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Abstract

The glass transition and the crystallinity of blends of isotactic bacterial PHB and low molecular mass atactic R, S-PHB-diols was

investigated by means of differential scanning calorimetry (DSC), temperature-modulated DSC and dielectric spectroscopy. It was found that

(i) Tg of crystallized blends is much lower than Tg of quenched blends, (ii) the semi-crystalline blends can only be described with a three-

phase model. From the experimental results the amount of the oligomer component in the mobile amorphous as well as in the rigid

amorphous phase was determined. It could be shown that the low molecular mass atactic R, S-PHB-diol is enriched in the mobile amorphous

phase of the semi-crystalline blends, but 5–15% oligomer remains, however, in the rigid amorphous phase.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The structure of many semi-crystalline polymers could

not be simply described by a conventional two-phase model

consisting of crystalline and amorphous phases. About 15

years ago, the third phase, called rigid amorphous phase

(RAP), an interphase between crystalline and amorphous

layers, has been taken into consideration. The RAP

represents a fraction of the sample that does neither

contribute to the heat of fusion (crystallinity) nor to the

heat capacity change ðDCpÞ or relaxation strength at the

glass transition [1].

The existence of RAP in many polymers is significant

and its amount can, in some cases, exceed the mobile

amorphous fraction [2]. It was found, for instance, in poly

(phenylene sulfide) (PPS) [3,4], polyethylene terephthalate

(PET) [5–7], polytrimethylene terephthalate [8], polycar-

bonate PC [9,10], poly (ether–ether ketone) (PEEK) [11,

12], and even in polyhydroxybutyrate PHB [10]. RAP was

often associated with the existence of lamella crystals,

where the crystalline lamellae are separated by very thin

(20–40 Å) amorphous layers, while, on the other hand,

much thicker (100–2000 Å) amorphous layers separate the

lamella stacks [13,14]. It was suggested that RAP is

morphologically associated with the interlamellar regions,

while the normal mobile amorphous phase, which contrib-

utes to the glass transition, is associated with the larger

inter-stack amorphous regions [15]. Schick et al. [10] found

that in the case of PHB, and PC, (i) no change of the amount

of RAP occurs in the temperature range between glass

transition and crystallization and (ii) the RAP in PHB is

formed during the main crystallization process [10] and not

during secondary crystallization. The authors suggested that

the immobilization of cooperative motions in RAP is owing

to fixation of parts of the molecules to the crystallites and

that this is the reason of the vitrification of the RAP. The

devitrification of RAP was found to occur always far above

the glass transition temperature of the mobile (normal)

amorphous phase, almost nearby or during melting of the
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crystalline phase [2]. For PHB and PC Schick et al. [9,10]

reported that devitrification of RAP occurs when the

crystals, which were formed last, begin to melt in the

lower temperature range of the endotherm.

It seems an interesting question whether the addition of

plasticizer changes the properties, the composition or the

size of the rigid amorphous phase. Low molar mass

additives might, for instance, lower the temperature of

devitrification of the RAP or even make it mobile and thus

lead to a two-phase structure instead of a three-phase

structure. Very few experiments are, however, reported on

RAP of miscible blends [7].

As mentioned above, bacterial polyhydroxybutyrate

PHB can be considered to have a three-phase structure

[10]. Bacterial polyhydroxybutyrate PHB is a crystalline

polyester of great technological interest, because it is a truly

biodegradable and highly biocompatible polymer [16]. But

it has limited industrial application, due to the restricted

processing window [17] and its brittleness [18–20]. One of

the main approaches to overcome these problems is to blend

it with proper components [21], like poly (vinylacetate)

[22], synthesized atactic polyhydroxybutyrate, R,S-PHB

[23–26], oligo (R,S-PHB) diols [27], poly (epichlorohy-

drin) [28,29], and others [21].

This paper intends to inform about the rigid amorphous

fraction of PHB-blends with low molar mass R, S-PHB-

diols (Mn ¼ 910, and 2670 g/mol). The use of oligomers as

plasticizer is convenient, since it is known that they are

miscible [27] and the glass transition temperature Tg of the

amorphous oligomers is distinctly lower than that of PHB.

