 
random copolymers27 it was concluded that 35.030.0 4, ≤<

VPS
χ . As reported in 

Chapter 3, the other two interaction parameters, tBOSS ,χ  and tBOSVP ,4χ  were 

determined by similar blend studies and found to satisfy 034.0031.0 , << tBOSSχ  

and 43.039.0 ,4 << tBOSVPχ . This implies that the self-assembly in these triblock 
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copolymers is expected not to show any frustrated morphologies. Moreover, since 

ABχ « BCχ , core-shell self-assembled states are to be expected. 

The results of our research show that the triblock copolymer morphology is 
greatly affected by adding PDP. For the pure triblock copolymer VPStBOSS 4,, χχ <<  

holds. After addition of PDP the interaction involves PS and P4VP(PDP). From 
previous studies28 it is known that the presence of the PDP side chains reduces the 
interaction considerably. Together with the fact that the weight fraction of the 
P4VP phase increases significantly on addition of PDP, its presence will obviously 
strongly affect the final morphology. In particular self-assembled states with an 
increased interface between PS and P4VP(PDP), compared to PS and P4VP, are to 
be expected. 
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5.2. Experimental section 

5.2.1. Materials 
 
sec-Butyllithium (sBuLi, Aldrich, 1.4 M in cyclohexane) was used without further 
purification. Styrene (St, 99 %, Acros) was stirred for 24 h under nitrogen 
atmosphere over CaH2. It was then condensed at room temperature (10-6 mbar) into 
a flask containing dibutylmagnesium. After stirring overnight, it was condensed a 
second time into a storage ampule, which was kept at 6 °C under nitrogen 
atmosphere. 4-Vinylpyridine (4VP, Aldrich, 95 %) was dried under nitrogen 
atmosphere over calcium hydride for 48 h and condensed into a flask containing 
freshly cut sodium. After stirring overnight at room temperature, it was condensed 
into an ampule and stored under nitrogen at -18 °C. 4-tert-Butoxystyrene (tBOS, 
Aldrich, 99 %) was distilled twice from CaH2 and stored at 6 °C. Tetrahydrofuran 
(THF, Acros, 99 +%) was first distilled over a potassium/sodium alloy and then 
condensed and subjected to three freeze-thaw cycles. It was reacted with t-
butyllithium for 15 min at -78 °C during which a yellow color indicated that the 
solvent was suitable for anionic polymerization. Finally the solvent was condensed 
into the polymerization flask. LiCl (Aldrich, 99.99+ %) was dried overnight in 

vacuo at 130 °C. Chloroform (p.a., LAB-SCAN) was used as received. 3-
Pentadecylphenol (PDP, 98 %, Aldrich) was recrystallized twice from petroleum 
ether. Methanol was degassed by bubbling dry nitrogen through it for one hour at 
room temperature. 
 

5.2.2. Characterization 
 
Gel permeation chromatography (GPC) measurements were performed in DMF 
with 0.01M LiBr at 70 °C (1 mL/min) on a Waters 600 Powerline system, 
equipped with 2 columns (PL-gel 5 µ,  30 cm mixed-C, Polymer Laboratories) and 
a Waters 410 Differential Refractometer. The GPC was calibrated using narrow 
disperse polystyrene standards (Polymer Laboratories). The molecular weights of 
the polymers were calculated based on the reaction stoichiometry and the 
determined molecular weight of the homopolymer precursor. 
Bright-field transmission electron microscopy (TEM) was performed on a JEOL-
1200EX transmission electron microscope operating at an accelerating voltage of 
100 kV. 
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1H-NMR spectra in CDCl3 were recorded on a 300 MHz Varian VXR operating at 
room temperature. Attenuated total reflection (ATR) infrared measurements were 
performed using a Golden Gate accessory with a heated diamond top-plate on a 
Bruker IFS88  spectrometer equipped with a MCT-A detector at resolution 4 cm-1. 
Small-Angle X-Ray Scattering (SAXS) measurements were performed on the 
Dutch-Belgian Beamline (DUBBLE) at ESRF in Grenoble, France. The sample-
detector distance was about 7.3 m for the block copolymer length scale and about 
1.5 m for the P4VP(PDP) length scale. The X-ray wavelength was 1.24 Å (E = 10 
keV). The scattering vector q is defined as q = (4 π/λ) sin θ, where θ is half of the 
scattering angle. 
(Temperature-Modulated) Differential Scanning Calorimetry (M-DSC) was 
performed with a TA Instruments Q1000. A modulated mode with heating/cooling 
rate of 1 °C/min, an amplitude of 0.5 °C and a period of 60 s was used. 
 

