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Abstract: Poly-B-alanine (PBA) and poly(3-hydroxypropionate) (PHP) were synthesized
via base-catalyzed hydrogen transfer polymerization (HTP) of acrylamide and acrylic acid,
respectively. Blends of PBA/PHP with different composition (PHP content, 5% to 75%) were
studied using FTIR, DSC, TGA, XRD and polarized optical microscope to reveal both
miscibility and thermal degradation kinetics of PBA/PHP blends. Optical images of blends
were transparent and entirely uniform. Characteristic FTIR bands of both components
shifted in higher frequencies with increasing fraction of another component. Melting
temperature (Tm), thermal decomposition temperatures (Tq), and enthalpy of fusion (AHr)
of PHP decreased with increasing PBA fraction in blends. Thermal degradation kinetics of
both components were studied by Freeman-Carroll method. Activation energies of thermal
degradations of blend components were determined with good regression coefficients (at
least 0.994). Activation energies of decomposition decreased from 224.14 to 86.125 kJmol-
1 with increasing PHP content. XRD spectra of blends exhibited lower peak intensities than
those of neat polymers. The spectroscopic, thermal, and optical methods revealed that PBA
and PHP were miscible with a good compatibility in amorphous phase.
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INTRODUCTION

Poly(3-hydroxypropionate) (PHP) or poly(B-propiolactone) is a well-known biodegradable
[1] thermoplastic polyester with high tensile strength, elongation at breaking, and high
moisture permeability. There are some reports on its potential utilization as scaffold
material in tissue engineering [2] and polymeric matrix for drug delivery [3]. Although PHP
has attracted much attention as an environmentally degradable polymer to be used for
medical applications, it has limitations due to its brittleness (high crystallinity), narrow
processability, and high hydrophobicity. Some studies were reported on blends [4-7] of
PHP to eliminate these limitations. Similarly, various [8-11] copolymers of PHP have been

prepared in order to combine its favorable properties with those of other components.

Comparing to aliphatic polyesters, aliphatic polyamides possess higher thermal stability,
higher moduli, and higher tensile strength. Poly-B-alanine (PBA), sometimes described as
nylon-3 or polyamide-3, is a crystalline poly(amino acid) with a high thermal (melts above

350 °C with decomposition [12]) and mechanical resistance [13].

Polymer blends are becoming more important in specific sectors of polymer industry, as
they can frequently meet performance requirements that cannot be satisfied by the
currently available commodity polymers. It is possible to obtain polymer blends of more
desirable properties by mixing miscible polymers, and thus it is very important to examine
the factors affecting the miscibility of polymer mixtures. Therefore, it is reasonable to
combine the favorable properties of these two classes of polymers to produce a new

polymeric material possessing good material properties and processability.

Thermal degradation of polymers and polymer blends is generally investigated by using
thermogravimetry (TGA), differantial thermal analysis (DTA) and differantial scanning
calorimetry (DSC). Mass losses and heat transfers due to the physical and chemical

phenomena are examined by TGA and DSC or DTA, respectively.

The consideration of favorable properties of PHP and PBA motivated us to investigate their
blends in the aspect of miscibility and thermal degradation behavior. Moreover, thermal
stabilities of PHP, PBA and some of their blends were compared in the study.

MATERIALS AND METHODS

Acrylic acid (99%, Aldrich), acrylamide (99%, Aldrich), sodium tertiary butoxide (97%,
Aldrich), phenyl-B-naphthylamine (97%, Aldrich), potassium chloride (99%, Sigma-
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Aldrich), formic acid (99%, Sigma), o-dichlorobenzene (99%, Aldrich) were obtained

commercially and used without purification.

Hydrogen transfer polymerization (HTP)

Acrylic acid ([M] = 0.07 mol) was placed into a three-necked flask. tBuONa ([I]=[M]/70)
as initiator and catalyst, phenyl-B-naphthylamine (5 mg) as radicalic polymerization
inhibitor and well-dried KCI ([KCI]=[M]/3) were added into the reaction flask. Reaction
mixture was stirred under nitrogen flux at 90 °C in the dark for 48 h. The reaction mixture
was poured into excess amount of diethyl ether to precipitate the PHP crystals out. The
product was filtered and dried at room temperature and stored at 40 °C in a vacuum oven.