Another advantage is that they do not evaporate or diffuse

out of the sample during heating as other plasticizers do.

The blend of bacterial isotactic PHB with R, S-PHB

oligomer-diol (Mn ¼ 1300 g/mol) has recently been studied

[27]. His results are, mainly, the following: conventional

DSC measurements of this blend showed (i) one glass

transition with a Tg intermediate between the Tg’s of the two

pure components; (ii) a decrease of the equilibrium melting

point with increasing oligomer content. Using the Flory–

Huggins approach the author determined a negative

interaction parameter x12 and concluded that the blends of

bacterial PHB with oligomer R, S-PHB-OH (Mn ¼ 1300 g/

mol) must be miscible. However, the author gave no

information about the rigid amorphous phase in this paper.

According to the literature [1,2,5,9,10] the determination of

the amount of RAP Xra needs some experimental effort. One

possibility is to measure the amount of the mobile

amorphous phase Xa (e.g. from DCp of the glass transition)

and, in addition, the amount of the crystalline phase Xc

(from the heat of fusion) and to calculate the third fraction,

the amount of RAP, with

Xra ¼ 1 2 Xa 2 Xc ð1Þ

To get reliable values of Xra, we need precise

measurements of DCp and Tg from the mobile amorphous

phase of the semi-crystallized samples. Considering the

smallness of DCp in partial crystallized blends, this

information cannot be obtained with sufficient accuracy by

conventional DSC but only by temperature modulated DSC

(TMDSC). Moreover, to determine Xc we need the heat of

fusion DHm of the same sample and preferably from the

same measurement as the DCp determination to reduce the

uncertainty of Xra to a minimum.

2. Materials

2.1. Components

Bacterial isotactic poly (R-3hydroxybutyrate), PHB was

kindly supplied by Dr Haenggi, Biomer Company,

Muenchen, Germany (Mn ¼ 300,000 g/mol,

Mw ¼ 700,000 g/mol polydispersity of <2). The PHB

content is .98%, the content of polyhydroxyvalerate

(PHV), is ,1%. The remaining cell membrane and

membrane lipid content is about 1%. PHB was obtained

as powder and used as delivered without further purification.

The oligomer, the atactic R, S-PHB-OH (abbreviated as

G2670), as well as the other oligomers of this series with

Mn . 1300 g/mol, was prepared by ring-opening polym-

erisation of bbutyrolacton and butyleneglycol at 135 8C for

120 min in the presence of dibutyltinoxide as described in

Ref. [30].

The oligomer, abbreviated as G910 and some others with

molecular mass ranging from 600 to 1300 g/mol were

prepared by transesterification of ethyl hydroxybutyrate

with butyleneglycol in presence of dibutyltinoxide as

catalyst. For details of this method see Ref. [31].

The structures of PHB, G910 and G2670 (see Table 1)

were investigated with NMR, and 13C NMR. Molecular

masses and polydispersities of the samples were determined

by gel permeation chromatography (GPC) using Waters

pump model 510, Waters differential refractometer model

410 and Waters date module model 730 with 103–105 Å.

Ultrastyragel columns connected in series. Chloroform was

used as the eluent at flow rate 1.5 cm3 min21 and

polystyrene was used as a standard for calibration (see

Table 1).

2.2. Blends

The components, in appropriate weight ratio, were

dissolved in chloroform (10% wt/v) under stirring at

70 8C. Then the solution was cast on the glass Petri dish,

and the solvent was slowly evaporated at room temperature.

The remaining films were then aged at least 2 weeks at room

temperature, and dried in vacuum.
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3. Experimental methods

3.1. Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements

were performed with a Q1000 apparatus with Tzerow

techniques from TA Instruments. The sample mass for these

measurements was in the range from 4 to 8 mg. Samples

were encapsulated in standard aluminium pans.

Temperature, heat flow and heat capacity were calibrated

as usual [32] using indium and sapphire (Al2O3) (and in

addition polystyrene) as calibrants. The temperature read

out of the DSC is estimated to have an uncertainty better

than ^0.5 K. The heat flow rate calibration results in an

uncertainty better than 5%.

