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Abstract: The effect of small additions (1–5 wt.%) of tetraphenylporphyrin (TPP) and its complexes 

with Fe (III) and Sn (IV) on the structure and properties of ultrathin fibers based on poly (3-hy-

droxybutyrate) (PHB) has been studied. A comprehensive study of biopolymer compositions in-

cluded X-ray diffraction (XRD), differential scanning calorimetry (DSC), spin probe electron para-

magnetic resonance method (EPR), and scanning electron microscopy (SEM). It was demonstrated 

that the addition of these dopants to the PHB fibers modifies their morphology, crystallinity and 

segmental dynamics in the amorphous regions. The annealing at 140 °C affects crystallinity and 

molecular mobility in the amorphous regions of the fibers, however the observed changes exhibit 

multidirectional behavior, depending on the type of porphyrin and its concentration in the fiber. 

Fibers exposure to an aqueous medium at 70 °C causes a nonlinear change in the enthalpy of melting 

and challenging nature of a change of the molecular dynamics. 

Keywords: poly (3-hydroxybutyrate); biodegradable polyester; ultrafine electrospun fibers;  

tetraphenyl porphyrin; metalloporphyrin complexes; Fe(III); Sn(IV); X-ray diffraction; DSC;  

spin probe EPR method; SEM 

 

1. Introduction 

The widespread employment of nanotechnology in modern medicine, the transition 

from traditional macro- and micro- to submicron and nanoscale medication forms (MF), 

as well as the implementation of ultrafine implants and diagnostic systems, cause the sci-

entific community to pay close attention to bio-based polymer materials that are com-

pletely decomposed in the living systems without the formation of toxic products. Poly(3-

hydroxybutyrate) (PHB) as a basic representative of polyhydroxyalkanoates’ family 

(PHA) is such bacterial biodegradable and biocompatible polymer with great commercial 

perspectives and high sustainability [1–3]. PHB micro/nano fibers have been fabricated 
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by electrospinning (ES), which is well-developed for creating nanoscale polymer carriers 

with adjustable morphology and properties [4,5] The ES technique provides the design of 

nonwoven fibrous membranes (mats) with a large inherent surface-to-volume ratio [6] 

that is extremely important for biomedical, packaging, and environmental applications. 

The crucial characteristics of the biodegradable MF are the kinetic parameters of drug 

release in vitro or in vivo which are determined by the combination of drug diffusion and 

biopolymer decomposition rate in the limited space of fibrous micro- nanocarrier. Since 

the drug diffusional transport depends strongly on the inherent structure of the biopoly-

mer, its morphology and crystallinity, all of these characteristics can significantly affect 

the kinetic profile of drug release, and, eventually, the effectiveness of the MF implemen-

tation. Structural changes in fibrillar mats during storage and can be caused by multiple 

factors, such as water absorption, heating, oxidation, ozonolysis, action of UV radiation, 

as well as the degradation effect of microorganisms. The listed factors can act simultane-

ously or consequently, depending on the operating conditions of the MF and the environ-

ment. 

The effective method of direct impact on the structure of polymer materials is to dope 

it with the modifiers of organic and inorganic natures. In our preliminary reports, we 

demonstrated the influence of a series of additives on the structure of PHB-based fibrous 

materials. As the modifiers we used dipyridamole [7], chitosan [8], TiO2 and silicon nano-

particles [9], Fe-chloroporphyrin [10], Zn-porphyrin [11], Mg-chloroporphyrin [12], etc., 

that could be used as the therapeutic agents. The effect of low-molecular substances on 

the structure of the crystalline and amorphous phases of PHB fibers was shown in the 

above-mentioned publications. All these substances interact with the polyester groups of 

PHB. As a result of such interactions, both deceleration and acceleration of crystallinity, 

orientation, and relaxation of macromolecules have occurred. Obviously, for the for-

mation of matrices with desired properties, it is necessary to establish the relationship 

between the structure of bioactive dopants and their impact on the structural and dynamic 

parameters of the fibrous material. 

The challenges related to the variation of free volume [13,14] and structural organi-

zation [15,16] of the micro- and nanofibers stimulate molecular/segmental mobility inves-

tigations. The free volumes in polar fibrous polymers were found to be localized mainly 

at the chain ends [13], contributing to total free volume. However, for the biopolymers 

with poor polarity such as a highly crystalline PHB, the free volume should locate pre-

dominantly in intercrystalline amorphous areas where the transitive macromolecules are 

situated. The comprehensive exploration of drug delivery therapeutic systems on the base 

of polysorbate-80 and the cyclodextrin derivative has been performed to disclose the 

macro- and microstructure characterization in combination with free volume distribution 

study [15]. The innovative method of ortho-positronium annihilation was implemented 

there to display the free volume variation as response on intrinsic characteristics of drug 

delivery system [15]. The correlation among drug release, free volume concentration and 

segmental dynamics is a key factor of diffusion processes that control the drug release 

profiles in planar and fibrillar polymer systems [16,17]. 

