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The Determination of Four Flory-Huggins 
Interaction Parameters 

 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
The values of the Flory-Huggins interaction parameters of four different pairs of 
monomers, that form the repeat units of the two classes of triblock copolymers 
studied in this thesis, are determined on the basis of random copolymer miscibility 
studies. Random copolymers of each monomer pair were synthesized and 
subsequently blended with one of the corresponding homopolymers. By 
determining the critical random copolymer composition at the border line between 
mixing and macrophase separation, the values of the χ-parameters involved can be 
calculated in a straightforward manner. The knowledge of these values is of direct 
interest for the self-assembly studies of the triblock copolymers that will be 
discussed in the subsequent Chapters. 
 
Part of this Chapter was published in: Gobius du Sart, G.; Rachmawati, R.; Voet, V.; 
Alberda van Ekenstein, G.; Polushkin. E.; ten Brinke, G.; Loos, K. Macromolecules 2008, 
41, 6393-6399 
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3.1. Introduction 

3.1.1. Determining χ-parameters experimentally 
 
Over the years, different researchers have used different methods to determine χ-
parameters experimentally.1 Among these methods are: neutron reflectivity 
experiments,2 small-angle X-ray scattering regarding the ODT of diblock 
copolymers,3 the solubility parameter approach (which is merely a calculation 
based on known or estimated solubility parameter values)4 and contact angle 
measurements.5 

In the past, we have performed so-called random copolymer miscibility studies 
for styrene/4-vinylpyridine to calculate the corresponding χ-parameter.6 The 
motivation for these experiments was a publication, in which the interaction 
parameter between the monomers was calculated using different experimental 
procedures. The authors employed Atomic Force Microscopy (AFM, to determine 
micelle spacings), contact angle measurements on droplets of PS on a thin P4VP 
film and neutron reflectivity to determine the PS/P4VP interfacial width.7 
Unrealistically large values of the S/4VP interaction parameter were obtained in 
combination with a very large window: 5.738.0 4, << VPSχ . The conclusion from 

the random copolymer experiments was 35.030.0 4, << VPSχ , a conclusion that 

was corroborated recently by a small angle neutron scattering study on PS-b-P4VP 
diblocks.8 

 
As will be discussed in subsequent Chapters, two different novel triblock 

copolymers, both involving styrene and 4-vinylpyridine blocks, were synthesized 
using both ATRP and anionic polymerization. The self-assembly of these triblock 
copolymers as well as their hydrogen-bonded supramolecular complexes with low 
molecular weight amphiphiles was investigated. To rationalize the morphologies 
observed, information about the different interaction parameters involved is 
indispensable. The triblock copolymers are poly(tert-butyl methacrylate)-b-
poly(styrene)-b-poly(4-vinylpyridine) or PtBMA-b-PS-b-P4VP and poly(tert-
butoxy styrene)-b-poly(styrene)-b-poly(4-vinylpyridine) or PtBOS-b-PS-b-P4VP. 
Since the χ-parameter value for St and 4VP is known,6 there are four more 
parameters left to determine, namely tBMAS ,χ , VPtBMA 4,χ , tBOSS ,χ  and VPtBOS 4,χ . To 

this end, we decided to perform appropriate random copolymer blend miscibility 
studies. 

If two polymers are completely immiscible (the strong segregation limit), a 
direct determination of the interaction parameter from the phase behavior of the 
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two polymers is impossible. One possibility is to use low(er) molecular weight 
analogues, using the known relation between the molecular weight and the 
mixing/demixing behavior. The second possibility, which will be used here, is the 
use of suitable random copolymer blends. 
A simple mean-field analysis,9-12

