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Abstract. The dynamic of polymer chains for electrospun
poly(3-hydroxybutyrate) (PHB) fibers and the PHB films
was studied with spin probe characteristics obtained by
ESR technique. The ESR data combined with DSC
analysis reveal the presence of two TEMPO probe
populations with different correlation times indicating the
heterogeneous structure of intercrystaline areas in the
films, fibers and the cold rolled fiber mats. The ESR data
are in agreement with the 2-mode model of amorphous
state in semicrystalline polymers. The difference in peak
intensities shows that effective correlation time in the
electrospun fibers exceeds the same characteristic in the
film, that also indicates the slower molecular maobility in
the low-dense amorphous fraction of PHB fibers as
compared to the film. The impact of potential aggressive
factors such as water, temperature and ozone upon probe
mobility alows suggesting that both the fiber
electrospinning and the cold-rolling procedure lead to
rearrangement in the intercrystalline fields of PHB that
contribute to the progress in the fiber stabilization against
the aggressive factors.

Keywords: poly(3-hydroxybutyrate), e ectrospinning,
ultrathin fibers, film, ESR, TEMPO, chain dynamics,
aggressive media.

1. Introduction

For conventional fiber technologies there are
significant challenges in arranging fibers and threads with
the diameter in submicron range [1]. Currently the
aternative manufacture of ultrathin fibers is the
unconventional technology based on electrospinning of
polymer solutions and melts that enables one to produce
fibers and nonwoven materias (mats) in the nano-sized
range.  Electrospinning  presents  technologically
uncomplicated but multivariate process for ultrathin fibers
formation that promotes their wide applications [2]. The
process is based on the combination of mechanical and
electrodynamic forces affecting polymer solution (or melt)
which is aligned in electric field [3]. Therefore a number
of technological parameters such as electric potential,
distance between collector and electrode, solution
conductivity, etc. influence morphology, surface
properties, functionality, porosity, and fiber diameter [4].

Recently, for poly(3-hydroxybutyrate) (PHB) and a
number of its composites [5-7] we have studied physical-
chemical, dynamic and transport characteristics of
macroscopic biodegradable matrices and microparticles of
PHB which were designed for controlled drug release [7,
8]. High biocompatibility, controlled biodegradation and
appropriate mechanical properties alow one to consider
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this biopolymer as one of the most promising biomedical
polymers. Besides therapeutic aims, PHB is widely used
as bone implants, nervous conduits, matrices in cell
engineering, filters and membranes, in cardiology and in
other areas|[5, 9, 10].

A large number of methods for polymer structure
orientation, such as extrusion, blow molding, hot shaping,
drawing, nozzle extrusion, etc. is currently known. All of
them dominate in polymer technology but unfortunately
the stretching processes of this type are accompanied by
the undesirable effect of microcavitation devel opment
[11]. The fibers obtained by electrospinning in electric
field are less prone to defect formation. To arrange an
additional orientation of macromolecules in fibers, we
used the cold rolling belonging to the grope of
compression methods that likewise minimizes the
probability of defect cavities forming in the fibrillar mats
[12]. In spite of a number of limitations, mechanical
rolling does not demand high energy expenses and
therefore it remains one of the most economical processes
in metal- and polymer-technol ogies.

The transition from films to ultrathin fibers and
unwoven fiber materials is accompanied by the changes of
physical-chemical and transport characteristics related to
spatial confinements modulating dynamics of polymer
molecules [13]. In this relation, at the molecular level the
comparison of structure-dynamic characteristics will be
performed for PHB matrices, ultrathin fiber mats and the
same mats after rolling process to eucidate the specific
behavior of diffuson and chemical degradation
proceeding under spatial confinement conditions. The
study of local segmental dynamicsin ultrathin fibers plays
a dgnificant role in understanding structure-property
relationships shown by biodegradable polymers.

Based on these observations, the principal aim of
the present paper istwofold: i) using ESR spectroscopy, to
study the dynamic of polymer chains for el ectrospun PHB
ultrathin fibers and ii) to compare the obtained results with
preliminary obtained data on PHB matrices [14] at earlier
stages of interactions between aggressive components
(water and ozone) and polymer molecules.