Of particular interest is the incorporation of porphyrin metal complexes as the special 

dopants into the PHB polymer. It is well known from the numerous literature papers that 

the complexes of metals with TPPs have unique photocatalytic and antimicrobial proper-

ties [18,19]. Metalloporphyrin complexes could promote the formation of the reactive ox-

ygen species, such as superoxide radical anion, peroxide and hydroxyl radicals, and hy-

drogen peroxide, the cytostatic activity of these substances is well known. These radical 

and radical-ion particles cause oxidative destructive reactions in cells, in other words, an-

timicrobial effect [20,21]. 

Along with the bactericide activity, due to the specific geometry and electronic struc-

ture, the complexes of metals with porphyrins have a significant effect on the crystalliza-

tion and segmental orientation of macromolecules [22]. The pristine porphyrin molecules 
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as well as their metal complexes are amphiphilic [23] or even hydrophobic [24] that pro-

mote their aggregation in the form of nanoparticles [23,25–27]. Depending on the nature 

of the metal included in metalloporphyrins, they exhibit a variable tendency to aggrega-

tion [28] that determines their ability to act as nucleating agents during polymer crystalli-

zation. In addition, porphyrins and their metal complexes have several binding sites, 

which facilitate the appearance of coordination interactions with the adjacent molecules 

[29]. Metal cations with chloride extra-ligands contained in the structure of porphyrin 

metal complexes can exchange ligands for polar fragments of the environment (for exam-

ple, polymeric), such as oxygen-containing hydroxy- or carboxy- entities. 

Complexes of TPP with Sn(IV) (SnCl2-TPP) and Fe(III) (FeCl-TPP) are the most prom-

ising PHB dopants for creating polymeric materials for medical use. Sn-porphyrin metal-

complexes are currently employed in the design of photocatalysts that promote the de-

struction of organic toxicants [29] and photosensitizers for medical diagnostics and ther-

apy [30]. A significant advantage of the complexes of porphyrins with Sn (IV) is the pres-

ence of two extra ligands located on opposite sides of the plane of the porphyrin macro-

cycle (Figure 1). This structural peculiarity is responsible for the almost complete disabil-

ity of SnCl2-TPP to aggregate in comparison with the complexes of porphyrins and metals 

in the oxidation states +2 and +3. FeCl-TPP molecules could have a strong interaction with 

PHB macromolecules; however, the presence of only one Cl as a ligand on only one side 

of the cycle leads to the potential ability of molecular aggregation. 

 

Figure 1. Side view on TPP, FeCl-TPP, and SnCl2-TPP. 

Summarizing the above-mentioned topics, the goal of this study is the comparative 

analysis of the effect of TPP and its complexes with Sn (IV) and Fe (III) on the structural 

and dynamic parameters of a fibrous material based on PHB, as well as the detection of 

external factors’ impacts (ozonolysis, hydrolysis, annealing at 140 °C, etc.) on the struc-

tural and dynamic characteristics of the studied biodegradable polymer-porphyrin com-

positions. 
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2. Materials and Methods 

2.1. Materials 

For ES we used microbiologically synthesized PHB Series 16F Biomer (Schwalbach 

am Taunus, Germany) with a viscosity-average molecular mass (Mν) 2.06 × 105D, density 

ρ = 1.248 g/cm3, melting point Tm = 177 °C, initial degree of crystallinity ~63%. 

TPP, FeCl3 -TPP complex and SnCl2-TPP complex were obtained according to the 

procedure described earlier [31,32]. Their structural formulas are exhibited in Figure 1. 

The TPP complexes of Fe and Sn are readily soluble in organochlorine solvents, such as 

chloroform (CHCl3), but insoluble in water. To obtain the solution prepared for ES for-

mation, the porphyrin dopants were dissolved in CHCl3 and then added to solutions of 

PHB in CHCl3. Thus, the both components have the same cosolvent. 

The ES-formation solutions of PHB, PHB/TPP, PHB/FeCl3-TPP, and PHB/SnCl2-TPP 

in CHCl3 were prepared at a temperature of 60 °C by stirring on an automatic magnetic 

stirrer to complete uniformity. The concentration of PHB in the solution was 7 wt.%, the 

content of TPP, FeCl3-TPP, SnCl2-TPP was equal to 1, 3, and 5 wt.% relatively to the mass 

of PHB. 

Fibers were obtained by ES on a single capillary laboratory setup with the following 

parameters: capillary diameter—0.1 mm, voltage—12 kV, distance between electrodes—

18 cm, solution conductivity—10 μS/cm as described in [32] The fibers in the form of the 

mats were annealed at 140 °C ± 1 °C in the vacuum oven within the time interval 30–240 

min. Right after then fibers were rapidly cooled to the room temperature. 