Some samples from cast film were first heated to 200 8C

at a heating rate of 10 K/min, to remove any thermal

prehistory (first heating scan) and then cooled at 10 K/min

to 290 8C (first cooling) and then reheated at 10 K/min

from 290 to 200 8C (second heating).

The ‘quenched samples’ were prepared by keeping the

sample pans in a drying cabinet at 200 8C for 3 min and then

quickly pressing them on a cold metal plate at 0 8C. These

samples were then measured in the DSC from 290 to

200 8C at 10 K/min.

The ‘crystallized samples’ were prepared by keeping

them in the DSC at 200 8C for 3 min followed by cooling at

230 K/min, annealing at 80 8C (near to temperature of

maximum growth rate, in order to achieve complete

crystallization in very short time) for 3 h with subsequent

cooling to 290 8C and then run in temperature modulated

mode (TMDSC) [32], from 290 to 50 8C at 2 K/min

(temperature amplitude ¼ 1 K, period ¼ 60 s). This was

done to determine the relevant glass transition quantities

from the ‘reversing heat capacity’ [32] signal. The glass

transition temperature, Tg; was taken at the half height point

of the specific heat step. The DCp uncertainties from these

TMDSC measurements are ^0.03 J g21 K21. From repro-

ducibility tests, the uncertainty in the determination of Tg is

estimated to be less than ^1 K for samples where

DCp $0.3 J g21 K21 and ^3 K for samples where

0.3 $ DCp $ 0.1 J g21 K21.

The relation between the glass transition determined via

modulated (TMDSC) and conventional DSC experiments

(with constant cooling resp. heating rate) has been discussed

by Schick and co-workers [33,34] as well as in Ref. [35,36].

The authors describe an empirical equation

b ¼ 2pfDT ð2Þ

which connects the cooling rate b ¼ 2dT=dt in conven-

tional DSC experiments with a ‘fictive frequency’ f

corresponding to a dynamic experiment. The empirical

quantity DT was found to be about 15 K. Thus, equation (2)

allows to assign a frequency f ¼ 0:0018 Hz to our

conventional DSC-experiments done at a cooling rate

b ¼ 210 K/min. The frequency of our TMDSC exper-

iments, on the other hand, was f ¼ 0.017 Hz. As the

frequencies are different by one order of magnitude, there

must be a difference of about 3 K between the Tg from

TMDSC and Tg from conventional DSC experiments at

210 K/min cooling rate. To simplify the discussion in the

present paper, we shall use the abbreviation ‘Tg’ for the

results from conventional DSC experiments at 10 K/min. To

get comparable results from TMDSC experiments we

evaluated the temperature of the peak maximum of the

phase signal and subtracted 3 K to get the Tg values as

plotted in Figs. 7 and 8.

For determination of the heat of fusion DHm of crystal-

lized samples, these were heated to 200 8C at a heating rate

of 10 K/min. The heat of fusion DHm was calculated from

the peak area using the TA Instrument software and a

baseline, which is assumed to be linear in the region from

room temperature to the melt at 200 8C. The total area above

the baseline (including all the melting peaks) is taken to

calculate DHm. The experimental error depends on the peak

size but is less that ^5%.

Table 1

Structure and molecular masses of the components of the investigated blends

Materials Structure Mn (g/mol) Mw (g/mol)

PHB 300,000 700,000

G2670 2670 4300

G910 910 1200
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3.2. Dielectric spectroscopy

Dielectric measurements were done by a Solartron

impedance analyzer model 1260 from Schlumberger

Technologies UK, according to the method described in

Ref. [37].

The frequency range was 1023–106 Hz. The sample cell

was connected in different ways to the impedance analyzer,

according to different frequency ranges. For the low

frequency range below 100 Hz, an electrometer preamplifier

was used.

The precision of the real part of the dielectric constant is

dominated by the error in the measurement of the thickness

of the sample, while the error in the measurements of tan d

is about 2 £ 1023 for all frequencies except 1 MHz.

The sample preparation was done by pressing at 200 8C

for 3 min between stainless steel plates together with a

polyimide film spacer. The thickness of the samples was

about 0.1 mm and the area was 700 mm2. Some of the

samples were quenched using a cold (0 8C) metal plate,

some others were crystallised at (80 8C 3 h) in the dielectric

cell.