2. Experimental

The PHB was kindly presented by Biomer Co
(Krailing, Germany) as lot 16F. The PHB chemical
formulais designed as:

0 CH3
H |
0 OH
n
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The initial polymer was in the form of white
powder with particle size of 5-20 pm, MW = 2.06:10° Da.
Ultrathin fibers were obtained by e ectrospinning from 5
to 9% PHB chloroform solutions. The details of this
procedure were described earlier in [15]. Physical
modifications of PHB structure was produced by cold
rolling at 295+1K at rolling rate of 30s® and
compression of 200 kg/cm? [16]. As the result of
compression the film thickness decreased from 120 + 15
to 95+ 10 um.

Segmental mobility was studied by probe ESR
method with Radiopan spectrometer. The probe was
2,2,6,6-tetramethylpyperidin-1-oxil (TEMPO), that was
incorporated from vapour phase at 298 K. Corrdation
times, 7, were calculated from ESR spectra [17] using the
formula:

5o+ 2

(0] "
t:6.65>§.0'1°>DH+%q—i -10
-5 U

where AH" — the weak-fidd peak on the half height; 1'/1~
is the ratio of peaks in weak and stark magnetic field
areas. Standard deviation of measuring was 7 %.

Ozone oxidation was performed in oxygen-ozone
atmosphere at 540° mol/| (for O3). The oxidation degree
was controlled by FT-IR spectrum on the Bruker IFS 48
spectrometer (Germany) in the area of 1650-1700 cm™.
DSC thermograms were obtained by DSC 204 F1
calorimeter (Netzsch) in inert atmosphere of Ar at heating
rate 10 K/min. The averaged standard deviation of
polymer fusion was 2 %.

3. Results and Discussion

Under electrospinning a number of polymer
solution characteristics affect both morphology  of
ultrathin fibers and such important indicator as their
diameter. In Fig. 1 we have illugratively shown that
relatively small increase of spinning solution from 5 to
9wt % changes the diameter distribution in the PHB
fibers. It is reasonable to note that when developing
medical sensors and chemical detectors, a chalenge issue
to decrease a fiber diameter in the nanometer range but in
the case of bhiomedical applications (e.g. scaffold
performance in tissue engineering) such reduction results
in poor cell adhesion and dysregulation of tissue growth
[18]. The possibility of control in ultrathin fiber geometry
by the variation of solution characteristics was described
in the recent publication [19]. In this paper we have
chosen 7 % PHB solution in chloroform as a basic option
due to the good reproducibility of geometry and quality of
thefibers.



Comparative Dynamic Characteristics of Electrospun Ultrathin Fibers and Films Based on... 153

a) b) )

A= -
5 %]

d.nm|
R FEEFSLPEFISS
e f)

Fig. 1. SEM images of spun PHB fibers obtained from sol ution at concentrations of 5% (a); 7 % (b) and 9 % (c)
and corresponding fiber diameter distributions with the averaged values of 620 nm (d); 1100 nm (€) and 3350 nm (f).
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Fig. 2. DSC mdting thermograms (a-c) and optical microphotos (d-f) of PHB for the film (a, d); the spun fibrillar mat (b, f) and the
anaogous mat after cold-rolling (c, f). The microphotos were obtained after thefirst DSC scan
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Fig. 3. The ESR spectra of the probe TEM PO in the PHB film (a) and the PHB fiber mat (b) at 298 K. The spectrum (b) shows the
features of superposition for two rotating populations: slow (I*,) and fast (1%,) modes

The segmental mobility measurements performed
by the ESR technique, which will be shown beneath, were
combined with thermophysical measurements obtained by
the DSC method. The melting entotherms for the PHB
mats before and after cold rolling reveal smilar melting
behavior but their phase trandtions are located at the
different temperatures. In spite of the fact that single
peaks for first melting (1% run) of samples before and after
cold ralling are very close to each other: 448 and 449K,
respectively, the positions in melting temperatures
(bimodal pesks) after 2™ run are displaced quite
significantly. Firg, for both samples the single pesk is
transformed to the bimodal peaks located respectively at
434.6 and 422.3K for initial mats and 439 and 430.5 K
for mats after cold rolling. Second, as the result of
repeated heating the high-temperature peaks are displaced
to area of lower temperatures on decrement ~10K, that
attests nonperfect organization of crystalline structure of
PHB after its controlled cooling (10K/min) to room
temperature. Additionally, by comparing the initial and
mechanically treated mats the cold-rolled mats are charac-
terized by two melting peaks at higher temperatures. The
main conclusions that could be obtained from the analysis
of thermograms (Fig. 2) are i) mechanical treatment of
the mats leads to bimodal distribution of crystalline
entities including more perfect and less perfect
spherulites; ii) if comparing the peak temperature
positions for the bulk film and the fiber mat unrolled or
cold-rolled, the temperature shift for PHB increased in the
set  film>unrolled mat>cold-rolled mat under
approximately constant degree of crystallization (~79 %);
iii) the two-modal crystalline structure would be most
likely conjugated with two modes of amorphous phase. To