PBA was prepared as described in Masamoto's report [14].

Blending and characterizations

Gel permeation chromatography (GPC) was performed using a Tosoh EcoSEC system
equipped with a refractive index detector. Chloroform and hexafluoroisopropanol (HFIP)
were used as solvents for PHP and PBA, respectively. The flow rate was 0.35 mL/min, and
the column temperature was 35 °C. Monodispersed poly(methyl methacrylate) standards
were used to calibrate the column. Number average molecular weights of PHP and PHP
were determined as 3200 and 40000 gmol!, respectively. Polymer blends (10% w/v) were
prepared using formic acid. PHP contents of the blends were in ratios of 5%, 10%, 25%,
50% and 75% by weight. The blend solutions were stirred vigorously overnight at room
temperature. The solutions were cast into Petri dishes, dried at room temperature, and
stored in vacuum oven overnight before analysis. DSC curves of neat polymers and blends
were recorded using TA instrument 2920 Modulated DSC with 10 °C min! heating rate
under nitrogen flux. Thermogram of neat polymers and blends were obtained using TA
instrument Hi-Res TGA 2950 with 10 °C min! heating rate under nitrogen flux. XRD spectra
of the film samples were recorded using a Bruker AXS Dimension D8 X-Ray System in a
range of 7 to 35° (2-theta) using 20 kV with 5 mA current. FTIR spectra of neat polymers
and blend films were recorded at room temperature using a Nicolet 380 FTIR spectrometer.
The spectra were collected over the range 3400 to 1200 cm™ with a resolution of 4 cm™

using 32 scans.

RESULTS AND DISCUSSION

Optical Microscopy

Optical microscopic images of the blend films were recorded to obtain the first information

about the compatibility of polymers. Although both PHP and PBA are white powders before
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blending due to the high crystallinity of the polymers, solution-cast films of 10% and 25%
PHP blends were completely transparent and uniform. This is a simple indication of

miscibility of PHP and PBA. Optical microscopic images of blends were shown in Figure 1.

Figure 1. Polarized optical microscopic images of (a) 10% PHP and (b) 25% PHP blends.

FTIR Spectroscopy

FTIR spectroscopy provides crucial evidences on both crystallization and miscibility of
polymer blends. Both PBA and PHP are highly crystalline due to the strong segmental
interactions (dipole-dipole interactions in PHP and hydrogen bondings in PBA). The strong
segmental interactions lead to decrements in the bond orders of corresponding functional
groups (C=0 amide, NHamide and C=0ester) in the neat polymers. Consequently, FTIR spectra
of the neat polymers give corresponding FTIR bands at lower frequencies than those in
case of the strong interactions eliminated. Blending the polymers may destroy the strong
interactions between the neat polymer chains resulting in increment in distance between
the chains, decrement in crystallinity and hence increment in chain mobility. FTIR spectra
of blends were expected to show corresponding bands at higher frequencies [15-18] than
those in neat forms since chain mobility enhanced. Consequently, FTIR spectra of PBA/PHP
blends were obtained to assess any structural changes that may have occurred upon
blending as they affect the crystallinity and miscibility of the blend films. FTIR spectra of

PBA/PHP blends with various compositions are shown in Figure 2.

344



Catiker and Basan, JOTCSA. 2017; 4(1): 341-354. RESEARCH ARTICLE

NH-amide CO-ester CO-amide

‘V |
100—5 i

75

PHP

25%PBA

50%PBA
75%PBA

90%PBA
95%PBA

Transmitance

50

25 i L PBA

T T T T T T T T T T T T T T T T T T T T T T T
3200 2800 2400 , 2000 1600
Wavenumber (cm™)

Figure 2. FTIR spectra of neat polymers and blends a) NH stretching b) COester and
COanmide stretching.

Wavenumber shifts originating from blending for characteristic amide (N-H stretching and
CO carbonyl stretching) and ester (CO carbonyl stretching) bands are summarized in Table
1. Examination of data listed in Table 1 reveals that, upon blending, wavenumber, vc-o
(ester) Value of 1725.0 cm™ in neat PHP shifted up to 1737.2 cm™ with increasing PBA
content. These shifts to higher wavenumbers mean improvement of bond order for the
corresponding group (ester CO) due to extinction of the previous segmental interactions
(here, dipole-dipole interactions).