 shows that the Gibbs free energy of mixing per 
segment for a blend of homopolymer P(A) and random copolymer P(Ax-co-B1-x) is 
given by 
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where both components are assumed to be monodisperse with chain lengths N1 and 
N2, respectively; φ denotes the volume fraction of P(A). The essential observation 
is that the interaction parameter effχ  is related to ABχ  by 
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and thus will be much smaller than ABχ  for 1→x . Since phase separation occurs 
for 
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equation 3.2 demonstrates that both species will become miscible for x sufficiently 
close to 1. In general the polymer species involved are not monodisperse. 
Therefore, the first two terms in eq. 3.1, representing the translational entropy of 
the two monodisperse polymers involved, will have to be replaced by many similar 
terms, one for each chain length. The effect of polydispersity on the miscibility of 
different polymers has been discussed by Koningsveld et al.13 In a good 
approximation eq. 3.3 now becomes  
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where wN ,1  and wN ,2  denote the weight average chain lengths of the respective 

components. 
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From equations 3.2 and 3.4 it is evident that the value of ABχ  can be estimated by 
investigating the value of x for which immiscibility turns into miscibility for  
blends of P(Ax-co-B1-x) random copolymers with homopolymer P(A). Thermal 
analysis will be used to determine the miscibility. Using Differential Scanning 
Calorimetry (DSC), the blend is heated into the melt state (above the glass 
transitions of both polymers), annealed and cooled to room temperature again. In a 
subsequent scan miscibility is judged on the basis of the presence of one or two 
glass transition temperatures. The presence of two glass transition temperatures is a 
clear indication of macrophase separation having occurred in the melt state. The 
presence of a single glass transition implies a molecularly mixed state provided the 
glass transition temperatures of the respective pure components are sufficiently far 
apart (e.g. 20 °C). Because of the nature of the blends, the glass transition 
temperatures will usually be quite close and the above criterion can not be used. 
This is always the case for 1→x . Therefore, a different procedure is required as 
will be discussed next. 
 

3.1.2. Physical aging 
 
To overcome the problem associated with glass transition temperatures that are too 
close, an alternative thermal analysis procedure has been developed two decades 
ago.14-17 

This procedure is based on physical aging or thermal annealing of a system in 
the glassy state. When a molecularly homogeneous blend of two polymers with 
comparable glass transition temperatures is annealed at a temperature Ta just below 
their Tgs, a subsequent DSC scan will reveal a single enthalpy relaxation peak 
(Figure 3.1). 

 
 
 
 
 
 
Figure 3.1. Schematic thermogram of 
the glass transition of a polymer system. 
After physical aging, an enthalpy 
recovery relaxation peak is recovered 
upon heating. 
 
 

Unaged

Aged
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However, when the blend is phase separated, the thermal annealing procedure, if 

correctly applied, will reveal two enthalpy recovery peaks. Thermal aging is an 
extremely complicated process involving a spectrum of relaxation times. 
Therefore, even if two chemically different polymers have a nearly identical glass 
transition temperature, the effect of physical aging will be different. Hence, two 
different polymers will in general have different relaxation peaks. Using modulated 
DSC,18,19 which can separate reversible and non-reversible heat flow signals, the 
analysis of these physical aging experiments have become unambiguous. The 
physical aging temperature Ta should not be too far below the Tgs, since this would 
make the relaxation very slow. On the other hand, when Ta is too close to the Tgs, 
the polymer system relaxes quickly to its equilibrium state and only a single 
shallow enthalpy recovery peak will be visible irrespective of the phase state of the 
mixture. Practical experience has taught us that the optimum difference between Tg 
and Ta varies somewhat, with 15-20 K usually being an appropriate choice.20 
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3.2. Experimental Section 

3.2.1. Materials 
 
Styrene (St, ACROS, 99 %), 4-vinylpyridine (4VP, Aldrich, 95 %), tert-butyl 
methacrylate (tBMA, Aldrich, 98 %) and tert-butoxystyrene (tBOS, Aldrich, 99 %) 
were dried over calcium hydride, distilled under reduced pressure and stored under 
nitrogen at 6 °C. Toluene (LAB-SCAN, 99.5 %), acetone (LAB-SCAN, 99.5 %) 
and dimethyl formamide (DMF, Acros, > 99 %), were distilled and stored under 
nitrogen at room temperature. Hydroquinone (Merck, > 99 %) and α,α-
Azobisisobutyronitril (AIBN, Fluka, ≥ 98 %) were used as received. All 
polymerizations were performed under an atmosphere of dry nitrogen. Different 
P4VP and PS homopolymers were supplied by Polysciences whereas PtBOS 
homopolymers were synthesized. 