4. Results and discussion

In order to study the thermal behaviour of blends of

bacterial PHB with low molecular mass atactic R, S-PHB-

diols, DSC runs were performed. Fig. 1 shows DSC-cooling

curves of blends of PHB with G910 crystallized from the

molten state at a cooling rate 210 K/min. From these

curves, some useful data can be obtained for describing the

non-isothermal crystallisation behaviour of PHB and its

blends, such as the peak temperature of crystallization Tc

and the glass transition temperature Tg of the remaining

amorphous part. As seen in Fig. 1, Tc shifts to lower

temperatures when the content of G910 increases. This

behaviour is known from other blends of PHB with

amorphous polymers [21–29]. The authors attributed this

phenomenon to two reasons: (i) the dilution of the PHB

chains at the crystal growth front, and (ii) the drop of the

thermodynamic crystallization driving force caused by the

melting point depression of PHB in the mixture (see Fig. 2).

As one example, the blend of 30% PHB with 70% G910

(Fig. 1e) does not crystallize during this cooling run at all,

only on reheating at þ10 K/min cold crystallization occurs

(see Fig. 2e).

4.1. Glass transition

In order to get more precise information about the glass

transition, the change of the specific heat capacity DCp and

the amount of the mobile and the rigid amorphous phase in

semi-crystallized blends, temperature-modulated DSC and

dielectric measurements were performed. Several measure-

ments were done with blends of PHB with G910 and G2670

of different composition. Some examples of such TMDSC

curves are shown in Fig. 3. The ‘reversing part’ of the

specific heat capacity shows the typical step-like change at

the glass temperature Tg whereas the phase signal exhibits a

peak there. From comparison of Fig. 3a and b we find, as

expected, that the crystallized sample has a smaller DCp

than the quenched sample, but the glass transition

temperature Tg of the crystallized sample is much lower

than that of the quenched one. This behaviour is in contrast

to other semicrystalline homopolymers like polyethylene-

terephthalate PET [33]. The results from TMDSC are

plotted in Figs. 7 and 8.

In order to confirm these results from TMDSC with

another experimental method, dielectric measurements

were performed with the same blends. Fig. 4 shows the

frequency dependence of the dielectric loss of the quenched

blend of 75% PHB with 25% G2670 in the temperature

range of the glass process. In the 5 8C curve we observe a

loss peak with maximum at about 10 Hz, which is attributed

Fig. 1. DSC-cooling curves (in units of heat capacity) of blends of PHB

with G910 measured at 210 K/min after 3 min at 200 8C. Curves are

shifted vertically for clarity.

Fig. 2. DSC-heating curves (in units of heat capacity) measured at

þ10 K/min after the cooling procedure according to Fig. (5). Curves are

shifted vertically for clarity.
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to the glass relaxation (cooperative molecular motion in the

mobile amorphous part of the sample). At frequencies lower

than 0.1 Hz, we observe an increase of dielectric loss, which

appears in similar form in many dielectric measurements of

amorphous polymers; this is interpreted as the effect of ionic

conductivity [38]. The maximum frequency fmax of e 00 can

be related to a mean relaxation time t of the molecular

segments by

t ¼ 1=ð2pfmaxÞ ð3Þ

At lower temperatures, this dielectric loss peak is shifted

to lower frequencies, as usual (about one decade for 4 8C).

This means that the relaxation time t of molecular motions

increases at lower temperatures. At the glass transition

temperature Tg; t exceeds the usual laboratory time scale.

The measurements in Fig. 5 are obtained after annealing

of the sample from Fig. 4 at 80 8C for 3 h in order to get it

well crystallized. The dielectric loss shows the same

behaviour as in Fig. 4 but the peak is lower and broader.

This is a normal behaviour after crystallization of polymers

because of the smaller number of mobile molecules in the

crystallized sample and of the constraints of their mobility

in the surface region of the crystals.

If we plot the maximum frequency fmax for all

compositions of blends of PHB with G2670 against the

reciprocal temperature we get a so-called activation diagram

(Fig. 6). From this figure, it is clear that at a certain

temperature, fmax for the crystallized samples is higher than

for the quenched samples of the same composition.

