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Abstract. Structural and dynamic analysis based on combined thermophysical and
molecular-mobility measurements via spin-probe ESR spectroscopy has been applied to films
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and fibrous matrixes based on poly(3-hydroxybutyrate). The dynamic behaviors of partially
crystalline samples during deformation under conditions of electrospinning and cold rolling
have been compared. The comparative results of the complex investigation of films and
ultrathin fibers in the poly(3-hydro-xybutyrate) matrix have shown that the electromechanical
action leads to additional crystallization of the crystalline regions, spherulites, and lamellas in
the polymer. The changes in the crystalline phase of the polymer are accompanied by an
increase in the packing density of macromolecules in the intercrystalline space. With the use
of the spin-probe ESR method, the effect of water and the oxidant ozone on the morphology
of the amorphous phase of poly(3-hydroxybutyrate) ultrathin fibers has been determined.
The measurements of the dynamics of spin-probe rotation in samples before and after cold
rolling have shown that the additional orientation of poly(3-hydroxybutyrate) spherulites in a
mechanical field results in stabilization of amorphous regions more resistant to the aggressive
effects of ozone.

Key words: poly(3-hydroxybutyrate), structural and dynamic analysis, films, ultrathin
fibers, polymer.

Ultrathin fibrillar structures(fibers, fibrils, nets,
and porous fibrous matrixes) are of great interest
as advanced functional materials with specific
properties owing to the high surface–volume ratio
for an individual filament, the capacity for surface
modification, and the controllable mechanical
characteristics and diffusion transport features [1-
3]. At present, ultrathin fibers and the related
products have found wide application in
biomedicine, cell engineering, separation and
filtration processes, the production of reinforced
composites, electronics, analytics,  sensor
diagnostics, and a number of other innovative
areas [4-6].

The formation of fibers and filaments of
submicron and nano diameters via conventional
spinning technologies is accompanied by
significant difficulties [7].

At present, the alternative to ultrathin-fiber
formation is an original technology that is based on
electrospinning and allows the production of fibers
and related unwoven materials. In regards to the
equipment, electrospinning is a technologically simple,
but multiparameter process of formation of micro-
and nanofibers 10 nm –10 m in diameter [8].
The electrospinning process is based on the
combined action of mechanical and electrostatic
forces applied to a polymer solution or a melt oriented
in an electric field [9]; thus, some parameters such
as the potential at the electrodes, the distance
between the electrodes, conductivity, and the density
and viscosity of the spinning polymer system-affect
the morphology, surface properties, functionality,
porosity, and geometry of fibers [10].

In previous works [11; 12; 20], for the examples
of the natural polyester poly(3-hydroxybutyrate)
(PHB) and a number of its compositions with other
polymers, the physico-+chemical, dynamic, and
transport characteristics of macroscopic biodegra-
dable matrixes and microparticles of PHB that
are prospective for prolonged and controlled drug
delivery were studied [13].

The high biocompatibility, controlled
biodegradation, and satisfactory mechanical
characteristics make it possible to consider this
polymer one of the most promising for biomedical
use. PHB is not only used therapeutically but also
widely applied for the development of bone
implants, nerve fiber connections, matrixes for cell
and tissue cultivation, and filters and ultrafiltration
membranes as well as for the design of artificial
heart ele-ments and vascular prostheses [14; 20].

At present, there is a number of methods
for obtaining oriented polymer structures: for
example, blow molding, hot molding, compression
stretching, and die extrusion of fibers [15]. These
methods are widely used in manufacturing;
however, sometimes they are accompanied by an
undesirable effect, such as the formation of micro-
and macrocavitation defects, which deteriorate
the diffusion and strength characteristics of fibers
and films [16]. Fibers prepared via electrospinning
are less prone to defect formation.

Moreover, to improve the orientation of
ultrathin fibers, the cold rolling technique (related
to compression methods), which minimizes the
formation of defect voids in the fibrous matrix,
has been employed [17]. In spite of some
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limitations, the above method has a low energy
consumption and, hence, remains among most
economical processes of polymer material
production.

The transfer from film and matrix systems to
fibers and related unwoven materials is
accompanied by significant changes in their
physico-chemical and transport characteristics, a
circumstance that is related to the space limitations
arising in ultrathin fibers and affecting the dynamics
and set of macromolecular conformations [18].