3.2.2. Characterization 
 
Gel Permeation Chromatography (GPC) measurements were performed in DMF 
with 0.01 M 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. Measurements in THF were performed at 
25 °C (1 mL/min) on a Spectra Physics AS 1000 LC-system applying universal 
calibration using a Viscotek H-502 viscometer and a Shodex RI-71 refractive index 
detector and Trisec software (Viscotek). PLGel 5 µ 30 cm mixed-C columns 
(Polymer Laboratories) were used. The polymer samples were calibrated using 
narrow disperse polystyrene or PMMA standards (Polymer Laboratories). 

1H-NMR spectra in CDCl3 were recorded on a 300MHz Varian VXR operating 
at room temperature. 

(Temperature-Modulated) Differential Scanning Calorimetry (M-DSC) was 
performed with a TA Instruments Q1000. A modulated mode with a 
heating/cooling rate of 1 °C/min, an amplitude of 0.5 °C and a period of 60 s was 
used. 

Thermal Gravimetric Analysis (TGA) was performed on a Perkin Elmer 
Thermogravimetric Analyzer TGA7. A temperature scan rate of 10 °C/min was 
used. 
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3.2.3. Random copolymer synthesis 
 
The random copolymers were synthesized via free radical polymerization, initiated 
by AIBN. As a typical synthesis, a random copolymerization of styrene and tBMA 
is chosen. A 250 mL three-necked, round bottom flask was degassed and backfilled 
with nitrogen three times and via a septum styrene, tBMA and toluene were added 
using a syringe. The total amount of monomers was about 12 g. The mixture was 
stirred and subjected to 3 freeze-thaw cycles after which it was placed in an oil 
bath thermostated at 80 °C. In a 50 mL three-necked flask, about 40 mg of AIBN 
was dissolved in 5 mL toluene and the mixture was also subjected to three freeze-
thaw cycles. Then the initiator solution was added to the polymerization flask using 
a syringe. The polymerization was carried out for 2 to 3 hours, making sure that the 
monomer conversion was around 10 % to avoid composition drift in the resulting 
copolymer. The polymerization was terminated by adding hydroquinone. Toluene 
was evaporated and the polymers were precipitated from the remaining monomer 
solution in a ten-fold excess of methanol. A second precipitation was then 
performed from chloroform into methanol. All polymers were then dried for a few 
days at 40 °C in vacuo. 

The random copolymers of tBMA/4VP and tBOS/4VP were synthesized in 
DMF because it was found that in toluene, the polymers precipitate during 
polymerization. Since the polymerization is much faster in DMF, the reaction time 
was shortened to 30 min to ensure conversions of about 10 %. The tBMA/4VP 
copolymers were precipitated in hexane and the tBOS/4VP copolymers were 
precipitated in ether or ether/hexane (1/1 vol%). 

3.2.4. Blend preparation 
 
Random copolymer/homopolymer blends were cast by dissolving both polymers in 
chloroform in a 1:1 weight ratio and drop casting the solution directly into a DSC 
pan (dry sample weight about 10 mg). 
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3.3. Results and discussion 
 
In this section, the results of the random copolymer syntheses and the outcome of 
the blend studies are discussed for each monomer pair separately. 

3.3.1. Styrene and tert-butyl methacrylate 
 
Random copolymers were synthesized in toluene as explained in the Experimental 
Section. The results are summarized in Table 3.1. 
  

Table 3.1. Characteristics of the P(S-co-tBMA) random copolymers. 