Fig. 3. TMDSC curves in the glass transition region of the 50% PHB with

50% G910 blend; upper curve: reversing Cp; lower curve: phase angle; (A)

quenched sample, (B) crystallized sample (3 h at 80 8C), (C) after cooling

from 200 8C with 210 K/min.

Fig. 4. Frequency dependence of the dielectric loss at different temperatures

in the glass transition region of the quenched blend of 75% PHB with 25%

G2670.

Fig. 5. Frequency dependence of the dielectric loss at different temperatures

in the glass transition region of the crystallized blend of 75% PHB with

25% G2670.

Fig. 6. Activation diagram from dielectric measurements of different

quenched as well as crystallized blends of PHB with G 2670. The inset

repeats the results for pure G 2670 together with one TMDSC result.
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In order to compare the Tg information from Fig. 6

with the results from TMDSC measurements, we can

refer to the well-known fact that the activation curves,

which have been obtained from dielectric experiments,

are parallel to those from TMDSC measurements for

many amorphous polymers [33–36]. For instance, for

polyvinylacetate (PVAC) they are very near to each other

(difference only 2 K). Similar results were obtained in

this work if we compare the results from TMDSC with

those of the dielectric measurements (see inset in Fig. 6).

Therefore, we can assume that the activation curves from

calorimetric and dielectric measurements of these blends

are very near to each other too. With Eq. (2), we can

determine even the quasi-static glass transition tempera-

ture for cooling or heating with 10 K/min by reading the

respective values from Fig. 6 at the ‘fictive’ frequency

0.0018 Hz. As a result, the Tg for the crystallized blend

is considerably lower than for the quenched one. The

same was done for blends with G910 and the results are

plotted in Figs. 7 and 8. A good agreement between the

results obtained from the dielectric measurements and

DSC can be stated.

Quenched binary blends of PHB with G910 or G2670

showed one single glass transition between those of the

two pure components, and the glass transition tempera-

ture is close to that predicated from the Fox equation

[39] (see Figs. 7 and 8). Therefore, it is confirmed, that

the blends of PHB with G910 and G2670 are miscible.

However, the crystallized blends show a glass

transition temperature, which is significant lower than

that of the quenched sample of the same composition.

The reason for that is that in these blends, the

crystallization of PHB leads to a change of the

composition of the amorphous phase, namely an enrich-

ment of G910 or G2670 and consequently a Tg decrease.

For example, for the blend of 75% PHB with 25%

G2670 the Tg of the quenched sample is 27 8C, whereas

that of the crystallized blend is 218 8C. According to

Fox equation [39], such a Tg would correspond to a

composition of 33% PHB and 77% G2670 of the mobile

amorphous phase of the crystallized sample. The same

behaviour also appears in the blends of bacterial isotactic

PHB with G 910. For example, for the blend 70% PHB

with 30% G910 Tg of the crystallized sample is 241 8C.

This Tg would correspond, according to the Fox

equation, to a composition 19% of PHB and 81% of

G910 inside of the mobile amorphous part of the sample.

The same trend was reported for the blends of PHB with

atactic polyepichlorohydrin [28,29], and the blend of

atactic R, S-PHB with polylactic acid [40,41].

It is interesting to note that only one glass transition was

observed for all compositions and all thermal histories of the

blends except for the blend of 50% PHB with 50% G910, if

cooled from the melt at 210 K/min (see Fig. 3c). The two

peaks in the phase signal in Fig. 3c are, however, well

separated, they are almost equal in magnitude and clearly

resolved. It should also be mentioned that an unusual broad

glass transition (about 20 8C) has been observed for blends

of 70% PHB with 30% G910 after cooling at 210 K/min

which may be the sum of two overlapping glass transitions.

The simplest explanation for these findings may be that the

crystallization was not completed at 210 K/min (see Figs. 1

and 2), the spherulites are not volume-filling and the

resulting material is a mixture of a partial crystalline and a

totally amorphous blend which show different Tg’s. More

investigation will be done in the future to clarify this

phenomenon.

Fig. 7. Glass transition temperature in dependence on composition for

quenched and crystallized blends of PHB with G910 from TMDSC, DSC

and dielectric measurements. The solid line characterizes the Fox equation.