5.2.3. Anionic polymerization of PtBOS-b-PS-b-P4VP 
 
All anionic polymerizations and purification techniques were performed on a high-
vacuum line. At room temperature, 800 mL THF was condensed into a 1000 mL 
flask containing LiCl in 5 -fold excess relative to the later introduced amount of 
initiator. After three freeze-thaw cycles, a few drops of tBOS were added and the 
solution was titrated with sBuLi until the solution just turned slightly yellow. The 
solution was now cooled to -78 °C and the calculated amount of tBOS was added 
with a degassed syringe. Next, the calculated amount of sBuLi was added and the 
polymerization was allowed to proceed for 45 min. Then a 10 mL sample was 
withdrawn for GPC analysis and dispersed into degassed methanol. After this, the 
polymerization of styrene was started by adding the calculated amount to the 
reaction mixture. Again, after 45 min, a GPC sample was withdrawn and 
precipitated in methanol. Now the calculated amount of 4VP was added and the 
polymerization was allowed to proceed for another hour. The polymerization was 
stopped by the addition of 5 mL of degassed methanol. The polymers were 
precipitated in methanol (low fractions of P4VP) or cold hexane (higher fractions 
of P4VP). The molecular weights and polydispersities were determined by GPC in 
DMF. 
 

5.2.4. Triblock copolymer complexes with PDP 
 
The triblock copolymer (100 - 200 mg) was dissolved in chloroform together with 
the calculated amount of PDP. After at least 2 h of stirring at room temperature, the 
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solution was poured into a glass petri dish, which was subsequently placed into a 
chloroform atmosphere. After at least a week of solvent annealing, the dish was 
heated for at least 10 minutes in an oven of 130 °C. 

Bulk triblock copolymer films were cast by dissolving the polymer in 
chloroform and applying the procedure just mentioned (temperature annealing was 
performed at 180 °C). 

 

5.2.5. Transmission electron microscopy samples 
 
Block copolymer films were cast from chloroform in a glass petri dish. The solvent 
was slowly evaporated and the sample was annealed for several days in a saturated 
chloroform vapor. A piece of film was then embedded in an epoxy resin (Epofix, 
Electron Microscopy Sciences) and cured overnight at 40 °C. The sample was 
subsequently microtomed to a thickness of about 80 nm using a Leica Ultracut 
UCT-ultramicrotome and a Diatome diamond knife at room temperature. The 
microtomed sections were floated on water and subsequently placed on copper 
grids. To obtain contrast during TEM, the samples were stained with iodine (3 h) or 
RuO4 (different times, ranging from 15 to 100 min). 
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5.3. Results 

5.3.1. Synthesis 
 
The three-step sequential anionic polymerization showed for each polymerization 
step well-defined polymers (low PDI, monomodal and symmetric elution peaks). In 
Table 5.1, four synthesized triblock copolymers with typical molecular weights and 
fractions are listed. 
 