In this study, some structural and dynamic
characteristics of PHB matrixes formed from
ultrathin fibers were compared at the molecular
level to reveal features of the diffusion mobility
and degradation processes occurring during space
limitations. With the use of spin-probe ESR
spectroscopy, the influence of water and the
oxidant ozone on the structure of the fibrous PHB
matrix was demonstrated, a circumstance that
made it possible to estimate the changes in the
segmental mobility of macromolecules at the early
stages of their interaction with aggressive media.

Experimental

For film preparation,  the natural
biodegradable polymer PHB 16F (Bio-mer®,
Germany), obtained via microbiological synthesis,
was used. The pristine polymer is a white finely
dispersed powder with a particle size from 5 to
20 m. The viscosity-average molecular mass of
the polymer was М = 2.06  105, the density was
 = 1.248 g/cm3, the melting temperature was
Tm = 177 °С, and the crystallinity was 65 %.
Ultrathin fibers of PHB were prepared via
electrospinning [19]. The fibers were formed from
5 and 7 % PHB solutions in chloroform. The
process of spinning ultrathin fibers of PHB was
described in more detail in [21]. The physical
modification of the structure of PHB-based
unwoven materials was performed via rolling
between two metal rollers rotating at a rate of
30 rpm and providing a pressure of 20 MPa at
22 ± 1 °C (so called “cold” rolling [22]). As a
result of the rolling, the effective thickness of the
fibrous matrix was reduced from 120 ± 15 to
95 ± 10 m. The diameters of PHB fibers and
their size distribution were studied via electron
microscopy on a Hitachi TM-1000 scanning
electron microscope (Japan). The statistical

analysis of the fiber-diameter distribution was
performed via mathematical treatment of images
recorded with the scanning electron microscope.

The molecular mobility was estimated via
the spin-probe technique on an EPR-V automated
EPR spectrometer (Semenov Institute of
Chemical Physics, RAS, Moscow). As a probe,
the stable nitroxyl radical 2,2,6,6-tetramethylpiperi-
din-1-oxyl (TEMPO) was used. The radical was
incorporated into films from vapor at 60 °C to a
concentration not exceeding 10–3 mol/L. The ESR
spectra were recorded in the absence of
saturation, a condition that was verified by the
dependence of the signal intensity on the
microwave field power. The correlation times of
probe rotation, , were calculated from the ESR
spectra according to the following formula [23]:

 10τ 6 65 10 1. H I / I ,      

where Н+ is the width of the low-field component of
the spectrum and I +/I – is the ratio of intensities of the
low- and high-field components. The measurement
error for  was ±7 %.

The ozone oxidation of samples was
conducted in an ozone-oxygen mixture with a partial
ozone concentration of 5  10–4 mol/L. The DSC
measurements were performed on a Netzsch DSC
204 F1 calorimeter in argon at a heating rate of
10 K/min. The average measurement error for heat
effects was approximately ±3 %.

Results and discussion

During electrospinning, the characteristics of
the initial solution have an effect not only on the
morphology of the resulting ultrathin fiber but also
on such an important parameter as the cross section
(Fig. 1). The microscopic images show the change
in the fiber diameter distribution and the position of
its maximum with a relatively weakly increase in
the PHB concentration in the spinning solution from
5 to 7 wt. %. The requirements on the fiber
geometry may vary with the application conditions.
The development of sensors (for example, fiber-
optic sensors) req-uires, as a rule, a decrease in
the fiber diameter to the nano level to improve the
sensitivity, whereas, in the case of biomedical fiber
materials used, in particular, as matrixes for cell
engineering, nano-fibers result in deterioration of
cell adhesion and a reduced cellgrowth rate [24].
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The possibility to control ultrathin fiber
geometry through variation in the physicochemical
characteristics of a solution has been described
in a number of recent works [25]. In our case, a
7 % PHB spinning solution in chloroform was
chosen as a basic variant mainly because of the
good reproducibility of the physico-chemical
characteristics and the geometry of fibers
prepared from this solution. As was shown in our
previous work, matrixes based on fibers ~1 m in
diameter have demonstrated high biocompatibility
relative to that of fibers of smaller diameters [24].
On the basis of the above results, further study
was performed with matrix fiber systems characterized
by a size distribution maximum near 1 m.

The results of measurement of segmental
mobility were considered along with DSC
measurements of the temperature transitions of PHB.
With the use of this method, the regions of melting of
the crystalline phase in fiber samples were determined.