Fig. 8. Glass transition temperature in dependence on composition for

quenched and crystallized blends of PHB with G2670, from TMDSC, DSC

and dielectric measurements. The solid line characterizes the Fox equation.
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4.2. Rigid amorphous phase

Schick et al. [10] have found that semicrystalline PHB

must be described with a three-phase model (with a

crystalline, a mobile amorphous and a rigid amorphous

phase) rather than with the common two phase model. It is

an interesting question to see whether this model even holds

for blends, in particular miscible blends, and to determine

the amount of the obvious existing rigid amorphous phase in

different blends of PHB with the atactic oligomers of low

molecular mass (G910 and G2670).

The fraction of the mobile amorphous phase in crystal-

lized blends can be estimated from the DCp of TMDSC

curves:

Xa ¼
DCp ðcrystallized blendÞ

DCp ðcompletely amorphous blendÞ
ð4Þ

where DCp (crystallized blend) of the glass transition

process was measured with blends which were crystallized

for 3 h at 80 8C and DCp (completely amorphous

blend) ¼ 0.65 J g21 8C21, this is an average value from

measurements of quenched PHB and the pure oligomers

G910 and G2670. To take the average value for these

calculations seems reasonable in this case, as the measured

values turned out to differ only slightly within our

experimental uncertainty and a correction relative to the

oligomer content [44] does not make much sense. The

respective results are plotted in Figs. 10 and 11.

It is also possible to determine the amount of the mobile

amorphous fraction (at temperatures above Tg) from

dielectric measurements. In the case of very low frequencies

(the quasi-static case), where the molecular dipoles are able

to follow the applied electric field, there is a great difference

between the permittivity of the mobile amorphous phase and

that of the crystal. For quenched PHB, we measured e < 10

and almost the same value was obtained for the pure

oligomers. On the other hand, in the case of very high

frequencies (where the dipoles are not able to orient in the

alternating field and therefore behave like in the immobile

phase) a value of e < 3:3 can be assumed for all blends.

The case of immobile dipoles can also be easily realized

at low temperatures ð, TgÞ: This way, if the level of the

permittivity of the blends is measured at very low

frequencies, it is possible to calculate the amount of mobile

amorphous material in the sample. Since blends are

heterogeneous dielectric material, with very different

components, a linear interpolation is not possible and we

have to use a theory of heterogeneous dielectric materials.

One of the simplest equations for a two phase system (with

mobile and immobile dipoles), symmetrical with respect to

the two components, is reported by Böttcher [42]. It was

derived for balls of material 2 embedded in a matrix of

material 1:

½e 2 e1�

3e
¼ d2

e2 2 e1

e2 þ 2e

� �
ð5Þ

where e1 and e2 are the permittivities of material 1 and 2,

respectively, and d2 the volume fraction of material 2. e is

the permittivity of the heterogeneous blend. On reasons of

symmetry, this equation is applicable over the whole range

of composition (0–100% of material 2). Of course the

morphology of the PHB blends is much more complicated

than the simple model of balls in a matrix, but Eq. (5) may

serve as a first approximation.

From our results, we assign material 1 ðe1 ¼ 3:3Þ to the

immobile dipoles (including the crystal and the rigid

amorphous phase) and material 2 ðe2 ¼ 10:3Þ to the mobile

amorphous phase. The permittivity e of the blends was

measured at low frequencies from scans at selected

temperatures. Inserting these values in Eq. (5), we obtained

the volume fraction d2 of the mobile amorphous phase.

The permittivity of the blends at high temperatures and

low frequencies is, of course, influenced by the Maxwell–

Wagner polarisation, caused by the migration of ionic

impurities. Therefore, care was taken during the evaluation

of the data, to separate these effects from the contribution of

the dipoles. The Xa results from dielectric experiments were

added to Figs. 10 and 11 with an error bar corresponding to

an uncertainty of ^10% for these measurements.