Entry 
 

Fraction Sta 
(weight%) 

wM b 

(kg/mol) 
PDIb 

 
Tg 

(°C) 
PS 100 30.8 1.77 101 
1 89 23.9 1.58 99 
2 84 28.4 1.57 100 
3 72 25.6 1.56 98 
4 61 23.7 1.43 98 
5 51 27.6 1.36 101 
6 47 27.7 1.42 100 
7 45 28.1 1.36 100 
8 38 32.2 1.35 103 
9 21 43.8 1.34 107 

PtBMA 0 84.3 1.81 121 
a) Determined from 1H-NMR. 

b) Determined by GPC in DMF, calibrated against PS. 
 
The conversion is calculated gravimetrically, dividing the yield of polymer by the 
total amount of monomer in the feed. The weight fractions are calculated from the 
1H-NMR spectrum by taking the ratio of the aromatic signals of St and the t-butyl 
resonance of tBMA. This molar fraction is converted to the weight fraction taking 
in account the molar masses of St and tBMA. 

A second method of calculating the conversion is found by using the dn/dc 
values determined from GPC measurements. Since the dn/dc values for both 
PtBMA (0.068) and PS (0.184) are known, the conversion may be calculated 
according to the following relation: 
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Using this equation, Table 3.2 is constructed. 
 

Table 3.2. Comparison of the composition data using both NMR and GPC. 

Entry 
Weight% 
St (NMR) 

dn/dc 
 

Weight% St 
(GPC) 

PS 100 0.184 100 
1 89 0.170 88 
2 84 0.165 84 
3 72 0.156 76 
4 61 0.153 73 
5 51 0.136 59 
6 47 0.133 56 
7 45 0.132 55 
8 38 0.120 45 
9 21 0.102 29 

PtBMA 0 0.068 0 
 
One can easily see that in general the trend corresponds quite well, although for 
high tBMA fractions the numbers are significantly different. In this paragraph 
however, the compositions from NMR are used, since the GPC data are very 
sensitive to weighing errors and impurities in the elution sample. 

One important feature of the synthesis is the fact that the copolymers should 
actually be random copolymers. In this research, this fact is assured by keeping the 
conversion low at about 10 %, which will prevent composition drift in the resulting 
copolymer. This is reflected by the fact that the monomer feed ratio corresponds 
quite well to the monomer ratios in the resulting copolymer as shown in Table 3.3. 
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Table 3.3. St weight% in the monomer feed vs. St weight% in the copolymer. 
Entry 

 
St weight% in 
monomer feed 

St weight% in 
copolymer 

PS 100 100 
1 92 89 
2 88 84 
3 76 72 
4 63 61 
5 51 51 
6 47 47 
7 42 45 
8 34 38 
9 17 21 

PtBMA 0 0 
 
Furthermore, all copolymers exhibit one, clearly well-defined glass transition 
temperature. Last but not least, it is known from literature21 that the reactivity ratios 
for this free radical copolymerization are: r1 = 0.545 and r2 = 0.61, indicating that 
the polymerization is a statistical copolymerization (between an alternating and an 
ideal copolymerization). 

Except for the copolymer with the largest tBMA fraction, all copolymers have a 
glass transition temperature of around 100 °C, which is very close to the glass 
transition temperature of homopolymer polystyrene with a molar mass of 10 
kg/mol or higher. For this reason a PS sample of a molar mass of 2800 g/mol, with 

CT o

g 70≅ , was first selected for the PS / P(S-co-tBMA) copolymer blend 

miscibility study. Figure 3.2 shows the complete series of DSC curves for the 
different 50/50 wt% PS / P(S-co-tBMA) blends. In figure 3.3, one can see the 4 
curves that are closest to the critical composition more clearly. 
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Figure 3.2. Reversible heat flow curves for blends of PS ( molgM n /2800= , PDI = 

1.05) with the synthesized P(S-co-tBMA) random copolymers. 
 