The melting of PHB films was studied in
previous studies [26-28]. The DSC curves for all
samples before and after rolling have similar
patterns, but their melting maxima fall in different

temperature ranges (Fig. 2). The discrepancy in
the melting temperatures becomes more
pronounced for samples subjected to a heating–
cooling cycle (second temperature scan). First,
for all samples after the repeated heating, the
single melting maxima change to maxima of the
bimodal shape at 161.6 and 149.3 °C for samples
before rolling and at 166.5 and 157.5 °C for the
same samples after rolling. Second, the high-
temperature melting peaks during the second
heating decrease by more than 10 °C, a
phenomenon that indicates less than perfect
organization of the crystalline phase of samples that
is due to their melt cooling to room temperature.

The thermograms of PHB after rolling show
higher low and high temperature maxima of
melting (see above) with no change in the high
crystallinity of samples (~79 %). The basic
conclusions made from the quantitative estimation
of thermograms of PHB fibrous matrix melting
are as follows. The mechanical treatment via
rolling and single heating results in the bimodal
separation of the crystalline phase into closer to
and further from perfect crystalline regions,

Fig. 1. (a, b) SEM images of PHB fibers prepared via electrospinning of (a) 5 and (b) 7 % polymer solutions;
(c, d) the corresponding fiber-diameter distributions
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i. e. regions with different numbers of defects.
The same mechanical action favors the
improvement of the crystalline structure, a
circumstance that is reflected by higher melting
maxima on the DSC curves. The presence of two
crystalline fractions may lead to the heterogeneity
of the amorphous intercrystalline phase of PHB,
which is denser and more ordered or less ordered.

The latter conclusion is less evident and
requires additional corroboration, which will be
attained via microprobe ESR spectroscopy, which
makes it possible to estimate both the dynamic
characteristics of the motion of PHB segments
and the differences in density of its amorphous
phase considered as a combination of more
ordered and less ordered regions [29].

The ESR spectra of the TEMPO radical in a
film and in a matrix formed on the basis of PHB
ultrathin fibers is the superposition of two individual

spectra of radicals with different correlation times
1 and 2 (Fig. 3). Here, 1 and 2 reflect the
segmental mobilities in amorphous regions with higher
density and lower density, respectively. The presence
of at least two correlation times in the amorphous
regions of PHB fibrous matrixes is indicative of the
heterophasic structure of intercry-stalline polymer
regions and is in agreement with the modern model
of the bimodal structure of the amorphous phase of
partially crystalline polymers, such as PHB,
polylactide, and PET [27].

The ESR spectra were quantitatively
processed with the use of the equation as well as
via calculation of the intensity ratios of low field
peaks due to radicals with a retarded motion mode
and a more rapid motion mode, respectively (Fig. 3).
The distinctions between the two states of the
radical in the PHB film are more pronounced than
those in the fiber system, as exemplified by the

 

Fig. 2. Thermograms of melting of the fibrous matrix of PHB (a) before and (b) after mechanical treatment
via rolling: The single maximum to the right is related to the first temperature scan; the binary maximum

corresponds to the second temperature scan. Inserts: SEM images of crystalline regions of PHBs
in the form of (a) a fibrous matrix and (b) a fibrous matrix after cold rolling. The markers indicate 0.2 m
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comparison of ratios. In the film, this ratio is higher
than that in the fiber (0.52 and 0.37). Moreover,
the effective correlation times corresponding to the
rotational mobility of the radical in the fiber before
and after rolling (0.92  10–9 and 1.8  10–9 s,
respecttively) are significantly lower than the
analogous characteristic in the film (4.5  10–9 s),
an outcome that suggests more rapid rotation of
the radical in the amorphous phase of PHB fibers.

In addition to the dynamic measurements, the
concentrations of the radical sorbed in identical
weighed portions of film, the initial fiber, and the fiber
after cold rolling were determined experimentally.
The calculations based on the integration of the ESR
spectra showed that the above concentrations were
as high as 4.6  1018 spin/g (9.5  10–4 mol/L) in
the film, 2.9  1018 spin/g (6.0  10–4 mol/L) in the
initial film, and 2.6 1018 spin/g (5.4  10–4 mol/L)
in the fiber after rolling. With consideration for
the fact that the radical sorption was conducted
under identical conditions at a lower PHB
crystallinity (~79 %), these results are indicative
of a decrease in the specific volume of the polymer
capable of accommodating the radical, i. e. an
increase in the fraction of the denser amorphous
phase of fibers due to cold rolling. Thus, the
comparative analysis of the ESR spectra showed
that the pristine samples in the form of a
continuous matrix or a matrix formed by fibers
substantially differ in the rotational mobility of the
radical and the organization of the intercrystalline
phase in PHB films and fibers. The above effect
supposedly arises as a result of the turning of
spherulites and their orientation along the stretching

(rolling) direction (micrographs in Fig. 2), a situation
that affects the intercrystalline space without
significant changes in the polymer crystallinity.