2.2. Methods 

X-ray structural analysis (XRD) of the samples was carried out by transmission re-

cording. High-resolution two-dimensional scattering patterns were obtained using the S3-

Micropix small- and wide-angle X-ray scattering system (CuKα radiation, λ = 1.542 Å) 

(Hecus X-ray Systems GmbH(Graz, Austria)). A Pilatus 100K (DECTRIS Ltd. (Baden, 

Switzerland)) detector was used, as well as a PSD 50M linear devise for the argon flow, a 

high voltage of 50 kV and a current of 1 mA on the Xenocs Genix (Xenocs SAS (Grenoble, 

France)) source tube. Fox 3D X-ray optics (Xenocs SAS (Grenoble, France)) were used to 

form the X-ray beam; the diameters of the forming slits in the collimator were 0.1 and 0.2 

mm. To eliminate X-ray scattering in air, the X-ray mirror unit and the camera during 

signal accumulation were placed under the vacuum of (2–3) × 10–2 torr. The signal accu-

mulation time was varied in the range 600–5000 s. 

X-band electron paramagnetic resonance (EPR) spectra were recorded on an EPR-V 

automatic spectrometer (N.N. Semenov Federal Research Center for Chemical Physics, 

Russian Academy of Sciences, Moscow, Russia). To avoid saturation effects, the micro-

wave power did not exceed 1 mW. The modulation amplitude was always significantly 

less than the resonance line width and did not exceed 0.5 G. A stable nitroxide radical 

TEMPO was used as a spin probe. The radical was incorporated into the fibers from the 

gas phase at a temperature of 50 °C for an hour. The concentration of the radical in the 

polymer was determined by double integration of the EPR spectra. As the reference was 

vacuum degassed TEMPO solution in CCl4 with a radical concentration of around 1 × 10–

3 mol/L. 

Simulation of EPR spectra was performed using the computer program described in 

This program is the modified version of the program described in [33]. The simulation 

was performed using nonlinear least-square algorithm. The values of the parameters un-

der consideration were selected in such a way as to minimize the sum of squared devia-

tions between the calculated spectra and the experimental ones. The initial program [33] 

allows calculating ESR spectra in the framework of Brownian rotational diffusion. The 

modified program [34] also allows taking into account the lognormal distribution of the 

rotational correlation times of paramagnetic molecules and calculating the spectra under 
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the assumption of simultaneous rotation and quasi-librations (high-frequency low-ampli-

tude vibrations of molecules near the equilibrium position [35,36]) of the radicals. The 

spectra were simulated using the following principal values of the g-tensor and the tensor 

of hyperfine interaction of an unpaired electron with a 14N nucleus: gxx = 2.0093, gyy = 

2.0063, gzz = 2.0022, Axx = 7.0 G, Ayy = 5.0 G, Azz = 35.0 G. The value of Azz was determined 

experimentally from the EPR spectrum of TEMPO in PHB recorded at the temperature of 

liquid nitrogen. The obtained value is close to the value of Azz given in [37]. 

Hydrolysis of samples in aqueous medium was studied at 70 °C ± 1 °C. Before the 

introduction of the radical, the samples exposed to water were dried in the vacuum oven 

to constant weight for 100 hr. 

The differential scanning calorimetry (DSC) study was accomplished on a NETZSCH 

DSC 204 F1 instrument (NETZSCH-Geratebau GmBH (Selb, Germany) in an Ar atmos-

phere with a heating rate of 10 K/min. The average statistical error in the measurement of 

thermal effects was ±3%. The enthalpy of melting was calculated using the NETZSCH 

Proteus program. Thermal analysis was conducted according to the standard procedure 

[38]. Peak separation was performed using the NETZSCH Peak Separation 2006.01 soft-

ware. 

The scanning electron microscopy (SEM) to obtain geometric parameters of the fi-

brous materials was performed by TM-3000 scanning electron microscope (Hitachi, Ltd. 

(Tokyo, Japan)) at an accelerating voltage of 20 kV. Au layer of 10–20 nm was deposited 

on the surface of a nonwoven fibrous material sample. The computation and measure-

ments of PHB fibrillar diameters were achieved using the software tool Java-based ImageJ 

version 1.52a (National Institutes of Health, Bethesda, MD, USA) and OriginPro 2018 

(Origin Lab Corporation, Northampton, MA, USA). The histograms of diameter distribu-

tion for the loaded fibers of PHB have been built on the base of statistic estimation for 100 

fibrillar elements patterned at SEM microphotographs. 