 

Figure 3.3. Reversible heat flow curves for blends of PS ( molgM n /2800= , PDI = 

1.05) with 4 different P(S-co-tBMA) random copolymers around the critical composition. 
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The figures show that PS is miscible with the copolymer with a weight fraction 
of 55.5 wt% tBMA (one Tg), whereas phase separation occurs in a mixture with the 
copolymer containing 62.3 % tBMA (two Tgs). Given the relatively low molar 
mass of PS, 50/50 wt% is most likely not the critical blend composition. This is not 
relevant for the observed immiscibility but could in principle affect the conclusion 
of miscibility reached for the 55.5 wt% tBMA copolymer blend system. 
Experiments with different blend compositions, however, showed this to not be the 
case. Using earlier mentioned expressions, it follows from the observed phase 
separation for the 62.3 wt% tBMA copolymer blend system that 08.0, >tBMASχ . 

Note that this number is based on taking styrene as the segment and taking equal 
densities for St and tBMA. Likewise, the observed miscibility for the 55.5 wt% 
tBMA copolymer provides an upperbound of 0.1. Hence, from this random 
copolymer blend miscibility study we conclude 
 

10.008.0 , << tBMASχ        (3.6) 

Since all DSC scans were taken with a scanning rate of 1 °C/min, from room 
temperature up to 140 °C and the second scan is used to judge miscibility, the 
behavior observed is characteristic for the temperature range 100-140 °C. 
Therefore, inequality 3.6 is expected to hold for this temperature interval. Of 
course, this does not imply that the interaction parameter is constant; it will vary 
with temperature but within the given range of values. 

To have a significant difference in Tgs between the random copolymers and the 
polystyrene homopolymer, a low molecular weight PSt sample was used. To 
exclude end-group effects, also a blend study was performed with a polystyrene 

sample of somewhat higher molar mass of molgM w /7025= , with CT o

g 92≅ . 

The DSC scans of these blends are shown in Figure 3.4. 
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Figure 3.4. Reversible heat flow curves for blends of PS ( molgM w /7025= ) with 

different P(S-co-tBMA) random copolymers. 
 
From these heat flow curves, it is impossible to conclude which blend has one and 
which blend has two glass transitions. Therefore, these samples were physically 
aged at 80 °C for a week after having been annealed in the melt state. The 
subsequent heat flows, showing the enthalpy recovery peaks, are shown in Figure 
3.5. 
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Figure 3.5. Total heat flow curves for blends of PS ( molgM w /7025= ) with different 

P(S-co-tBMA) random copolymers after physical aging at 80 °C. 
 

Clearly, the blends of 53 % and 49 % tBMA show two relaxation peaks, 
indicating a phase separated system, while the 28 % tBMA sample clearly shows 
the existence of a mixed system. The 39% tBMA copolymer blend is most 
probably on the border of mixing/demixing, since the relaxation peak is very broad. 
If we assume this to be the upper border of the interaction parameter, we may 
calculate that: 
 

11.007.0 , << tBMASχ        (3.7) 

 
which is in excellent agreement with inequality 3.6, although the interval is 
somewhat broader. 
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3.3.2. Styrene and tert-butoxystyrene 
 
These random copolymers were also synthesized in toluene and their 
characteristics are given in Table 3.4. 
 

Table 3.4. Characteristics of the P(S-co-tBOS) random copolymerizations. 

Entry 
 

Fraction Sta 
(weight%) 

wM b 

(kg/mol) 
PDIb 

 
Tg 

(°C) 
PtBOS 0 59.2 1.53 108 

1 17.9 35.0 1.44 107 
2 24.9 37.0 1.46 107 
3 30.0 35.8 1.44 108 
4 32.6 37.0 1.47 107 
5 41.0 34.7 1.46 107 
6 49.1 47.3 1.52 109 
7 58.0 31.0 1.45 106 
8 66.4 31.0 1.44 105 
9 79.8 34.0 1.45 104 

a) Determined from 1H-NMR. 
b) Determined by GPC in DMF, calibrated against PS. 