The temperature dependences of the
correlation time in conventional semilogarithmic
coordinates allowed the determination of the
activation energy of the rotational mobility of the
radical in the studied polymer samples (Fig. 4, a).
The related calculations showed that activation
energies in films, fibers, and fibers after rolling are
18, 42, and 55 kJ/mol, respectively. The successive
growth of activation energy after moving from the
film to the oriented fiber matrix suggests that there
is an increasing energy barrier during radical rotation
owing to the hindrance of the segmental mobility
in dense regions of the amorphous phase of the
polymer in the above-given sequence during
consideration of the radical concentration: in
the film < in the fiber < in the fiber after rolling.

The temperature dependence of the
correlation time for the fiber matrix after rolling
demonstrated anomalous behavior (Fig. 4, b)
observed in the moderately high temperature range
from 72 °C or lower as a deviation from the
semilogarithmic dependence. This phenomenon
may be explained by the bimodal distribution of
the radical in the partially oriented amorphous
phase and by the related difference in the rates
of radical rotation. The changing rate of radical
rotation results from the redistribution of dense
and less dense regions of the amorphous phase
of PHB. The observed decrease in the probe
mobility is probably related to the increase in the
fraction of the dense amorphous phase, a finding

Fig. 3. ESR spectra of TEMPO in (a) the PHB film and (b) the fibrous matrix at 25 °C that demonstrate
the superposition of two simple spectra of radicals with different correlation times (rapid and slow modes)
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that correlates with the measurements of heat
effects via the DSC method [28]: During heating
of PHB samples, the segmental mobility and the
probability of a denser packing of macro-
molecules in the intercrystalline space increase
simultaneously. At temperatures above room
temperature but below 70 °C, the content of the
dense amorphous phase increases, resulting in
reduced effective mobility of the radical in PHB.

Note that, in a thorough study by
M.L. Di Lorenzo, et al. [27], it was shown that
during the heating of PHB samples accompanied
by cold crystallization (a broad exothermic peak
above 60°C), regions of a denser amorphous phase
characterized by low mobility and significant
segmental orientation are formed. In our case,
during dynamic ESR measurements, this transition
is observed at 70°C or below (it corresponds to
the beginning of the anomalous portion on the curve
of inverse temperatures (Fig. 4)), i. e., in the
temperature range preceding cold crystallization.

The effect of water, which is known to be a
moderate plasticizer of PHB [30], first results in an
increase in macromolecular mobility and then favors
the formation of more dense regions, where the
mobility of the radical decreases. Fig. 5 shows the
dependences of effective correlation times on the
times of contact of the fibrous matrix with water at
40 °C, i. e. in the physiological temperature range.

As can be seen from Fig. 5, the correlation
time of rotational diffusion of the radical (hereinafter
it will be called the correlation time for short)
increases with the time of contact of the fiber with
water, a result that suggests a reduced segmental
mobility of PHB, most probably, due to the same

process described in the preceding series of
temperature-dependence measurements. During
the effect of water, the segmental mobility grows,
thereby resulting in easier formation of ordered
structures, as in the case of the preliminary
crystallization of plasticized polymers. Finally, the
fraction of the ordered denser amorphous phase
of PHB increases. By comparing the correlation
times in fibrous matrixes before and after rolling,
we can easily see that, as a consequence of the
rolling, the correlation times of oriented samples
increase; i. e. the segmental mobility decreases
(Fig. 5). The fiber orientation in the course of
rolling is in fact responsible for the depleted set
of extended-chain conformations, a circumstance
that results in a drop in the segmental mobility
and, hence, increased  values for treated fibers.