The crystallinty Xc, on the other hand, was calculated

from the melting peak in conventional DSC curves:

Xc ¼
DH ðblendÞ

DH ð100% crystalline PHBÞ
ð6Þ

where DH(blend) the area of the melting peak of blends

crystallized at 80 8C for 3 h and DH(100% crystalline

PHB) ¼ 146 J/g taken from literature [43]. Fig. 9 shows that

there is a nearly linear relation between the enthalpy of

fusion per gram of blend with G910, G2670 and the PHB

content. In other words, the partial crystallinity of the PHB

component in the blend is practically not influenced by the

Fig. 9. Melting enthalpy in dependence on composition for different

crystallized blends. The linear relationship (solid line) is obvious.
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blend composition. It should be noted that every Xc is an

average value from several measurements.

The resulting Xa and Xc for blends of PHB with G910 or

G2670 are plotted in Figs. 10 and 11. Additionally, the

respective results for pure PHB from Schick et al. [10] are

included.

From Figs. 10 and 11, it follows that the sum of Xa and Xc

is different from 1. This confirms the existence of a

significant amount of rigid amorphous phase Xra in these

blends, which can be calculated according to Eq. (1):

Xra ¼ 1 2 ðXc þ XaÞ

Xra of the two types of blends is plotted in Figs. 12 and

13. From literature [2,10] it is known that at least for pure

polymers, the rigid amorphous phase is strictly connected

with the crystalline phase. From Fig. 9 follows that DH, and

therefore even the crystallinity, is linear dependent on the

weight fraction of PHB. So it could be expected that Xra

should be a linear function of the composition too.

However, from Figs. 12 and 13, it is obvious that the

amount of rigid amorphous fraction is non-linear dependent

on the weight fraction of PHB. One possible explanation for

such a non-linearity is that the rigid amorphous phase

contains not only PHB but varying amounts of amorphous

G910 or G2670 as well.

Now the question arises how to determine the compo-

sition of the rigid amorphous fraction in the blends. One

way is to assume that the ratio of the amount of PHB in the

rigid amorphous and in the crystal phase is unchanged for all

blends. In other words, it is assumed that the amount of PHB

in the RAP is proportional to the total amount. This is

described by the straight line in Figs. 12 and 13. This

assumption is reasonable because from literature it is known

that the RAP is connected to the crystals and the amount of

crystals in its turn is strictly proportional to the PHB content

(see Figs. 9–12). Under these circumstances the amount of

the oligomer G910 or G2670 in the rigid amorphous phase is

the difference between the total Xra and the amount of PHB

(i.e. the shadowed part in Figs. 12 and 13). These differences

are included in Table 2 as fraction of G in the rigid

amorphous phase (method I).

Another way to determine the composition of RAP starts

from the measured Tg’s of the mobile amorphous phase of

the crystallized samples (Figs. 7 and 8) together with the

assumption that the Fox equation [39] is valid for the Tg of

Fig. 10. Crystalline fraction Xc (left) and mobile amorphous fraction Xa

(right) of blends of PHB with G910, crystallized at 80 8C for 3 h, in

dependence on composition. The solid lines characterize the course of the

functions as guide for the eye.

Fig. 11. Crystalline fraction Xc (left) and mobile amorphous fraction Xa

(right) of blends of PHB with G2670, crystallized at 80 8C for 3 h, in

dependence on composition. The solid lines characterize the course of the

functions as guide for the eye.

Fig. 12. Rigid amorphous fraction of different blends of PHB with G910

calculated from dielectric and TMDSC results using Eq. (1) and Fig. 10.

The solid line is a guide for the eye only; the dashed area shows the linearly

dependent amount of PHB in the RAP.
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these blends. In this case the relative composition of the

mobile amorphous phase (the PHB and the G content) can

be derived from the measured Tg; that is to say, from the

given ordinate ðTgÞ the respective abscissa is read from the

fox curve which gives the amount of PHB in the mobile

amorphous phase and thus, as the residue, even the G

content in this phase (see Figs. 7 and 8 and Table 2). As a

result the amount of G in the mobile amorphous phase turns

out to be lower than the total amount of G in the blend (see

Figs. 14 and 15 and Table 2). The difference must be the

amount of G in the rigid amorphous phase; it is included in

Table 2 as fraction of G in the rigid amorphous phase

(method II).