Similarly, VnHamide) Values in neat PBA (3272.5 cm™) also shifted to higher wavenumbers
(3289.1 cm™ for 75% PHP) with increasing PHP content, revealing increment in bond order

for NH, and hence, the extinction of hydrogen bonding between amide CO and amide NH.

We also have observed shifts in vco amide band (1622.8 cm™) to higher wavenumbers
(1629.8 cmtfor 75% PHP) by increasing the ratio of PHP in the blends. This result indicates
enhancement in bond order for the corresponding amide CO group due to the extinction of
self-associated hydrogen bonding, and it provides a clear evidence for penetration of PHP

chains through the nylon crystal lattice.

Table 1. FTIR data of neat components and their blends.

PBA 5% PHP 10% 25% PHP 50% PHP 75% PHP PHP
PHP
COamide 1622.8 1623.1 1623.7 1623.7 1624.3 1629.8 -
COester - 1737.2 1733.6 1735.4 1735.4 1729.3 1725.0
NHamidze 3272.5 3280.4 3280.6 3280.6 3284.9 3289.1 -
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Differential Scanning Calorimetry

DSC curves for pure PHP and PBA/PHP blends are shown in Figure 3. Thermal behavior of
PBA was not examined since PBA melted at around 350 °C and decomposition accompanied
immediately after melting process began. The data derived from the first heating scans of
DSC for PHP powder and PBA/PHP blends are listed in Table 2. The DSC curves show
endothermic melting peak centered at 69.0 °C for pure PHP. The melting temperature of
PHP in the blends decrease consistently with increasing PBA content. Even blends with
minor PHP content (5% and 10% PHP) did not exhibit any melting peak. These decrements
indicate that PHP chains acquire enhanced mobility after blending leading to lower Tm
values. In general, a decrease in the melting point in a polymeric blend can be due to both
morphological effects (decrease in lamellar thickness) and to thermodynamic factors [15]
(polymer-polymer interactions).
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Figure 3. DSC curve of PHP and its blends with PBA.

Apparent enthalpy of fusion for PHP decreased in the blend samples. Percent crystallinities
of PHP in the blend films were estimated by dividing the apparent fusion enthalpies of PHP
in blends to fusion enthalpy of neat PHP [19], 140.9 ]J/g. Based on the data listed in Table
2, relative crystallinities of PHP in all blend samples were lower than that in neat PHP.
Although both PHP and blend films were prepared using the same route (solvent, drying

time, drying temperature), suppression of percent crystallinity of PHP in the blends may
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be attributed to penetration of PBA to the crystal lattice of PHP. Another factor that lowers
the degree of crystallinity for PHP is the difference in the molecular mobility between PHP
and PBA. The difference in the glass-transition temperature between PBA and PHP (110-
120 °QC) influences the degree of crystallinity of their blends. Such a result is probably due
to the trapped fraction of PBA in the interlamellar amorphous regions of PHP spherulitic
behavior which is not allowed to crystallize. Therefore, the influence of PBA on the
crystallinity of PHP can be considered to be the proof of miscibility (compatibility) of the
two polymers. The DSC results in this work revealed that blending PBA with PHP suppressed
the crystallinity of PHP in the blend films. In all, the DSC results supported our earlier
finding in FTIR analysis that the crystallinities of PBA/PHP blends were suppressed

compared with pure components.

Table 2. DSC data of neat PHP and blends.

PHP 25 % PHP _ 50% PHP __ 75% PHP __ 10% PHP __ 5% PHP
Tm (°C) 69.0 28.4 39.5 48.4 - -
AH: O g1)  104.3 9.1 27.9 34,3 - -
Xc 74.0 6.5 19.8 24.3 - -

X-ray Diffraction Spectroscopy

XRD spectra patterns of crystalline polymers may be used to extract qualitative information
on the degree of crystallinity of polymers and blends [17, 20]. In this study, XRD spectra
of neat PHP /PBA and their blend films shown in Figure 4 were obtained to understand the
effect of blending on the degree of crystallinity of each component. The XRD spectra reveal
that diffraction intensities of blend films are lower than those of the individual components.
The sharp peaks observed in the neat PHP film spectrum diminish in intensity with
increasing PBA content in the spectra. Since the areas under these peaks can be used as
measure of the degree of crystallinity, reduction in these areas may be attributed to
suppression in the degree of crystallinity for both components (PHP and PBA) upon
blending. Each blend component seems to trap the segments of the other in the amorphous
phase hindering the mobility required for crystallization. This results in a lower degree of

crystallinity.
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Figure 4. XRD spectra of the neat polymers and their blends.