 
The conversion is calculated gravimetrically, dividing the yield of polymer by the 
total amount of monomer in the feed. Typical conversions were around 10 %, with 
some variation, most likely due to the precipitation methods. The fractions are 
calculated from the 1H-NMR spectrum by taking the ratio of the aromatic signals of 
PS and the aromatic signals of PtBOS. Although the theoretical reactivity ratios of 
the free radical copolymerization are not known, the nature of the random 
copolymerization is reflected by the fact that the monomer weight ratio in the 
copolymer is almost the same as the monomer feed ratio (Table 3.5) and the fact 
that for each copolymer, a well-defined glass transition was found. 
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Table 3.5. St weight% in the monomer feed vs. St weight% in the copolymer. 
Entry 

 
St weight% in 
monomer feed 

St weight% in 
copolymer 

1 18 16 
2 25 24 
3 30 29 
4 33 33 
5 41 41 
6 49 50 
7 58 58 
8 66 66 
9 80 83 

 
All random copolymers of St and tBOS showed a Tg  around 105 °C and they were 

blended with a PS sample with a Tg of 92 °C ( wM = 7025 g/mol). The DSC scans 

of these blends are shown in Figure 3.6. 
 

 
Figure 3.6. Reversible heat flow curves for blends of PS ( molgM w /7025= ) with 

different P(Sx-co-tBOS1-x) random copolymers. 
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Figure 3.7. Non-reversible heat flow curves for different PS / P(Sx-co-tBOS1-x) blends after 
physical aging at 90 °C. 

 
Once again, the difference in Tg is so small, that the nature (single or double) of 
glass transitions cannot be resolved. Especially the curves for the 18 % and 25 % St 
in the copolymer show exceptionally broad glass transitions, which suggest the 
presence of two superimposed Tgs, which cannot be resolved. Thus, the blends 
were physically aged at 90 °C for at least 4 days to clarify whether the blend was 
mixed (one enthalpy recovery peak) or demixed (two enthalpy recovery peaks). In 
Figure 3.7, the subsequent DSC recovery scans of a number of blends are shown. 
 
From the aged blends, we may conclude that copolymers with fractions St of 33 % 
and above are miscible (one enthalpy recovery peak) with the polystyrene sample 
of 

wM = 7025 g/mol. Furthermore, demixing occurs at St fractions of 30 % and 

below (two enthalpy recovery peaks). Therefore, one can calculate that the 
following inequality is valid: 
 

034.0031.0 , << tBOSSχ        (3.8) 
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3.3.3. 4-vinylpyridine and tert-butyl methacrylate 
 
The synthesis of these random copolymers is not possible in toluene, since they 
precipitate out of solution during polymerization. Therefore, they were synthesized 
in DMF.  

The monomer fractions were calculated from TGA measurements. The tert-
butyl group of the polymer degrades easily and is very distinctly observable using 
TGA. When the tert-butyl group degrades, isobutylene (mass = 56.11 g/mol) is 
emitted as a gas. Subsequently, at temperatures above 200 °C, the remaining acid 
groups react to form anhydrides, resulting in an additional weight loss of 18 g/mol 
per two acid groups due to the emittance of water.22 The total mass loss per original 
tBMA moiety is therefore 65.12 g/mol. From TGA therefore, the percentage tBMA 
in the copolymer may be calculated. An example is given for entry 4 in Table 3.6. 
 

 
Figure 3.8. TGA analysis of entry 4 in Table 3.6 showing the weight loss of isobutylene 

between 200 °C and 290 °C (black curve) and the derivative of the weight loss curve 
justifying the choice for the temperature borders. 

 
From the TGA curve it is determined that the weight loss due to aforementioned 
degradations is 13.1 %. When abstracting the weight loss before 200 °C, due to 
residual solvent, the weight loss of the polymer is 13.2 %. If the polymer was pure 
PtBMA, the weight loss due to above mentioned reactions would be 45.8 %. 
Therefore, the weight fraction of tBMA is equal to 13.2/45.8 % = 0.288. 
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The random copolymerization characteristics are given in Table 3.6. 
 

Table 3.6. Characteristics of the P(4VP-co-tBMA) random copolymers. 