3. Results and Discussion 

3.1. Effect of Porphyrin and Metal-Porphyrines Concentrations on PHB Fiber Morphology 

The pristine PHB fibers demonstrate the large concentration of ellipsoid structures 

as the anomalous bead-like fragments existing in the fibrous mats along with conventional 

cylindrical form being typical for electrospun fibers, see Figure 2A. As it was stated in the 

literature and a series of our works [39–42], the reason for the ellipsoids’ formation is low 

electrical conductivity (<1 μS/cm) and low surface tension of ES polymer solutions. The 

size of the ellipsoid beads in the transverse direction is 7.5 ± 2.5 μm, and in the longitudinal 

direction is ~17 ± 7 μm. The average diameter of the cylindrical fragments of the fiber is 

located in the range 1.5–4.5 μm. Comparative data on fiber diameter distribution is pre-

sented on inserts of Figure 2. 

When the metal complexes of porphyrins were embedded into PHB fibers, the poly-

mer morphology changed dramatically. At the SnCl2-TPP complex content 1–5 wt.%, the 

ellipsoid elements have completely disappeared; and for 1% of the complex, the fiber di-

ameter distribution has the maximum at 1.75 ± 0.25 μm. The distribution asymmetry (in-

sert in Figure 2B) manifested in the predominance of thin fibers’ fraction <1.75 μm is likely 

a consequence of the jet splitting. With an increase in the concentration of FeCl-TPP from 

3 to 5%, the fibers with a diameter of 3 μm prevail; see the corresponding histograms in 

Figure 2C,D. 
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Figure 2. SEM images of the PHB fibrillar structures loaded by the metal-porhyrine complex of 

SnCl2. The concentration of SnCl2—PPT: (A)—0%, (B)—1%, (C)—3%, (D)—5%. 

The above observations can be explained as follows. When the metal-TPP complexes 

were added to the polymer electrospinning solution, ionic conductivity arises, which 

leads to the leveling of the surface tension of the solution drop and to the stability of the 

electrospinning process. The relative decrease in the fiber diameter is likely to be in corre-

lation with the value of the electrical conductivity of the solution used for the polymer 

fibers formation. The bed-like entities disturbed the normal statistic distribution of the 

fibrils which caused to anomalous histogram. In this regard, we reconstructed the Figure 

2A under condition that the anomalous beds should be excluded from statistical evalua-

tion. 

It is necessary to note that polydispersity with different locations of the distribution 

maximum in fiber diameters was observed for all compositions under study (see the cor-

responding histograms in Figure 2). Naturally, the polydispersity is due to the splitting 

effect in the primary polymer jet during electrospinning. The splitting effect can be asso-

ciated with both an increase in the electrical conductivity of solution and a decrease in the 

surface tension at the polymer-air interface. Presumably, both effects could arise as a re-

sult of the metalloporphyrin introduction. 

Thus, the introduction of TPP complexes leads to a change in the geometry and mor-

phology of the fibers in the nonwoven fibrous material. The changes are undoubtedly 

associated with structural features of the PHB filament, which we will describe in the fur-

ther sections by the methods of XRD, DSC, and EPR of the paramagnetic probe. 
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3.2. XRD Patterns of PHB Fibers Comprising the Porphyrines’ Complexes 

The intermolecular interaction among the metal—porphyrin complex particles, as 

well as among these particles and PHB molecules, significantly depends on the nature of 

the complexes. During ES, the porphyrin molecules are attracted each other and, as a re-

sult, much larger aggregates are observed. The interaction of these particles with PHB 

macromolecules could be extremely small. In contrast with the pristine porphirin the 

FeCl-TPP complex has a strong interaction with PHB macromolecules. The presence of an 

extra-ligand chloride in the metal complex leads to intermolecular repulsion, i.e., the mol-

ecules FeCl-TPP are aggregated into smaller particles. In contrast, SnCl2-TPP complexes 

are statistically distributed in the polymer matrix due to the repulsive forces between a 

pair of Cl- groups (see Figure 1). The interaction of SnCl2-TPP with PHB macromolecules 

is weaker than that of FeCl-TPP. This picture of intermolecular interactions determines 

the structural and dynamic characteristics of ultrathin fibers. 

The study of initial PHB fibers and fibers from PHB loaded with TPP, SnCl2-TPP, and 

FeCl-TPP of various compositions just after ES and after annealing at 140 °C, was carried 

out by X-ray diffraction at wide and small angles. Figure 3 demonstrates the typical high-

angle diffractograms of PHB/FeCl-TPP fibers. 

 

Figure 3. Diffractograms of PHB fibers containing metal-porphyrin complex (FeCl-TPP) before (1–

4) and after annealing (5–8). PHB: nonannealed (1) and annealed (5); PHB-TPP-FeCl (1%): non-

annealed (2) and annealed (6); PHB-TPP-FeCl (3%): nonannealed (3) and annealed (7); PHB-TPP-

FeCl (5%): nonannealed (4) and annealed (8). 