Table 5.1. Properties of the triblock copolymers synthesized by anionic polymerization 
 Weight fractions   

entry PtBOS PS P4VP 
nM a 

(kg/mol) PDI 
1 0.46 0.46 0.08 76.0 1.04 
2 0.29 0.56 0.15 49.7 1.07 
3 0.34 0.34 0.32 13.3 1.06 
4 0.24 0.38 0.39b 90.6 1.09 

a) Based on the reaction stoichiometry and the molecular weight of the PtBOS precursor as 
determined by GPC. 

b) Fractions do not add up to 1 because of rounding-off errors. 
 
The polymers were synthesized in a range of predictable molecular weights 
according to the ratio of monomer and initiator. Also the block fractions were equal 
to the fractions predicted by the reaction stoichiometry (this was verified with 1H-
NMR). For triblock copolymers with a very low fraction of P4VP (entry 1 in Table 
5.1), precipitation in methanol was possible, but for higher fractions cold hexane 
was used as the non-solvent for precipitation.  

In Figure 5.4 a representative GPC elution diagram is shown, which reflects the 
controlled nature of the reaction. The elution peaks are symmetrical around their 
elution volume and each peak is completely shifted towards lower elution volumes 
after each polymerization step. 
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Figure 5.4. Representative GPC elution diagrams for the three successive polymerization 

steps of PtBOS-b-PS-b-P4VP (entry 2 in Table 5.1). The dotted curve represents the 
homopoly(tBOS) precursor, the dashed curve represents the PtBOS-b-PS precursor and the 

solid curve represents the final PtBOS-b-PS-b-P4VP triblock copolymer. 
 
After the addition of stoichiometric amounts of PDP (one PDP unit per 4VP repeat 
unit), the block weight fractions are changed into the values listed in Table 5.2. 
 

Table 5.2. Properties of the hydrogen-bonded triblock copolymer(PDP)1,0 complexes. 
 Weight fractions  

entry PtBOS PS P4VP(PDP)1,0 

nM  

(kg/mol) 
1 0.37 0.37 0.25a 93.4 
2 0.16 0.50 0.33a 87.6 
3 0.17 0.17 0.65a 26.0 
4 0.11 0.18 0.71 192.0 

a) Fractions do not add up to 1 because of rounding-off errors. 
 
For this Table, all PDP molecules have been assumed to be present inside the 
P4VP(PDP) phase. 
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5.3.2. Proof of complex formation 
 
It is well-known that hydrogen-bonded complexes of poly(4-vinylpyridine) with 
PDP form a microphase separated lamellar morphology below ca. 67 °C.29 The 
pentadecyl chains separate from the polymer and phenol function of PDP. This 
results in a lamellar arrangement with a period of about 3-5 nm, depending on the 
amount of PDP and temperature. To prove the existence of this internal short-
length-scale structure in the triblock copolymer/PDP supramolecules, SAXS 
intensity curves were recorded at angles corresponding to this small length scale. 
For representative complexes, a sharp P4VP(PDP) length scale peak was indeed 
found. As an example, the intensity curve for entry 4 in Table 5.2 is shown. 
The sample is heated from 10 °C to 120 °C, cooled to 0 °C and reheated to 120 °C 
to show reversibility. 
 

 
Figure 5.5. SAXS intensity curve for entry 4 in Table 5.2. 

 
A number of events occur that are already known from our previous research on 
P4VP(PDP) and their diblock copolymers with PS.30 Firstly, a peak that indicates a 
lamellar microphase separated morphology of P4VP and the alkyl tails of PDP is 
found at about q = 1.7 nm-1 (there is a small temperature dependence). The length 
scale that corresponds to this peak, according to formula 2-9, is about 3.7 nm. This 
value is in good agreement with the length scales known from the PS-b-
P4VP(PDP) studies. 
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Secondly, upon heating, this peak disappears and changes into a correlation hole 
peak; the temperature at which this occurs is the order-disorder temperature (ODT) 
for the small length scale. Although hydrogen bonds are thermally reversible, up to 
high temperatures many hydrogen bonds remain and the homogeneously mixed 
state consists primarily of P4VP(PDP) hydrogen-bonded side-chain polymers and 
some free PDP.31 Using DSC, the transition temperature for this particular sample, 
defined by the peak position was found to be 78 °C upon heating and 73 °C upon 
cooling. The ODTs of the microphase separation in the P4VP(PDP) domains of all 
the triblock copolymer samples studied are all in the same range of temperatures. 
In the case of homopolymer P4VP with an equimolar amount of PDP the ODT is 
approximately 60 °C,32 a value which is also found for the PS-P4VP(PDP)1,0 
system.30 Compared to these systems, our triblock copolymer complexes show a 
somewhat higher ODT for the small length scale. 