As both methods give approximately the same result (see

Table 2), we have to conclude that the above mentioned

assumptions seem to be true and the evaluation useful. As a

result, G is partially included in the rigid amorphous phase.

The amount of G in the rigid amorphous phase is about 5–

15% of the total mass of the sample. Though the results

scatter somewhat it can be stated, that the fraction of G in

the RAP depends somewhat on the molecular mass of the

oligomer and, at least in the case of the higher molar mass

component, even on the composition of the blend in

question.

It may be of interest to mention that Chun et al. [7]

reported, that for blends of PEEK with polyarylate the

fraction of the rigid amorphous phase (relative to PEEK

fraction) increased from 0.31 to 0.36 if the amount of

polyarylate increases from 0 to 50%.

5. Conclusions

Blends of bacterial isotactic PHB with low molar mass

atactic R, S-PHB-diols (Mn ¼ 910, and 2670 g/mol) have

been investigated relating to the rigid amorphous phase

(RAP). The existence of this third phase, already proved for

Fig. 14. Amount of G910 in the mobile amorphous phase as calculated from

the glass transition temperature of the crystallized samples. The dotted line

describes the total fraction of G910 in the blends.

Fig. 13. Rigid amorphous fraction of different blends of PHB with G2670

calculated from dielectric and TMDSC results using Eq. (1) and Fig. 11.

The solid line is a guide for the eye only; the dashed area shows the linearly

dependent amount of PHB in the RAP.

Table 2

Measured and calculated fractions of the different components in the different phases of blends of PHB with G 910 and G2670

Blends of PHB

with

Crystalline

fraction

(Xc)

Mobile

amorphous

fraction (Xa)

Rigid

amorphous

fraction (Xra)

Fraction of G in

rigid amorphous

phase (method I)

Tg
a/8C Fraction of PHB in

mobile amorphous

phase

Fraction of G in

mobile amorphous

phase

Fraction of G in

rigid amorphous

phase (method II)

Pure PHB 0.64 0.12 0.24 0.00 20 0.12 0.00 0.00

Blend with G910

12% G910 0.61 0.19 0.20 0.00 221 0.12 0.07 0.05

30% G910 0.49 0.27 0.24 0.07 241 0.05 0.22 0.08

50% G910 0.33 0.45 0.22 0.10 248 0.02 0.43 0.07

70% G910 0.18 0.67 0.15 0.08 248 0.03 0.64 0.06

Blend with G2670

10% G2670 0.57 0.18 0.25 0.03 213 0.09 0.09 0.01

25% G2670 0.46 0.27 0.27 0.09 218 0.09 0.18 0.07

30% G2670 0.45 0.33 0.22 0.05 n.d. n.d. n.d. n.d.

50% G2670 0.32 0.48 0.20 0.08 222 0.10 0.38 0.12

70% G2670 0.20 0.63 0.17 0.10 224 0.12 0.51 0.19

a Weighted average from TMDSC and dielectric measurements on crystallized samples.
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pure bacterial PHB by other authors [10], could be

confirmed even for the miscible blends with the named

oligomers. It could be shown that the RAP contains mainly

PHB but there is a small, but nevertheless significant,

amount of the low molecular mass oligomer included in this

interface which is thought to be situated between the

crystals and the mobile amorphous phase. After crystal-

lization of the samples, the low molecular mass oligomers

are highly enriched in the mobile amorphous phase, which

results in a decrease of the glass transition (lower for the low

molecular mass oligomer), but some amount of the

oligomers is incorporated in the RAP as well. The amount

seems to be higher for the higher molecular mass oligomer.

This is an interesting result which is important for the

understanding of the bulk material properties and their

change on blending PHB with oligomers. We believe that

the rigid amorphous phase plays an important role in this

context.

At this point the question arises, whether there is a

relation between the amount and the composition of the

rigid amorphous fraction on the one hand and the melting

point depression, compared to pure PHB, of the blends on

the other hand. There seems to be a connection, but to

answer this question definitely, further investigations are

needed.

Our findings from the PHB blends could furthermore

contribute to a better understanding of the nature and

properties of the rigid amorphous phase in general. The

existence of the RAP even in blends is not widely known

yet, but needs nevertheless more attention.
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