Thermogravimetric Analysis

Thermogravimetric analyses of neat components and blend films were performed to see
the effect of each component on the decomposition behavior over the others. The TGA and
DTG decomposition curves of neat polymers and blends are shown in Figures 5 and 6. The
TGA and DTG curves were used not only to compare thermal stabilities of neat polymers
and their blends but also to investigate the kinetics of thermal degradation reactions [21].
It is obvious that both neat polymer decomposes through a fast reaction at single-step in

different temperature domains.

Onset temperature of degradation (Ti), half-life temperature (Th), maximum rate
temperature (Tmax), final temperature at degradation (Tr) and maximum mass loss rate
(Rmax) were listed in Table 3 to compare thermal stabilities of neat polymers and their
blends. As easily shown in Figure 5 and 6, thermal stability of PBA is much higher than
PHP. Moreover, PHP decomposes completely before PBA begins to decompose. It may be
estimated that blending with PHP and PBA will result in elevation of thermal stability of
PHP. Thus, the changes in Ti (488 to 492K), Tr (523 to 531K) and Tmax (514 to 519) for
25% blend confirm this estimation. However, the values of Ti, Trand Tmax for the 50%,
75% and 90% blends (PBA dominant blends) are lower than those of neat PHP, that is an
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indication of negative impact of PBA on the thermal stability of PHP. The values of Ti, Tr
and Tmax given in brackets, corresponding to the thermal degradation of PBA in the blends,
increase with increasing PBA content in the blends. Similarly, the half-life temperatures
(Tn), represent both degradation reactions, increase with increasing PBA content. Besides,
addition of PBA causes depression in the rate of first degradation reaction, Rmax and
elevation in the rate of second degradation, Rmax (in brackets).
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Figure 5. TGA curves of the neat polymers and their blends.
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Figure 6. DTG curves of the neat polymers and their blends.
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Table 3. Differential TGA curve data of the neat polymer and their blends. *The values
given in brackets belong to the second thermal degradation.

PBA% Ti(K) Te(K) Th(K) Tmax(K) Rmax(%/K)
0 488 523 507 514 3,04
25 492(592) 531(639) 520 519(627)  1.839(0.465)
50 484(602) 518(641) 571 505(630)  1.246(0.962)
75 475(612) 512(644) 623 497(633)  0.5446(1.73)
90 470(611) 507(646) 629 492(632)  0.175(1.780)
100 (610) (644) 631 (633) (2.427)

Freeman-Carroll method [22,23] is widely used in the kinetic analysis of thermal
degradation of polymers and blends since it gives not only total reaction order but also
activation energy of degradation. Since the activation energy of thermal degradation
reaction obtained from the method belongs to overall of the thermal degradation, it is more
useful than the parameters (Ti, Tmax, Th and Tr), which represents specific points of the

reaction, for comparison of thermal stability of polymers.

Freeman-Carroll equation (Eq.1) has been used to determine the total reaction orders and
activation energies of thermal degradation reactions. Graphs of AIn(dC/dT)/AIn(1-C) versus

A(1/T)/AIn(1-C) for each neat polymer and their blends have been plotted.

Aln(dC/dT) _ ~E, A(1/T) (Eq. )
Aln(1-C) R Aln(1-C)

Figure 7 shows the Freeman-Carroll graph of 90% PBA blend. Intercept and slope of the

straight line give total reaction order and activation energy of the thermal degradation,

respectively. Activation energies of thermal degradations of blends were determined with

good regression coefficient (at least 0.994). Activation energies of decomposition increased

from 86.125 to 224.14 kImol! with increasing PBA content. The results obtained for the

all sample were listed in Table 4.
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Figure 7. Freeman-Carroll graph of 90% PBA blend.

Table.4 Data obtained from Freeman-Carroll method for thermal degradations of neat
PBA and PHP, and their blends.