Finally, crystallization of the alkyl tails of PDP occurs below room temperature. 
This results in a “collapse” of the lamellar structure, as is reflected by a shift in the 
peak to q = 1.88 nm-1 for the pristine sample at 10 °C. The length scale is now 
significantly smaller, 3.3 nm. 
 
5.3.3. Morphological studies 
 
5.3.3.1. Diblock copolymer precursors 
 
Two diblock copolymer precursors were analyzed with SAXS and TEM to 
investigate the phase separation that occurs between PtBOS and PS. It was also 
performed to see which of the two blocks is stained more with RuO4. To this end, 
first the asymmetric diblock copolymer, which was the precursor for entry 2 in 
Table 5.1 was investigated. 
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     (a)            (b) 

Figure 5.6. Bright-Field TEM micrograph (a) and the corresponding SAXS intensity 
profile (b) of the diblock precursor of entry 2 in Table 5.1. The TEM sample was stained 

for 100min with RuO4. 
 
The diblock precursor shows a lamellar morphology, in which the PtBOS layers 
are the thinnest lamellae (the fraction of PtBOS is 0.34). The lamellae do not show 
long-range order, which is reflected by the absence of higher order peaks in the 
SAXS profile. Cylindrical (or bicontinuous) self-assemblies are expected to form 
for these diblock copolymers at even lower PtBOS fractions. Furthermore, we can 
now say, since PtBOS is the minority fraction, that PtBOS is stained more heavily 
than PS. The long period, as measured from the TEM picture is nmnm 126 ± , 
which is in excellent agreement with the value obtained from SAXS, 26.2 nm (q = 
0.24 nm-1). 
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     (a)            (b) 

Figure 5.7. Bright-Field TEM micrograph (a) and the corresponding SAXS intensity 
profile at room temperature (b) of the diblock precursor of entry 1 in Table 5.1. The TEM 

sample was stained for 100min with RuO4. 
 
This symmetric diblock copolymer, the precursor for entry 1 in Table 5.1, shows 
the expected lamellar self-assembly. The lamellae are moreover of similar 
thickness, which is also reflected by the absence of the second order peak in the 
SAXS intensity pattern. The repeat unit as calculated from SAXS has a value of 
45.9 nm, while TEM analysis gives nmnm 245 ± . 
 
5.3.3.2. Triblock copolymers and their complexes with PDP 
 
The self-assembly of the four bulk triblock copolymers listed in Table 5.1, as well 
as their complexes with PDP was investigated with TEM and SAXS. A detailed 
discussion per block copolymer and its corresponding complexes will now be 
given. 
 

The self-assembly of entry 1 (ftBOS = fSt = 0.46 , f4VP = 0.08) is addressed using 
both SAXS and TEM. When staining with iodine, only the P4VP phase is stained 
and apparently forms hexagonally spaced cylinders as can be seen in Figure 5.8a. 
The fraction of P4VP is very low (8 wt%), but apparently phase separation still 
occurs due to the large value of the interaction parameter between PS and P4VP. It 
was also shown before by Bates and coworkers that cylinders can form at lower 
block fractions for triblock copolymers.7 When the sample is stained with 
ruthenium tetroxide, the PtBOS and P4VP phases are stained more than the PS 
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block (Figure 5.8b) and a core-shell morphology is clearly observed. This leads to 
the conclusion that the structure is a core (P4VP) – shell (PS) cylindrical 
morphology. 