The average effective crystallite size Lhkl in the crystallographic hkl direction was de-

termined from the integral half-width of the line of the corresponding X-ray reflection 

using the Selyakov-Scherrer formula, 

∆hkl (2θ) = λ/Lhkl cosθm (1)

The value of the large period was calculated by the formula, 
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d = nλ/2θm (2)

where d—long period, λ = 1.542 Å wavelength of CuKα—radiation, θm—diffraction angle, 

and n—the order of reflection. 

Figure 4a exhibits the dependences of the degree of crystallinity and the relative lon-

gitudinal size of crystallites on the concentration of the dopants. It is remarkably visible, 

that both parameters increase with the introduction of FeCl-TPP (the size of the crystallites 

increased by 30%). In PHB/TPP and PHB/(SnCl2-TPP) fibers, the changes in the degree of 

crystallinity and the longitudinal size of crystallites are within the experimental errors. 

The significant effect of FeCl-TPP on the crystal structure of the polymer is due to strong 

interaction of the additive molecules with the polymer macromolecules and the formation 

of dopant particles that can serve as the nuclei of crystallization. It should be noted that 

with an increase in the FeCl-TPP concentration from 3% to 5%, only a slight decrease in 

the degree of crystallinity and the longitudinal size of crystallites is observed. It takes 

place due to the aggregation of complexes into larger particles, which does not lead to a 

further increase in the proportion of crystallites during ES. 

Thermal sterilization of polymeric materials remains the most common method in 

clinical practice. The recommended hot air annealing temperature required for the death 

of all microorganisms is 160 °С, however, the mode allowed for processing materials 

based on PHB fibers is limited to 140 °С, which is due to the onset of polymer degradation. 

Figure 4b exhibits the dependences of the degree of crystallinity and the longitudinal size 

of crystallites of the fibers annealed at 140 °С for 2 h on the concentration of the dopants. 

One can see that when 1% of FeCl-TPP is added, a decrement in the degree of PHB crys-

tallinity is observed, and with an increment in the concentration of the metal complex, the 

degree of crystallinity increases sharply. The observed effects can be explained on the ba-

sics of knowledge, that crystallites and amorphous regions in a polymer generally do not 

correspond to the minimum free energy. The tendency of an amorphous-crystalline sys-

tem to a minimum of free energy is facilitated by annealing the polymer, when macromol-

ecules acquire sufficient mobility, while the crystallites tend to increase the longitudinal 

size. It seems that an increment in the degree of crystallinity can be expected upon anneal-

ing the sample. However, at FeCl-TPP concentration of 1%, the degree of crystallinity de-

creases. We explain the observed phenomenon as follows. At 140 °C, linear structures, 

edged surfaces, and defected crystal regions are thawed, while FeCl-TPP particles diffuse 

into such systems and fix in them due to the strong intermolecular interaction of this metal 

complex with PHB molecules. As a result, such areas are decompressed and do not give a 

signal in XRD. Annealing of PHB/TPP and PHB/(SnCl2-TPP) fibers at 140 °С leads to an 

insignificant increment in the degree of crystallinity. 

 

Figure 4. Crystallinity degree (χ) dependence and relative longitudinal size (L002/L000) evolution (the 

inserts) as functions of the dopant concentration. (a)—initial fibers, (b)—the same fibrous samples 

after annealing at 140 °C. 1—TPP, 2—SnCl2-ТPP, 3—FeCl-ТPP. 
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3.3. Dynamic Characteristics of the Amorphous Phase of Ultrafine Fibers Loaded with 

Porphyrines 

The structure of the amorphous regions is largely determined by the degree of crys-

tallinity of the polymer. As a result, the addition of porphyrin metal complexes to the PHB 

fiber changes not only the degree of PHB crystallinity but also the morphology and mo-

lecular dynamics in the amorphous regions. The molecular mobility of the amorphous 

regions of the polymer was studied by the spin probe technique using the stable nitroxide 

radical TEMPO. The typical EPR spectra of the radical in the polymer matrixes under con-

sideration are shown in Figure 5. 

3320 3360 3400

G

     
A 

3320 3360 3400

G

 
B 

Figure 5. EPR spectra changes after annealing at 140 °C. (A) EPR spectra of TEMPO radical in PHB 

samples containing 5% TPP, before annealing (blue line) and after annealing for 90 (pink line) and 

240 min (black line). The spectra are normalized to the intensity of the central component; the arrows 

indicate the regions of the greatest change in the line shape. (B) Spectrum simulation for the samples 

annealed for 240 min (black line—experimental spectrum, red line—simulation result). 