PBA (%) n Slope Ea(kJ/mol) R?
0 0.311 -10359 86 0.994
25 0.475 -10109 84 0.9961
50 -0.370 -13476 112 0.9985
75 0.198 -13702 113 0.9954
90 0.626 -18662 155 0.9995
100 -0.329 -26963 224 0.9996

CONCLUSION

In a thermodynamic sense, the formation of miscible PHP /PBA blends were favorable as
attributed to the formation of strong hydrogen bonds between the components (enthalpic
decrement), and suppression of high crystallinity in both the PHP and PBA components
(entropic enhancement). Based on this point of view, the purpose of this work was to study
the miscibility of PBA and PHP blends by using Differential Scanning Calorimetry (DSC),
Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric Analysis (TGA), X-Ray
Diffraction Spectrometry (XRD), and Polarized Optical Microscopy (PEM).

These thermal, spectroscopic, and optical techniques revealed that the blends of PBA/ PHP
are miscible in amorphous phase. The miscibility has been shown to be based mainly on
suppression of crystallinity of both components in the blends. Such a decrease in the total
crystallinity should be considered a very important factor for decreasing its brittleness and

improving its other relevant material properties by tuning the amount of PBA to be blended.
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PBA and PHP decompose thermally via fast and single step degradation. Thermal stability
of PBA is higher than that of PHP. Moreover, PHP decomposes completely before PBA begins
to decompose. Hence, blends of the polymers give TGA curves with two steps. Basically,
PHP in the blends decomposes at the first step and then PBA decomposes at the second
step. Increase in the PBA content (excluding 25%) in the blends depresses Ti, Tr and Tmax
values of first step and elevates Ti, Tr and Tmax values of second step. Conversely, values
of Th and Ea, represent overall reaction, show that addition of PBA elevates the thermal
stability of PHP. This behavior may be explained through wrapping of PHP chains by PBA
chains, which is a result of miscibility. Blend with 25% PBA supports this approach.
However, when PBA is dominant in blends (50%, 75% and 90%) it may behave as a
barrier, hinder to remove of primary degradation product of PHP (acrylic acid), and then

cause an autocatalytic effect on the thermal degradation of main polymer [24].
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Tiirkce Oz ve Anahtar Kelimeler
Poli-B-Alanin / Poli(3-hidroksipropiyonat) Karisimlarinin Birbiri
Icinde Coziiniirliigii ve Isil Bozunma Kinetikleri

Efkan CATIKER, Satilmis BASAN

Oz: Poli-B-alanin (PBA) ve poli(3-hidroksipropiyonat) (PHP) sirasiyla akrilamid ve akrilik
asidin baz katalizli hidrojen iletim polimerizasyonu (HTP) ile sentez edilmistir. Farkli
bilesimdeki (PHP igeridi %5 ile 75 arasi) PBA/PHP karisimlari FTIR, DSC, TGA, XRD ve
polarize optik mikroskop calismalarniyla PBA/PHP karisimlarinin birbiri icinde ¢6zinebilirlik
ve iIsil bozunma kinetigini ortaya cikarmistir. Karisimlarin optik goérintileri seffaf ve
tamamen tek bicimlidir. Her iki bilesenin karakteristik FTIR bantlari, diger bilesenin artan
kismi ile daha ylksek frekanslara kaymistir. PHP'nin erime sicakhidi (Tm), 1sil bozunma
sicakligl (Td) ve kaynasma entalpisi (AHs), karisimlardaki PBA kisminin artmasi ile azalma
gostermistir. Her bir bilesenin 1sil bozunma kinetigi Freeman-Carroll ydntemiyle
calisilmistir. Karisimi olusturan bilesenlerin 1sil bozunmalarinin aktivasyon enerjileri iyi
regresyon katsayilari ile (en az 0,994) belirlenmistir. Bozunma aktiflesme enerjileri artan
PHP icerigi ile 224,14'den 86,125 kJmol e azalmistir. Karisimlarin XRD spektrumlari, saf
polimerlere oranla daha disik pik siddeti vermistir. Spektroskopik, termal ve optik
yontemlere gére PBA ve PHP, amorf fazda iyi bir uyuma sahip olacak sekilde birbiri icinde
¢ozlinmektedir.

Anahtar kelimeler: Isil bozunma; birbiri iginde ¢6zinme; poli-B-alanin, poli(3-
hidroksipropionat).
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