Entry 
 

Fraction 4VPa 
(weight%) 

wM b 

(kg/mol) 
PDIb 

 
Tg 

(°C) 
P4VP 100 50.0 NA 152 

1 93 54.3 1.58 145 
2 85 59.9 1.69 139 
3 82 52.6 1.66 139 
4 71 47.6 1.66 131 
5 66 45.8 1.60 126 
6 61 43.3 1.61 129 
7 54 41.9 1.60 124 

PtBMA 0 84.3 NA 121 
a) Determined from TGA. 

b) Determined by GPC in DMF, calibrated against PS. 
 
The conversions were somewhat higher than the previous two studies (around 20 
%) and some composition drift was found. This can be seen in Table 3.7. 
 

Table 3.7. 4VP weight% in the monomer feed vs. 4VP weight% in the copolymer. 
Entry 

 
4VP weight% in 
monomer feed 

4VP weight% in 
copolymer 

1 93 93 
2 85 85 
3 77 82 
4 69 71 
5 61 66 
6 53 61 
7 40 54 

 
There is some inconsistency between these values at lower 4VP fractions; 4VP is 
being built in slightly more than tBMA. However, since sharp glass transitions 
were found for each copolymer, the copolymers are suitable for our analysis. They 

were blended with a P4VP sample with wM = 60.3 kg/mol. A series of subsequent 

DSC scans are shown in Figure 3.9. 
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Figure 3.9. Reversible heat flow curves for blends of P4VP ( wM = 60.3 kg/mol) with 

different P(4VP-co-tBMA) random copolymers. 
 
While it is clear that the upper 3 curves reveal two Tgs, it is not quite clear for the 
rest of the blends how many phases are present. Again, the glass transition 
temperatures lie too close to be individually resolved. Once more, physical aging is 
applied to clarify this matter. The blend samples were aged at 130 °C for 48 days. 
The subsequent DSC recovery scans of four relevant polymer blends are shown in 
Figure 3.10. 

From the aged curves it can be seen that copolymers with fractions 4VP of 82 % 
and above are miscible (one enthalpy recovery peak) with the P4VP sample. A 
phase separated system is found at 4VP fractions of 71 % and below (two enthalpy 
recovery peaks). This means that the interaction parameter is calculated to satisfy: 
 

11.005.0 ,4 << tBMAVPχ         (3.9) 
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Figure 3.10. Non-reversible heat flow curves for different P4VP / P(4VPx-co-tBMA1-x) 
blends after physical aging at 130 °C. 

3.3.4. 4-vinylpyridine and tert-butoxystyrene 
 
The synthesis of random copolymers of 4VP and tBOS with 4VP fractions beneath 
0.3 were carried out in toluene. Above 30 % 4VP, the polymerizations were carried 
out in DMF, because as was the case for the 4VP/tBMA copolymers, precipitation 
during polymerization occurred. 

The monomer fractions were calculated from the 1H-NMR spectra by 
calculating the ratio between the aromatic protons of P4VP and PtBOS. The 
characteristics of the random copolymers are listed in Table 3.8. 
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Table 3.8. Characteristics of the P(4VP-co-tBOS) random copolymers. 

Entry 
 

Fraction tBOS 
(weight%)a 

wM  

(kg/mol) 
PDIb 

 
Tg 

(°C) 
P4VP 0 50.0 NA 152 

1 17.2 114.0b 1.45 143 
2 34.6 100.1b 1.54 139 
3 56.8 85.1b 1.46 134 
4 62.6 46.6b 1.45 123 
5 77.1 70.0b 1.44 120 
6 86.7 61.1b 1.43 111 
7 91.1 61.7c 1.41 113 
8 96.2 69.7c 1.40 107 

PtBOS 100 71.9b 1.55 108 
a) Determined from 1H-NMR. 

b) Determined by GPC in DMF, calibrated against PS. 
c) Determined by GPC in THF, calibrated against PS. 