The widely used method for determining the rotational parameters of spin probes in pol-

ymers is the computer simulation of the EPR spectra. It was found that for high-quality simu-

lation of the spectra of the studied systems it is necessary to take into account the anisotropy 

of the rotational mobility of radicals, the continuous (lognormal) distribution of paramagnetic 

molecules over the rotational diffusion coefficients, as well as high-frequency low-amplitude 

vibrations of paramagnetic molecules near the equilibrium position—quasi-vibration [32–

34,43]. As an illustration, Figure 5b shows the result of computer simulation of EPR spectrum 

of TEMPO in PHB containing 5% TPP after annealing at 140 °C for 240 min. Table 1 presents 

the parameters of the rotational mobility of the spin probes in the samples, the spectra of which 

are shown in Figure 5. 

Table 1. Parameters of the rotational mobility of TEMPO radicals in PHB containing 5% TPP at different 

times of sample annealing. σ is the width of the lognormal distribution of paramagnetic molecules with 

respect to rotational mobility; L—amplitudes of quasi-vibrations. 

 0 min 90 min 240 min 

Dx (s−1)/τс,x (s) <2 × 106/>8 × 10−8 <2 × 106/>8 × 10−8 <2 × 106/>8 × 10−8 

Dy (s−1) (±0.1 × 107)/τс,y (s) 6.4 × 107/2.6 × 10−9 6.0 × 107/2.8 × 10−9 5.5 × 107/3.0 × 10−9 

Dz (s−1) (±0.1 × 107)/τс,z (s) 5.8 × 107/2.9 × 10−9 5.7 × 107/2.9 × 10−9 2.7 × 107/6.2 × 10−9 

σy (±0.05) 0.61 0.76 0.55 

σz* 2.50 2.50 2.50 

Ly (±2°) 45° 46° 41° 

Lz (±2°) 54° 55° 60° 

τc* 2.4·10−9 2.3·10−9 5.6·10−9 

* the accuracy of determining the width of the distribution of radicals by rotational mobility 

around the molecular Z axis is low; in the resulting attempt at computer modeling, this value did 

not vary. 
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It was found that in all systems under study, paramagnetic molecules rotate aniso-

tropically. The coefficients of the rotational diffusion of the radicals around X axis of g-

tensor (N-O bond) do not exceed 2·106 с−1, while the coefficients of rotational diffusion 

around Y and Z axes are in the range 107–108 с−1. Such anisotropy may indicate the inter-

action of probe molecules with functional groups of polymer molecules due to p-orbitals 

of nitrogen and oxygen atoms. A wide distribution of rotational mobility of the radicals 

was also revealed. This is caused by inhomogenity of the structure of the amorphous re-

gion of the polymers. Indeed, the amorphous phase is a set of structures characterized by 

different packing densities and different molecular dynamics of polymer chains. The EPR 

spectrum is a superposition of the spectra of radicals located in different regions of the 

amorphous phase and, therefore, having different mobility. 

It should be noted that simulation of EPR spectra of low-molecular-weight dopants 

in polymers in the range of rotational correlation times of 10−7–10−8 s is a very time-con-

suming procedure. In addition, the present work is aimed at the qualitative analysis of 

changes in the radicals’ mobility as a result of treatment of the polymer matrix, and not at 

the interpretation of the exact values of the rotational parameters. In such a case it is useful 

to introduce a parameter that qualitatively characterizes the rotational mobility of radi-

cals, can be determined without spectra simulation, and has sufficient sensitivity to small 

changes in the shape of the spectrum, such as the changes shown in Figure 5b. It can be 

seen that the greatest difference in the spectra is observed in the region of high-field and 

low-field components (indicated by arrows in the figure); therefore, as a parameter of the 

spectrum shape, we chose the value calculated as follows [44,45]: 

τс* = ΔН+1 × [(I+1/I−1) 0.5 − 1] × 6.65 × 10−10 [s] (3)

Here ΔН+1 is peak-to-peak width of the low-field spectral component; I+1 and I–1 are 

intensities of the low-field and high-field components correspondently. 

This formula was proposed for the determination of the rotational correlation times 

of the nitroxide radicals of the piperidine series in the case of their isotropic rotation in the 

range of rotational correlation times of 5 × 10−11 s ≤ τc* ≤ 1×10−9 s. In this region, the EPR 

spectrum consists of three well-resolved components, the width of which is described 

within the framework of the Redfield theory [46]. In our case, this parameter qualitatively 

characterizes the shape of the EPR spectrum and can be considered as a characteristic cor-

relation time. The values of τc* for the three above systems are shown in Table 1. It can be 

seen that this value reflects the deceleration of the rotation of radicals in the PHB/TPP 

system (5%) upon sample annealing. 

Figure 6a shows the change in the rotational correlation time of spin probes with an 

increase in the concentration of complexes. The highest growth of τc* is in the PHB/FeCl-

TPP system; in the PHB/TPP fibers, the correlation time increases not so significantly. In 

PHB/SnCl2-TPP fibers, a decrease in τc* is observed, although the degree of crystallinity 

determined using DSC increases with an increase in the additive content. 