 
 Fig. 5. Correlation time vs. time of contact
with the aqueous medium: (1) pristine fibrous matrix
and (2) the same matrix after mechanical treatment

Fig. 4. Dependences of correlation time on inverse temperature
for (a) the fibrous matrix and (b) the same matrix after cold rolling
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The behavior of the PHB samples in ozone,
which is a strong oxidant affectting the structure and
mobility of PHB molecules, was estimated via
investigation of the rotational dynamics of the TEMPO
probe. Fig. 6 shows the dependence of correlation
time on the time of ozone oxidation. Within the first
hour, a sharp drop of  values occurs, and then (up to
4 h later) the process is strongly retarded and the plot
of  versus oxidation time flattens out. As the action
of ozone continues, the PHB samples demonstrate a
further increase in segmental mobility (a decrease in
correlation time). Note that the dynamics of the rotation
of the radical in pristine fibrous PHB samples and in
the same samples after rolling remains the same.

During the action of moisture and temperature,
the samples modified via rolling demonstrated lower
mobility of the radical at all ozonization times, as
previously. On the basis of the preceding
measurements of the crystalline structure and probe
mobility in ozonized PHB samples [30], it may be
proposed that, at the initial stage of oxidation, ozone
initiates the partial degradation of macrochains and,
consequently, their molecular mobility increases. At this
stage, the most accessible and imperfect polymer
molecules, which are located in less dense regions of
the amorphous phase, participate in the reaction. With
their oxidation completed, the process is stabilized, a
circumstance that is reflected by the 2- to 3-hour long
induction period (Fig. 6). Further oxidation with
ozone proceeds more intensely and involves not
only the “loose” amorphous region of the polymer
but also the more ordered dense amorphous zones.

Fig. 6. Correlation time of TEMPO vs. time
of ozone oxidation in (1) the pristine fibrous matrix

and (2) in the same matrix after cold rolling

Note that, in fibers after rolling, the jumpwise
increase of mobility is less pronounced than that of
the initial fibers. With consideration for the above
results, this effect makes it possible to assume that
the rolling leads to the formation of denser
amorphous regions in PHB fibers and thereby
improves their stability against oxidation by ozone.

Thus, the structural and dynamic analysis
combining DSC measurements and molecular-
mobility determination via the spin-probe method
has shown that during the action of an external
mechanical field, not only a change in the morpho-
logy of PHB and turning of its spherulites occur
but also, according to the ESR data,  the
redistribution of the radical involving well-oriented
chains in the amor-phous region of polymer is
observed.

According to the DSC data, the changes in
the crystalline phase are related to the
redistribution of macromolecular segments in the
amorphous phase. To allow for molecular mobility,
a model of the binary distribution of segments in
less and more dense intercrystalline regions
responsible for more and less rapid rotation of
the TEMPO radical, respectively, was used [30].
The action of temperature and the exposure time
in an aqueous medium results in redistribution of
the ratio between the “loose” phase and the dense
phase of PHB in favor of the dense phase, a
circumstance that is reflected in the rotational
dynamics of the probe encapsulated in ultrathin
PHB fibers. The oxidation of fibrous matrixes of
PHB via ozonization occurs in three stages: the
reaction of ozone with macromolecules in the
“loose” region; a latent period of 2-3 h without a
significant change in the segmental mobility; and
the reaction of ozone in denser regions of the
polymer amorphous phase, which results in higher
rotational mobility of the ESR probe.
The comparative measurements of the rotational
dynamics of the probe before and after rolling
showed that the additional orientation of the PHB
spherulites in a mechanical field leads to stabilization
of the amorphous regions more resistant to the
aggressive effect of ozone.

The proposed approach to the investtigation
of ultrathin fibers in the PHB matrix makes it
possible to analyze the changes in the segmental
mobility of macromolecules at early stages of
their interaction with aqueous and oxidative
aggressive media.
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Аннотация. Был проведен структурно-динамический анализ ультратонких воло-
кон поли(3-гидроксибутирата), основанный на измерениях молекулярной подвижности.
Сравнены динамические поведения частично прозрачных образцов во время деформа-
ции при условиях электровращения и холодного вращения. Сравнительные результаты
сложного расследования пленок и ультратонких волокон поли(3-гидроксибутирата) по-
казали, что электромеханическое действие приводит к дополнительной кристаллиза-
ции прозрачных областей, сферолитов и чешуек в полимере.

Ключевые слова: поли(3-гидроксибутират), структурно-динамический анализ,
пленки, ультратонкие волокна, полимер.