confirm the last suggestion we have used the probe ESR
method that enables to estimate not only dynamic
characteristics of segment mohility = but the difference of
amorphous densities in the framework of modern dual-
mode modd of amorphous phase in semicrystalline
polymers, considering the intercrystalline space as
combination of denser and less dense fidds[20].

In Fig. 3 the typical ESR spectra of the TEMPO
probe encapsulated in the PHB film and the PHB mat,
respectively, are shown. The spectral characteristics of the
mats and the films such as the ratio of intensities for low-
field and high-field components of spectra and effective
time correlations are essentially distinguished. Irrespective
of the production method (film casting, € ectrospinning or
cold ralling) al PHB spectra represent superposition of
two single spectra pertaining to individual radicals with
different correlation times (r; and 7). The inherent
correlation time 7; determines the state of the praobe in
denser amorphous fields with slow rotation and 7, does the
fast probe rotation in less dense amorphous fields of the
polymer. The presence of two TEMPO populations in
amorphous phase of PHB with distinct rotation
frequencies indicates heterogeneous structure of inter-
crystalline areas which could be approximated by 2-mode
model of amorphous state in semicrystalline polymers
such as PHB, polylactidess, and poly(ethylene
terephthalate) proposed earlier [20, 21]. The quality
analysis of ESR spectra was pursued by using the ratio of
intensities of two first low-field peaks, 1%, and 1%, belon-
ging to slow and fast rotation, respectively (see Fig. 3b).
Additionally the spectrum characteristic was selected as
the distance between the first peak and the third one (L) in
single triplet that identifies mobility in denser areas of
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amorphous phase. In ESR spectra comparison the value L
for the bulk film of PHB (50 Gs) was dightly less than for
the fibers (62 Gs) that allows one to suggest slower
rotation of the probe in denser field of the fiber mat than
inthe samefield of the PHB film. The distinction between
behaviors of two probe populations in the film is more
noticeable than in the fiber mates. In fact, the ratio 1,1,
in the rolled mats has higher value (0.52) as compared
with the initial fiber mats (0.37). The difference in peak
intensities shows that effective correlation time in the
fibres (3.510°s) exceeds the same characteristic in the
film (1.36:10°s) that also indicates the slow molecular
mobility in the low-dense amorphous fraction of PHB
rolled fibers as compared to the film.

Additionally to dynamic measurements the datic
sorption experiments performed by integration of ESR
spectra were carried out to determine the TEMPO
concentration in equal mass quantities of PHB prepared as
the film, the fiber mat, and the fiber mat after cold rolling.
Integration spectra calculations show that the radica
contents in the PHB items are 4.6:10" (the film), 2.9-10
(the fiber mat) and 2.3-10™ spin/em?® (the cold-rolled mat).
Taking into account the identical temperature (298 K), time
of sorption (24 h) and reatively equal polymer crystallinity
for all types of samples (~79 %), these results point out the
decrease in specific volume of PHB being available to
absorb the probe, namey, the decrease in the denser
amorphous fraction in the sequence: the film > the mat after
electrospinning > the same mat after cold rolling. Thus,
comparative study of ESR spectra in differentiad and
integration forms indicates that al three samples are
estimably different in amorphous phase organization. This
effect leads to the change of effective segmental mobility
that influence rate of radical rotation in the samples of
different origin (different conditions of stretching).
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Using the measurements of ESR spectra at
different temperatures, the effective time correlation
dependences on temperature are presented to calculate
activation energy of radical rotation in the samples after
different  stretching  treatment, namely,  after
electrospinning and cold rolling (see Fig 4). Correspon-
ding calculations reflected in semilogarithm coordinates
gave the activation energies 27 for films, 42 for the
electrospun mats and 55 kJ¥mal for the same mats after
cold rolling. In passing from the conventional films to the
cold-rolled mats the progressive increasng in the
activation energy testifies the increase in activation energy
barrier of TEMPO rotation that is related to rendering
segmental mobility in dense fields of amorphous phase.
The tendency to maobility decreasing is manifested in the
same sequence as the radical concentration sequence: in
the film> in the fiber mat > in the cold-rolled fiber mats.