As shown above, doping of PHB with PHB/FeCl-TPP causes an increase in the poly-

mer crystallinity. This phenomenon is accompanied by increase in the correlation time, 

and, consequently, a slowdown in the molecular dynamics of macromolecules. In 

PHB/TPP, the effect of slowing mobility is weak. For the polymer doped with SnCl2-TPP, 

a decrease in the rotational correlation time of the probe is observed, that is, an increase 

in the mobility of the polymer chains. This phenomenon is caused by the loosening effect 

of this metal complex, which is distributed in the system at the molecular level, and, there-

fore, the number of individual particles per unit volume of the polymer, in this case, is 

maximal. 

Figure 6b demonstrates the dependences of the radical concentration on the polymer 

composition. It is seen that an increase in the PHB content leads to a decrease in the con-

centration of the radical. The strongest changes were observed in the polymer doped with 

FeCl3-TPP due to the strongest change in the degree of crystallinity in these samples. It is 
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known that impurity molecules do not diffuse into crystal structures; their concentration 

in dense amorphous regions is insignificant. 

 

Figure 6. Dependences of probe correlation time τ (а) and relative probe concentration С/С0 (b) on 

dopant content: TPP (1), SnCl2—TPP (2), and FeCl-TPP (3). 

3.4. Effect of Thermal Treatment on the Structural and Dynamic Parameters of PHB Doped with 

Porphyrin and Metalloporphyrins 

Of great scientific and practical interest is the study of the effect of sterilization on 

materials and products for medical use. The choice of optimal conditions for polymer pro-

cessing, in view of the fact that the aggressive action of temperature, radiation, oxidizer 

(oxygen, ozone), along with the disinfection of the material and the destruction of patho-

genic microorganisms, can lead to a significant deterioration in a structural hierarchy and 

hence in polymer properties. 

3.4.1. Annealing of Samples at 140 °С 

During ES performance, as a result of cooling and solidification, the polymer struc-

ture of ultrathin fibers can be far enough from the state of thermodynamic equilibrium. 

The imperfection in the crystalline phase and biopolymer morphology is manifested in 

the insufficient orientation of the segments in the fiber, as well as in an atypically low 

degree of crystallinity. To facilitate the transition of the polymer structure to equilibrium 

state the thermal annealing is used. The temperature impact allows intensifying segmen-

tal mobility and transferring the system to a more thermodynamically equilibrium state. 

The enhancing in the crystalline phase and especially additional crystallization occurs 

with the participation of transient polymer molecules located in intercrystalline area. 

Therefore, one should expect a change in the dynamics of spin probe that reflects the seg-

mental mobility of PHB molecules in the intercrystalline fields. When comparing the mo-

bility of the probe in the initial and annealed polymer samples contained different do-

pants, an opportunity appears to determine the effect of the additives on the polymer sta-

bility and dynamics of the intercrystalline structure. 

Figure 7 shows the dependencies of the characteristic rotational correlation time of 

spin probes on the annealing duration of the samples at 140 °C. It is seen that τ* decreases 

(rotational mobility of the radicals increases) significantly during annealing both for pris-

tine PHB and PHB containing TPP, SnCl2-TPP, and FeCl-TPP additives. The observed de-

pendences can be explained as follows. During the fibers’ fabrication, an essential propor-

tion of the transitive macromolecules in transitive conformation are formed, but their seg-

mental mobility is frozen as a result of the fiber jet solidification at room temperature. 

Annealing at 140 °C enhances macromolecular mobility that after gradual cooling leads 
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to additional crystallization with the growth of crystallite sizes owing to the present of 

transitive straightened macromolecules. The spin probe molecules cannot penetrate into 

crystallites; therefore, their rotational mobility reflects the molecular mobility only in 

amorphous areas and in the areas of transitive macromolecules. After crystallization of 

the transitive areas the radicals are located predominantly in the amoprhous areas, so their 

average rotational mobility increases. Indeed, the absorption capacity of the fibers for the 

probe molecules decreases with an increase in the annealing time. For example, in the 

initial PHB fibers, the concentration of the radical was 0.75 × 1015 spin/cm3, while after 

annealing for 90 min, it decreased to 0.53 × 1015 spin/cm3, i.e., decreased 1.4 times. At the 

same conditions, the concentration of the radical in the PHB/SnCl2-TPP composition de-

creases 2.1-fold, and in the system PHB/FeCl-TPP—10-fold after annealing the samples 

with 5% additive for 2 h. The greatest decrease in content of the probe for the system 

PHB/FeCl-TPP corresponds to the greatest decrease in the rotational correlational time of 

the radicals. 

. 