 

          
 (a)                (b) 

               

           
  (c)                (d) 

Figure 5.8. Bright-field TEM image of entry 1 in Table 5.1, stained with iodine (a), stained 
with ruthenium tetroxide (b), the corresponding SAXS intensity profile at room temperature 
(c) and a schematic representation of the morphology (d). Green represents P4VP, red is PS 

and blue is PtBOS. 
 
The interaction parameters that were determined in Chapter 3 satisfy ABχ « BCχ , 

which is, as pointed out earlier,3,33 a requirement for core-shell structures. It is 
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obvious that the system can minimize the highly unfavorable BC interactions at the 
cost of generating more AB contacts by adopting this morphology. In this respect it 
is important to realize that for the given composition a lamellar-type interface 
between PtBOS and PS corresponds to a minimal  PtBOS/PS interface. Moreover, 
the shell (consisting of the PS block) seems to have a hexagonal shape, which has 
been reported before for tri- and tetrablock copolymer systems.34-36 Gido and 
coworkers35 observed a similar self-assembly for a linear polyisoprene-b-
polystyrene-b-poly(2-vinylpyridine) triblock copolymer. The hexagonal shape was 
explained to be due to the packing of the chains, which in this way are able to have 
all chain ends at a nearly equal distance from the center of the cylinder. 

The first order scattering peak from the SAXS pattern gives us the distance 
between cylinder planes: d = 2π / q ≈ 65.4 nm. This distance is also determined 
from an average of measurements of the somewhat distorted hexagonal pattern of 
the TEM image. Averaging over the different planes gives a value of about 

nmnm 557 ± . Since the TEM pictures were not calibrated, this deviation between 
the TEM and SAXS values probably lies in the TEM error margin. 

Upon addition of a stoichiometric amount of PDP, a change in morphology is 
observed. Staining with iodine reveals reasonably thin P4VP lamellae and after 
staining with RuO4, a triple lamellar structure is clearly visible. 
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            (a)                (b) 
               

                   
    (c)                (d) 

Figure 5.9. Bright-field TEM image of the complex of entry 1 in Table 5.2, stained with 
iodine (a), stained with ruthenium tetroxide (b), the corresponding SAXS intensity profile 

at room temperature (c) and a schematic representation of the morphology (d). Green 
represents P4VP(PDP), red is PS and blue is PtBOS. 

 
The block fractions are now 0.37 : 0.37 : 0.25, so the different domains are 
comparable in size. Secondly, the comb architecture of the P4VP(PDP) block 
requires more space for the amphiphilic alkyl tails to stretch, causing a preference 
for lamellar morphologies. In general, blocks which require extra space such as 
graft or star37 blocks will show a tendency to form lamellar self-assemblies for a 
large part of the phase diagram. Considering also the reduction of the 
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PS/P4VP(PDP) interface tension as compared to pure PS/P4VP, this lamellar 
structure is no surprise. The long period, as derived from the TEM images, is 

nmnm 268 ± , as opposed to 66.1 nm, which is derived from the first order 
scattering peak. These numbers are in good agreement. 

Next entry 2 (ftBOS = 0.29, fSt = 0.56 , f4VP = 0.15) from Table 5.1 will be 
discussed. When staining with iodine (Figure 5.10a), only the P4VP domains are 
stained, upon which clearly hexagonally packed cylinders are observed. Not 
unexpected given the fact that the fraction of P4VP is now 15 %. When staining 
with ruthenium tetroxide (Figure 5.10b), all three phases are stained, but the PtBOS 
and P4VP phases more heavily than the PS phase. Based on these two staining 
methods we find, as before, a core-shell double cylindrical self-assembled 
morphology. 
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(a)                (b) 

                   
  (c)                (d) 

Figure 5.10. Bright-field TEM image of entry 2 in Table 5.1, stained with iodine (a), 
stained with iodine and ruthenium tetroxide (b), the corresponding SAXS intensity profile 

at room temperature (c) and a schematic representation of the morphology (d). Green 
represents P4VP, red is PS and blue is PtBOS. 