The semilogarithmic relation (Ig(z) — U/T) for the
cold-rolled mats has shown the anomalous behavior that
was observed a eevated temperatures (~343K) as
deviation from the function linearity (Fig. 4b). This
phenomenon could be interpreted as the result in bimodal
digtribution of the probe in the oriented samples with two
individua mohilities for each population. While the
temperature decreases below 343 K, the dense amorphous
fraction increases (see also [22]), that leads to the decline of
effective mobility in intercrystalline area of cold-rolled
PHB. For such samples the beginning of dense fraction
formation precedes cold crystalization of PHB observed by
DSC method at about 333 K and dightly higher [20]. Under
dynamic measurements by ESR technique the segmental
ordering in PHB as the process preceding cold crysta
llization is detected at dightly higher temperature ~343 K,
when the probe correlation time begins to deviate from the
Ig(z) — U/T function linearity as it isshownin Fig 4b.
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Fig. 4. Time correlation dependence on the reciprocal temperature for the PHB mat (a) and the same mat after cold-rolling
(b). The solid lines reflect approximation for energy activation calculations
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For the same reason the polymer exposure in
liquid water, that is the moderate PHB plasticizer [23],
does not enhance molecular dynamics but leads to
opposite effect, namely, to some reduction in segmental
mobility. In Fig. 5 the dependences of effective time
correlation on water contact duration for the PHB mats at
313K, i.e. inthevicinity of physiological temperature are
shown. From the Figure it is seen that with increasing in
contact duration the correlation time is increased as well.
This trend attests decreasing in segmental mobility due to
segmental redistribution between denser fields and less
dense fields in amorphous phase similarly as it has
occurred a temperature impact (see the previous
paragraph) when the concentration of polymer segments
with low mohility is raised. The additional orientation of
polymer molecules after cold-drawing produces the
concentration rise in the dense amorphous fields and,
hence, leads to the increase of effective time correlation as
compared with characteristic of the initial mats that is
demonstrated for all times of water contact in Fig. 5.
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Fig. 5. Thetime correlation dependencein thefibrillar mats
on water contact duration: theinitial PHB mat (1) and the same
mat after cold-rolling (2)

Special experiments were carried out for the
estimation of ultrathin fibers behavior in ozone
atmosphere as in effective oxide-active medium. In Fig. 6
the dependences of effective correation time for initia
and cold-rolled mats on ozone oxidation time are
represented. The Figure shows that for the first hour there
isasharp drop of the r values and then for the next 3 h the
decrease of 7 is very small, i.e. the dynamic characteristic
is stabilized. After 4 h of oxidation, the final stage shows
the initiation of correlation time decrease. Note that the
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initial PHB mats and the cold-rolled mats demonstrate the
symbatic probe rotation when in accordance with
temperature- and water-influence data the mobility of
TEMPO in the cold-rolled oxidised mat is decreased
relative to the initidl mat after ozonolysis. Taking into
account the previous characteristics of crystalline structure
and ESR data in amorphous area of the PHB and PHBV
films after ozone exposition [14], it can be assumed that at
the first stage of oxidation the partia destruction of
macromolecules occurs, that leads to the increase of probe
mobility. At this stage only more accessible and defect
molecules take part in reaction with ozone, which are
situated in less dense fidds of PHB. After their
concentration depletion the PHB-ozone interaction is
stabilized for the next 3 h, that could be treated as
induction period (the plateau in Fig. 6) and than the
oxidation process is enhanced to involve not only the low-
dense fields (see above) but the denser fields in
intercrystalline space of PHB.