Figure 7. Dependence of the molecular dynamics expressed as relative correlation time (τ/τ0) from 

annealing time at 140 °С for the PHB electrospun fibers with (a)—TPP, (b)—SnCl2-TPP, (c)—FeCl-

TPP. 

3.4.2. Exposure of Samples in Water at 70 °С 

The structure and segmental dynamics of biodegradable materials for biomedicine 

significantly affect diffusion of drugs loaded into polymers and, consequently, the kinetic 

profiles of active component release. Since the polymer in the body functionalizes often 

in the aquatic environment, it is important to identify the changes in its structure and 

segmental mobility as a result of water action. Even a slight increase in the water content 

affects the diffusion processes of active agents in a polymer matrix. Previously, we studied 

the effect of an aqueous medium on the structure of PHB [47–52]. It was shown that under 

the influence of water, the PHB films degrade, the conformation of the polymeric chains 

altered, and the proportion of straightened segments decreases. It was necessary to estab-

lish the extent of these structural changes in the polymer compositions under investiga-

tion. 

The exposure of fibrous materials to water medium in the present work was per-

formed at 70° because at room temperature the saturation of polymer volume with water 

could last several days. When kept in water at 70 °C, the following processes occur simul-

taneously in the polymer: 

(1) In accordance with the above description, heating the samples in water medium 

causes an increase in the degree of crystallinity and compaction of amorphous 

structures; 
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(2) Water molecules penetrating into the polymer matrix produce a plasticizing effect, 

as a result of which the degree of crystallinity also increases; 

(3) When water molecules interact with PHB molecules and TPP or metalloporphyrin 

complexes, the hydrated complexes are formed, which loosen the structure of 

amorphous regions. After removal of boundless water, hydrated complexes could 

remain in the fiber; 

(4) Water molecules penetrate into the accessible surfaces of crystallites and linear 

structures of amorphous areas, destroying these structures, as a result of which the 

degree of crystallinity decreases. 

The EPR probe was introduced into the fibers after their heating in an aqueous me-

dium and subsequent drying in vacuum during 2 days until constant weight. The test 

results are shown in Figure 8. It is seen that in the samples containing various porphyrin 

complexes in diverse concentrations and exposed in water for different times, the intensity 

of the above processes is essentially changed. In PHB fibers loaded by TPP-SnCl2 (curves 

in Figure 8a), the mobility of spin probes increases (correlation time decreases) more than 

twice after maximal exposure (for 5 h). In the fibers with TPP completely different patterns 

of changes in molecular mobility are observed; at all concentrations of the additive and 

exposure time, the correlation time monotonically increases. In fibers containing FeCl-

TPP, water exposure causes a complicated dependence of τ* on the additive concentration 

as the curves with maximum, see Figure 8b. 

 

Figure 8. Dependence of time correlation of spin probe on the concentration of SnCl2-TPP (a), FeCl-

TPP (b), and TPP (c) at a different times of water exposure at 70 °C. 

To compare the dopants impact on PHB structure the enthalpies of melting for crys-

talline fraction of PHB after water treatment are presented in Figure 9. In the case of SnCl2-

ТPP dopant (curves 1–4) at all times of annealing, there are clearly observed the extreme 

dependences of ∆H on wt.%. After the minimum point at 1 wt.%, the further growth in 

the enthalpies is observed that means the increasing of the crystallinity of the polymer 

and is in good agreement with time correlation dependence in Figure 8a. In the case of 

ТPP dopant the extremum in enthalpy is manifested not so clearly (curves 5–7). On the 

basis of comparing of Figures 8c and 9b we can suppose that treatment of PHB-ТPP poly-

mer in water at 70 °C causes an increase in the proportion of straightened polymer chains. 
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Figure 9. Dependence of melting enthalpy on the SnCl2-ТPP (a) and TPP (b) content. Durability of 

water treatment (in min) at 70 °C: 1–0, 2–30, 3–120, 4–240, 5–0, 6–120, 7–240. 

In general, the results obtained indicate that the doping of PHB with TPP and its 

metallo-complexes has a significant and often multidirectional effect on structural 

changes in the polymer during its processing for the purpose of sterilization. This obser-

vation opens up the possibility of manufacturing materials from PHB with predetermined 

properties. 

4. Conclusions 

Generally, it can be concluded that doping of PHB with TPP and complexes TPP with 

Sn(IV) and Fe(III) leads to significant change in the geometry and morphology of the 

polymer fibers fabricated using ES method. According to the dynamic and structural 

exploring the annealing of ultrathin PHB fibers as well as their exposure in aqueous 

medium strongly affects the structure of the amorphous and crystalline regions of the 

polymer, moreover, the changing of the structure depends on the nature and amount of 

the additives. The data obtained should be taken into account when developing a 

sterilization regime for medical devices made of PHB. 
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