 
The distance between cylinder planes is determined from TEM to be 

nmnm 240 ± , somewhat smaller than the value derived from SAXS; 48.0 nm. 
When adding one PDP molecule per P4VP unit, the interaction parameters 
(presumably) are more of the same order and the fractions satisfy ftBOS = 0.16, fSt = 
0.50 , f4VP(PDP) = 0.33. The PS/P4VP interface adapts to provide the alkyl tails more 
space and the weight fraction of the third block is much higher. As for the previous 
sample, a three-phase lamellar structure is found as demonstrated by both TEM and 
SAXS. 
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(a)         (b) 

                

  (c)      (d) 

Figure 5.11. Bright-field TEM image of the complex of entry 2 in Table 5.2, stained with 
iodine (a), stained with iodine and ruthenium tetroxide (b), the corresponding SAXS 

intensity profile (c) and a schematic representation of the morphology (d). Green represents 
P4VP(PDP)1.0, red is PS and blue is PtBOS. 

 
From the first order SAXS peak (q = 0.117 nm-1) we find for the long period d = 
53.7 nm. From TEM one can directly measure this length as nmnm 146 ± . 
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Entry 3 (ftBOS = fSt = 0.34 , f4VP = 0.32) is the triblock copolymer with the lowest 
molecular weight (about 5 kg/mol per block). Its SAXS profile showed a 
cylindrical scattering pattern. The first order scattering peak at q = 0.319 nm-1 
provides the distance between cylinder planes, which is calculated to be 19.7 nm. 
From TEM images one measures nmnm 219 ± , which is in good agreement. 

The resolution of the TEM pictures is clearly less than that of the previous 
samples. This is probably due to surface staining of the very powdery sample; the 
epoxy resin is able to substantially penetrate the powder-like structure of the 
sample. 
 

                       
 (a)                   (b) 

               

                 
    (c)                (d) 

Figure 5.12. Bright-field TEM image of entry 3 in Table 5.1, stained with iodine (a), 
stained with ruthenium tetroxide (b), the corresponding SAXS intensity profile at room 
temperature (c) and a schematic representation of the morphology (d). Green represents 

P4VP, red is PS and blue is PtBOS. 



 
 
 
 
 
 
 
 
122                                                                                                           Chapter Five 

An interesting observation for this particular triblock copolymer is the existence of 
three microphases. The phase separation of P4VP from PS and PtBOS is not a 
surprise, given the large values of the Flory-Huggins interaction parameters 

VPS 4,χ  

and VPtBOS 4,χ . However, since 034.0031.0 , << tBOSSχ , such low molecular 

weights could well have resulted in a mixed PS/PtBOS phase ( 3, ≈NStBOSχ ). Such 

a mixed state was indeed found for the diblock precursor of this polymer as 
demonstrated by the SAXS scattering pattern presented in Figure 5.13. 
 

 
Figure 5.13. SAXS scattering intensity profile for the PtBOS-b-PS precursor for entry 3 in 

Table 5.1 (ftBOS = fS = 0.50, nM = 9.0 kg/mol). 

 
Apparently, the molecular architecture of the chains, or rather the sequence of the 
blocks, ensures easier segregation of the PtBOS and PS blocks once the P4VP 
blocks are segregated. 
This phenomenon has been described before by Chatterjee et al.

38 for 
poly(isoprene)-b-polystyrene-b-poly(ethylene oxide) or ISO linear triblock 
copolymers. They observed that a symmetric IS diblock precursor (fI = 0.51, fS = 

0.49 and nM  = 6.9 kg/mol)was in the disordered state, while the corresponding 

triblock copolymer (fI = 0.28, fS = 0.24, fO = 0.48 and nM  = 14.2 kg/mol) showed 

a nearly completely segregated three domain structure. The interaction parameter 
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for the A and B block in this case satisfies 034.0=ISχ , which fortuitously 

corresponds precisely to our case. 
 