 
The conversions were kept low again (short reaction times of about half an hour in 
DMF and 3 hours in THF), to ensure that no composition drift occurred. This is 
reflected by Table 3.9, in which the monomer feed ratio is shown to correspond 
quite well to the build-in ratio of the monomers. The small inconsistencies 
probably arise from experimental errors. 
 

Table 3.9. tBOS weight% in the monomer feed vs. tBOS weight% in the copolymer. 
Entry 

 
tBOS weight% in 

monomer feed 
tBOS weight% 
in copolymer 

1 18 17 
2 35 35 
3 63 57 
4 72 63 
5 81 77 
6 91 87 
7 95 91 
8 98 96 

 
The random copolymers were blended with a poly(tert-butoxystyrene) 
homopolymer with 

wM = 71.9 kg/mol. The reversible heat flow curves of the 

blends are shown in Figure 3.11. 
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Figure 3.11. Reversible heat flow curves for different PtBOS / P(tBOSx-co-4VP1-x) blends. 
 
It is clear from these curves that random copolymers with a fraction tBOS equal to 
and below 63 % demix with the homopolymer. To judge the miscibility of the four 
blends with the highest fractions of tBOS, they were aged at 95 °C. The subsequent 
DSC recovery curves are shown in Figure 3.12. 
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Figure 3.12. Heat flow curves of selected PtBOS / P(tBOSx-co-4VP1-x) blends after 

physical aging. The lower two curves were annealed for 4 or 5 days at 95 °C, while the 
upper two curves were annealed for 4 weeks at the same temperature. 

 
Two enthalpy recovery peaks are observed for tBOS fractions in the copolymer of 
87 %, 77 % and 91 %, indicating a phase separated system. The blends with tBOS 
fractions in the copolymer of 96 % showed one recovery peak. Therefore, we must 
conclude according to (3.2) and (3.4) that: 
 

84.139.0 ,4 << tBOSVPχ        (3.10) 

 
To reduce the width of this unacceptably large window, different PtBOS 
homopolymers were synthesized with different molecular weights. These were 
subsequently blended with the random copolymer with 91 % tBOS and physically 
aged at 95 °C for three weeks to determine miscibility (Figure 3.13). 
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Figure 3.13. Heat flow curves of P(tBOS0.91-co-4VP0.09) blended with different PtBOS 

homopolymers after physical aging at 95 °C. Mw’s of the homopolymers were 71.9 kg/mol 
(a), 59.9 kg/mol (b) and 24.2 kg/mol (c). 

 
The 91% tBOS random copolymer shows miscibility (one symmetrical peak) with 
the homopolymer with Mw = 58.9 kg/mol as well as Mw = 24.2 kg/mol. A peak 
with a shoulder indicating phase separation is observed for the homopolymer with 
Mw = 71.9 kg/mol (same curve as in Figure 3.12). Hence, it follows that 
 

43.039.0 ,4 << tBOSVPχ       (3.11)
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3.4. Concluding remarks 
 
In this Chapter, using random copolymer blend miscibility studies, the Flory-
Huggins interaction parameters for four monomer pairs were determined. It was 
shown that: 
 

11.007.0 , << tBMASχ        (3.7) 

 
034.0031.0 , << tBOSSχ        (3.8) 

 
11.005.0 ,4 << tBMAVPχ        (3.9) 

 
43.039.0 ,4 << tBOSVPχ        (3.11) 

 
In addition, it was already known from previous studies that 
 

35.030.0 4, << VPSχ  

 
For the PtBMA-b-PS-b-P4VP triblock copolymers, to be discussed in the next 
Chapter, we therefore have BCACAB χχχ <≈ . This means that the polymer is in 

the F1-type frustrated regime. For this regime both frustrated as well as unfrustrated 
morphologies have been found. 
 
For the PtBOS-b-PS-b-P4VP however, ACBCAB χχχ <<  holds as well as ABχ « 

BCχ , which means that these triblock copolymers are in the non-frustrated regime 

and core-shell self-assembled morphologies are to be expected. 
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