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Structural changes in polyhydroxybutyrate (PHB) brought about by addition of chain extender and/or plas-
ticizer were studied using 13C MAS NMR spectra, which were measured using the direct polarization technique at
30 and 98 ◦C. Four resonances associated with the CO, CH, CH2 and CH3 groups of PHB were observed in the
spectra. The CH3 resonance appearing at 98 ◦C shows splitting into two lines related to the crystalline and amor-
phous regions. Analysis of the CH3 resonances made it possible to estimate the in�uence of applied modi�cations
on crystallinity and distribution of conformations in amorphous and crystalline domains of PHB samples.
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1. Introduction

Polyhydroxybutyrate (PHB) is a semi-crystalline ma-
terial with a helical structure of macromolecules. Be-
cause of this, some of its mechanical properties are similar
to those of polypropylene. PHB has been broadly studied
mainly because of its biodegradability, but its industrial
applications are quite limited due to its brittleness and
limited stability during processing. The ultimate prop-
erties of this material change remarkably during storage
due to physical aging under ambient conditions. Im-
proved properties and better applicability have been ob-
served in modi�ed PHBs, some of which possess unique
mechanical properties. In this research 13C MAS NMR
spectra were used for characterization of the changes in
structure of PHB resulting from thermal treatment, mod-
i�cation by addition of chain extender and plasticizer tri-
acetine (TAC).

2. Experimental

The virgin powdered PHB and PHB modi�ed by ther-
mal treatment (PHB-t) and addition of either chain
extender (Joncryl, BASF) (PHB-J) or plasticizer TAC
(PHB-T) or both plasticized and modi�ed (PHB-TJ)
were used for NMR measurements. All modi�cations
were carried out in a twin-screw extruder at 190 ◦C. The
PHB-T and PHB-J samples contained 10.0 and 2.0 wt.%
of TAC and Joncryl respectively, while the PHB-TJ sam-
ple contained 10.0 wt.% of TAC and 2.0 wt.% of Jon-
cryl [1].
The 13C MAS NMR measurements were performed on

a Varian 400 MHz NMR spectrometer. The spectra were
recorded at resonance and MAS frequency of 100 MHz
and 10 kHz respectively, at 30 and 98 ◦C. Free induction
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decay (FID) was recorded after a π/2 pulse of 1.9 µs
duration, with high-power proton decoupling of 86.2 kHz
and recycle delay of 90 s. Each spectrum was obtained
using the Fourier transformation of the FID, which was
an average of 300�350 scans. The chemical shifts were
referenced to the TMS.

3. Results and discussion

Nuclei of PHB carbons are present in four di�erent
groups � CO, CH, CH2 and CH3, and for this reason
their magnetic moments, when the sample is placed in the
external magnetic �eld, experience four di�erent mag-
netic �elds brought about by the surrounding electrons,
hence four resonances appear in 13C MAS NMR spectra
at 170.0, 68.5, 41.3 and 21.4 ppm respectively (Fig. 1).

Fig. 1. 13C MAS NMR spectra measured for PHB
sample at 30 (bottom) and 98 ◦C (top).

The di�erences in the shapes of particular lines in the
spectra can be seen in Fig. 1. While the lines assigned to
the CO, CH and CH2 groups are symmetrical, or show
weak asymmetry when measured at both temperatures,
the line associated with the CH3 groups measured at
30 ◦C is evidently asymmetrical, and the one measured
at 98 ◦C is split into two components which can be re-
lated to the CH3 groups in amorphous and crystalline
domains [2].
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The ratio of integral intensities of the lines associated
with the CO, CH, CH2 and CH3 groups di�ers from the
theoretical expectation 1:1:1:1. They were found to be
0.64:0.74:0.44:1.00 or 0.97:0.93:0.64:1.00 in the spectra
measured at 30 and 98 ◦C respectively. The di�erences
can be explained by the recycle delay which was su�-
ciently long to obtain an acceptable signal to noise ratio
in the spectra but not su�ciently long for relaxation of
the carbons in the CO, CH, CH2 groups [3].
For this reason the modi�cations of the PHB will be

further explored by means of analysis of the lines assigned
to the CH3 groups with the spin system completely re-
laxed at the used recycle delay.

Fig. 2. CH3 lines of 13C MAS NMR spectra measured
at 98 ◦C (left) for the samples as indicated. Deconvolu-
tions (right) of the lines into two and three components
are illustrated in the line measured for PHB (bottom)
and PHB-TJ (top) respectively, at 98 ◦C.

Similar to the case of unmodi�ed PHB, lines split into
two components were observed at 98 ◦C for the modi-
�ed samples and the shape of the spectra depended on
the method of modi�cation (Fig. 2). To evaluate the
e�ect of the particular modi�cation on the structure of
polymers, deconvolutions of the spectra into two or three
components were made for the lines detected at 98 ◦C
(Fig. 2). The parameters evaluated by the deconvolu-
tions are summarized in Table. It is reasonable to divide
the samples into two groups. If the presence of 2 wt.% of
Joncryl is considered as negligible concerning the poly-
mer structure, then the �rst group of samples, namely
PHB, PHB-t and PHB-J consists only, or nearly only of
chains of pure PHB. The samples in the second group,
PHB-T and PHB-TJ, contain 10 wt.% of TAC with three
CH3 groups in its molecule, which has to be taken into
account in the interpretation.
The components of the CH3 line determined by the

deconvolution can be related to the CH3 groups within
crystalline (δcr = 21.3�21.8 ppm) and amorphous (δam =
20.1�20.6 ppm) regions [2]. The data listed in Table indi-
cate that thermal treatment of PHB results in increase of
the width of the conformation distribution within crys-
talline regions, as can be inferred from the widths of the
peaks, and the degree of crystallinity (wcr) increases. Ad-

dition of Joncryl, besides the e�ects mentioned above,
resulted in broadening of the conformation distribution
within amorphous regions. It should be stressed that all
modi�ed samples PHB-X (X = t, J, T, TJ) underwent
the same preparation procedure.

TABLE
Weight fractions (w) and widths (∆f) of peaks deter-
mined by deconvolutions of the lines related to the CH3

groups in the 13C MAS NMR spectra measured at 98 ◦C.
wcr, wim and wam are the weight fractions determined
from the areas beneath the peaks related to the crys-
talline, intermediate and amorphous regions. All CH3

resonances were deconvoluted using Lorentzian lines.

Sample wcr ∆fcr wim ∆fim wam ∆fam
[%] [Hz] [%] [Hz] [%] [Hz]

PHB 52 88 - - 48 90

PHB-t 56 101 - - 44 90

PHB-J 57 102 - - 43 96

PHB-T 41 85 3 32 56 100

PHB-TJ 24 72 7 84 69 116

Error of weight fractions was estimated from repeated
deconvolutions and it did not exceed of 3%.
Deconvolution into three components was necessary for

the CH3 resonances of the plasticized PHB-T and PHB-
TJ samples, in which a third component was found po-
sitioned between those that were attributed to the crys-
talline and amorphous regions. The data listed in Table
indicate decrease in the crystallinity (wcr) and narrow-
ing of the conformation distribution within crystalline
regions due to the plasticizing. In fact the degree of crys-
tallinity, which is the ratio of the number of chains in the
crystalline region to the total number of PHB chains, cal-
culated assuming that TAC molecules and consequently
also TAC CH3 groups are absent in the crystalline do-
mains, was a little higher (2�3%) than the wcr values in
Table.
The broadening of the conformation distribution and

the presence of TAC molecules in the amorphous regions
is the reason for the broadening of the amorphous peaks
for the plasticized samples compared with the other stud-
ied samples.
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