A complex with a nominal amount of PDP per 4VP unit was cast (ftBOS = fSt = 0.17, 
f4VP(PDP) = 0.65) and its morphology investigated. SAXS did not show any 
indication of microphase separation (Figure 5.14a, no peaks were observed). 
Although some regions with a tendency to form lamellar phases can be found in the 
TEM picture, the sample as a whole is mostly in a disordered state (Figure 5.14b). 
Apparently, upon addition of PDP, the interaction parameter between PS and P4VP 
is lowered to such an extent, that the value of Nχ falls below or is close to the 
critical value for phase separation. The same reasoning may hold for the interaction 
between PS and PtBOS, since some small amount of PDP is soluble in PS and this 
may also be the case for PtBOS. As such, the supramolecular polymer is in a 
disordered or mixed state. Staining with ruthenium produced similar pictures to 
those stained with iodine (not shown). 
 

             
  (a)           (b) 
Figure 5.14. SAXS intensity profile at room temperature of the complex of entry 3 in Table 

5.2 (a) and a Bright-Field TEM image after staining with iodine (b). 
 
Finally, we consider entry 4 in Table 5.1 (ftBOS = 0.24, fSt = 0.38 , f4VP = 0.39). In 
Figure 5.15, we can see that the bulk  triblock copolymer morphology shows again 
a core (P4VP)-shell (PS) cylindrical morphology, very similar to the morphology 
observed for entry 2 of Table 5.1. Notably, the core of the cylinders is now larger, 
due to the higher weight fraction of P4VP, 0.39 instead of 0.15. 
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    (a)         (b) 

                 

  (c)                 (d) 

Figure 5.15. Bright-field TEM image of entry 4 in Table 5.1, stained with iodine (a), 
stained with ruthenium tetroxide (b), the corresponding SAXS intensity profile (c) and a 

schematic representation of the morphology (d). Green represents P4VP, red is PS and blue 
is PtBOS. 

 
From the first scattering peak in the SAXS profile the long period is calculated to 
be 62.8 nm. From TEM, we measure the distance between cylinder planes as 

nmnm 459 ± ; both values agree quite well. 
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Upon addition of 1.0 equivalent of PDP, the fractions satisfy ftBOS = 0.11, fSt = 0.18 
and f4VP(PDP) = 0.71. As one might expect from diblock copolymer phase diagrams, 
we now find a hexagonal structure in which P4VP is the matrix. PtBOS forms very 
small lamellae between P4VP layers and PS forms cylinders which lie between the 
two lamellae (Figure 5.16). The fact that this structure is actually an hexagonally 
perforated lamellar structure is reflected by the SAXS pattern, which exhibits a √6 
peak, which is generally found for HPL self-assemblies.39 The lamellar period, as 
measured from the TEM images, is nmnm 357 ± , while SAXS gives 66.1 nm. 

 

                

    (a)                       (b) 

              

       (c)                       (d) 
Figure 5.16. Bright-field TEM image of the complex of entry 4 in Table 5.2, stained with 
iodine (a), stained with ruthenium tetroxide (b), the corresponding SAXS intensity profile 

at rt (c) and a schematic representation of the morphology (d). Green represents 
P4VP(PDP)1.0, red is PS and blue is PtBOS. 
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This is the first time we observe a clearly frustrated morphology, since the P4VP 
domains not only have an interface with polystyrene, but also an interface with 
PtBOS is created. Clearly, the system foremost wants to minimize the PS/PtBOS 
interactions. Due to the presence of PDP the interaction between PS and 
P4VP(PDP) is far less unfavorable. Now since for previous complexes unfrustrated 
structures were found, this class of triblock copolymer complexes is probably in 
the Type I frustrated regime. That we are dealing with the equilibrium morphology 
is clear from the scattering patterns. Upon heating, the SAXS intensity curve 
changes into a lamellar pattern (Figure 5.17) but upon cooling, the original 
scattering profile is recovered. 
 