N
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[
[e2]
1

Spectral ratio of ESR spectral '/,

Effective correlation time 10°, s

Time of oxidation [O,], h

Fig. 6. A: The dependence of effective
time correlation of TEM PO probe on time of PHB mat
exposition in ozone atmosphere: theinitia fiber mat (1) and the
same mat after cold-rolling treetment (2). B: Theratio
of fast and dow componentsin ESR probe specra as function of
time oxidation

This mechanism is supported by ESR spectra
analysis of oxidated mats based on calculations of the
ratio for two first peaks I.* and 1.% (Fig. 6b) belonging to
dlow and fast-rotating fraction of the probe accumulated in
denser and less dense amorphous areas, respectively. Fig.
6 shows the constant ratio of the peaks for 4-5h, that
testifies induction period as it was described above.
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The further exposure of the polymer to ozone leads
to the probe mohility increase related to oxidative
destruction of PHB. It is worth to note that the drop in
rotation mobility for the mats after cold-rolling is less
pronounced than for the initial mats. Taking into account
the previous ESR data this effect enables one to suggest
that the cold-rolling leads to denser field formation in the
intercrystalline area of PHB furthering its stabilization
against attack of temperature, water and oxidative agent.

4. Conclusions

A coheent study on ESR dynamics for PHB
prepared in the forms of matrices and ultrathin fiber mats
reveals the presence of two spin probe populations with
different rotation mobilities. The presence of two TEMPO
probe populations indicates heterogeneous sructure of
intercrystalline aress in the films, fiber mats and the cold
rolled fiber mats which could be approximated by 2-mode
model of amorphous state in semicrystalline polymers. The
difference in peak intendties shows that effective
correlation time in the fibres (3.5+ 0.6:10°s) exceeds the
same characteristic in the film (1.4+0.310°s), that also
indicates the dower molecular maobility in the low-dense
amorphous fraction of PHB rolled fibers as compared to the
film. The comparative study of ESR spectra after
differential and integration treatments revealed thet al three
samples (cast films, eectrospun fibers and the same mats
after cold rdlling) are estimably different in amorphous
phase organization. This effect leads to the change of
effective segmental mobility that influences the rate of ESR
probe rotation in the samples with different origin. Taking
into account the ESR technique data, the analysis of
temperature, water and ozone impacts upon probe mobility
one can suggest that the cold-rolling procedure for the fiber
mats leads to denser field formation in the intercrystalline
area of PHB furthering its stabilization against the attack of
the exterior aggressive factors.
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MOPIBHSLILHI JUHAMIYHI XAPAKTEPUCTUKHI
YJIbLTPATOHKHX BOJIOKOH, OTPUMAHUX
EJJEKTPO®OPMYBAHHSIM I ILTIBOK HA
OCHOBI NOJI(3-TIAPOKCUBYTUPATY)

Anomayin. 3 memoro 0ocniodxcenHss OUHAMIKU NOTIMEPHUX
ceamenmie memoodom 30H0060i cnekmpockonii EIIP nposedeno
NOPIGHAIbHULL AHANI3 WILIBOK MA YIBIMPAMOHKUX BONOKOH noni(3-
ciopoxcubymupamy) (III'B).  Bonokna ompumani  memooom
enexkmpoghopmygannst i dooamxoeo odocnioxceni memodom J[CK.
Tokazano, wo y MidcKpucmaniunux o6nacmsax icHyloms 06i
nonynsayii  monexyiapnozo 3ondy TEMIIO, ski  6iopisHsiombcs
uacom Kopensyii i po3mawiosari y Oinvu abo MeHw WibHUX 06aac-
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msix IIT'B, wjo y320001cyemucsi 3 GiMOO@IbHOIO MOOEILIIO AMOPPHO2O
CMamy 8 uacmkoeo Kpucmaniynux nonimepax. Pisnuys e EIIP
chekmpax 00800UMb, WO MOLEKVIAPHA PYXOMICMb  30HOY Y
B0JIOKHAX CNOBLIbHEHA NOPIGHAHO 3 U020 PYXOMICIIO V WIIGKAX
ITE. [looamkogo poseisiHymuil 6niué azpecusHo2o cepedosuiyd
(600u i o30my) 3a nidsuwenux memnepamyp i NOKA3AHO, WO 6
npoyecax XonoOHoi O0OKamKu abo eumAy8aHHi BONOKHA Npu
enekmpoghopmysanni 8i00y8acmvcs nepebyo008a MidCKPUCMATIYHUX
obnacmei III'B, wo cnpusic cmabinizayii’ ibpuispnoi cmpykmypu
npomu Ol 306HIUIHBLOCO A2PECUBHO20 CEPEO0BULY.

Knrouosi cnosa. noni(3-2idpoxcubymupam), enexkpogop-
MY6aHHS, YIbMPAMOHKI 6010kHa, naieka, EIIP, 3ono TEMIIO,
OuHamiKa 1aHylo2a, azpecughe cepedosuiiye.