 
Figure 5.17. Upon heating, the SAXS scattering pattern of the complex of entry 4 in Table 

5.2 with a nominal amount of PDP changes into a lamellar pattern. To guide the eye, the 
curve for T = 200 °C is bold. 

 
5.3.3.3. Interfacial staining by ruthenium tetroxide 

 
As was claimed in Chapter 2, ruthenium tetroxide may preferentially stain the 
interfaces of block copolymer phases. We observed such interfacial staining for the 
bulk triblock copolymer shown in Figure 5.10. In Figure 5.18a, a TEM micrograph 
in which the P4VP phase is fully stained by RuO4 is shown, whereas in Figure 
5.18b, clearly, the PS/P4VP interface is stained preferentially. It may be that the 
interface is always stained first and a longer period of time is needed to stain the 
microphase completely. Once again it is shown that examining TEM pictures from 
stained (block co)polymer samples is not straightforward, at all. 
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 (a)                (b) 

Figure 5.18. Bright-Field TEM micrographs of the same triblock copolymer sample shown 
in Figure 5.10, stained with RuO4 for an hour. Picture (a) shows complete staining of the 
P4VP phases, whereas picture (b) shows preferential staining of the interface between PS 

and P4VP. In (b), probably the RuO4 vapor was less concentrated. 
 

5.3.4. Temperature-dependent SAXS 

 
The temperature-dependent SAXS scattering profiles, such as the one presented in 
Figure 5.17, show a number of interesting features. Most notably, the first order 
scattering peak is extinguished in certain temperature intervals. This particular 
phenomenon will be addressed in some detail in Chapter 6. 
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5.4. Concluding remarks 
 
In summary, the anionic polymerization of PtBOS-b-PS-b-P4VP was performed 
successfully resulting in well-defined triblock copolymers with a low 
polydispersity. 
The self-assembly of the bulk copolymers and their supramolecular complexes 
with a low molecular weight amphiphile (PDP) was investigated using SAXS and 
TEM. The addition of this low molecular weight amphiphile changes the triblock 
copolymer self-assembly in such a way that morphologies with a larger PS / P4VP 
interface are realized than in the pure block copolymer sample. For example, it was 
shown that triblock copolymers with a core-shell hexagonal cylindrical structure 
assume a triple lamellar morphology when adding a nominal amount of PDP. 
These changes are ascribed to the lowering of the PS / P4VP interface tension due 
to the presence of PDP in the P4VP domains, the increased weight fraction of the 
P4VP-containing phases and the comb-like nature of the P4VP(PDP) blocks. With 
this unique system we are able to go from the core-shell unfrustrated regime to the 
Type I frustrated regime by selecting the proper length of the P4VP(PDP) block, 
which offers the possibility to obtain a great number of different morphologies. For 
low weight fractions ( 4.0)(4 <PDPVPPf ) of the P4VP(PDP) block, unfrustrated 

assemblies were found, while a complex with a large weight fraction (0.71) showed 
a frustrated morphology. 
The χ-parameters involved were determined by random copolymer blend studies. 
As presented in Chapter 3, the inequalities 034.0031.0 , << tBOSSχ  and 

43.039.0 4, << VPtBOSχ  hold, while the relation 35.030.0 4, ≤< VPSχ  was known 

from previous miscibility studies. In agreement with these values, the self-
assembly of the bulk triblock copolymers showed no frustration. 
The lamellar self-assemblies that were found for complexes with a nominal amount 
of PDP are obviously not the most promising morphologies with respect to 
membrane applications. Therefore, complexes were made with different amounts 
of PDP and these will be the topic of the two following Chapters. 
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