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Abstract 

Amorphous α,ω-hidroxylpoly(ε-caprolactone) (PCL(530))/siloxane ormolytes doped 

with manganese perchlorate (Mn(ClO4)2) (d-PCL(530)/siloxanenMn(ClO4)2) with n = 

20, 50, and 100), thermally stable up to at least 200 ºC, were synthesized by the sol-gel 

method. Ionic conductivity values up to 4.8×10−8 and 2.0×10−6 S cm−1 at about 25 and 

100 ºC, respectively, where obtained for n = 20. FT-IR data demonstrated that the 

hydrogen bonding interactions present in the non-doped d-PCL(530)/siloxane host 

hybrid matrix were significantly influenced by the inclusion of Mn(ClO4)2 which 

promoted the formation of more oxyethylene/urethane and urethane/urethane 

aggregates. In addition, the Mn2+ ions bonded to all the “free” C=O groups of the 

urethane cross-links and to some of the “free” ester groups of the amorphous PCL(530) 

chains. In the electrolytes, the ClO4
− ions were found “free” and bonded to the Mn2+ 

ions along a bidentate configuration. The magnitude of the electron paramagnetic 

resonance (EPR) hyperfine constant of the analyzed samples (A ≈ 90×10-4 cm−1) 

suggested that the bonding between Mn2+ ions and the surrounding ligands is 

moderately ionic. The synthetized d-PCL(530)/siloxanenMn(ClO4)2 biohybrids have 

potential application in paramagnetic, photoelectrochemical and electrochromic devices.  

 

Keywords: poly(e-caprolactone)/siloxane biohybrids, manganese perchlorate, sol-gel, 

ionic conductivity, paramagnetism. 
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1. Introduction 

 

Polymer electrolytes (PEs) have attracted much interest to the scientific community 

because of their technological application in the domain of solid state electrochemistry, 

in particular for the fabrication of advanced batteries, sensors, photoelectrochemical, 

and electrochromic devices (ECDs) [1-3]. Actual research on solid-state 

electrochemistry seeks a compromise between “green” technologies, low cost, and 

highly efficient materials.  

In the framework of the investigation of new “green” materials with improved 

properties and potential application as electrolytes in ECDs, several ormolyte 

(organically modified silicate electrolyte) systems composed of a sol-gel derived [4] 

poly(ε-caprolactone) (PCL(530), where 530 represents the average molecular weight in 

g mol−1)-based di-urethanesil hybrid network (abbreviated as d-PCL(530)/siloxane) 

(Fig. 1) have been tested in the last few years. Doping of this organic-inorganic hybrid 

matrix with lithium [5-8], potassium [9], magnesium [10], europium [8], and erbium [6] 

salts, europium complexes [11] and ionic liquids [5] resulted in materials with attractive 

features, in particular high ionic conductivity and in the case of the lanthanide-

containing systems also high luminescence, and foreseen applications in eco-friendly 

ECDs. Prior to these works, applications of PCL and PCL-based hybrids had been 

proposed almost exclusively for the biomedical field, as biodegradable suture, artificial 

skin, resorbable prostheses, containers for sustained drug delivery, or bioactive coatings 

[12-20]. In fact PCL is a linear biopolymer that possesses interesting features, such as 

biocompatibility, permeability, hydrophobicity, biodegradability, non-toxicity for living 

organisms, and the ability of being resorbed after a certain period of implantation time. 

In the present work, the d-PCL(530)/siloxane biohybrid was doped with manganese 

perchlorate (Mn(ClO4)2). The incorporation of Mn2+ ions has a two-fold interest, 
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endowing the resulting hybrids with ionic conductivity and specially paramagnetic 

properties.  

Indeed Mn2+ is a transition metal ion that has been extensively used as paramagnetic 

probe and as activator in various luminescent materials [21, 22]. Mn2+-doped phosphors 

can be effectively excited by many sources, such as ultraviolet (UV), X-ray, and electric 

field [23-26] to yield emissions in the green, orange and red regions of the visible 

spectrum [21, 27, 28]. These emission properties motivated the wide use of Mn2+-based 

materials as phosphors for lamps and displays [25, 27, 29, 30]. Recently, Wang et al. 

[31] proposed the use of carbon-coated manganese silicate to act as anode material for 

lithium storage, exhibiting outstanding rate performances and high-rate cycling stability, 

and meeting the requirement for fast charging/discharging Li+ batteries. 

In this study, the structure, morphology, thermal features, ionic conductivity, and 

paramagnetic properties of the Mn(ClO4)2-doped d-PCL(530)/siloxane biohybrids are 

reported. The elucidation of the paramagnetic features has been performed by means of 

electron paramagnetic resonance spectroscopy (EPR), which is an effective and highly 

sensitive technique for the characterization of local order in a variety of solid–state 

systems [32-34]. EPR can provide valuable information about the oxidation state, 

ground state, and spin state of the paramagnetic ion. It enables the determination of the 

local symmetry of the ion environment, the nature of relevant spin interactions (e.g., 

Zeeman interaction, fine structure splitting, hyperfine coupling and exchange 

interaction) and the extent of covalency of the metal-ligand bond. EPR studies using 

Mn2+ ion as a probe have been very useful in the understanding of both the local 

coordination symmetry and magnetic properties of Mn2+ ions incorporated in a variety 

of materials, such as glasses [35-37], zeolites [38-40] and polymers [41]. 
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We believe that the present investigation represents an important contribution towards 

the understanding of the interactions between the d-PCL(530)/siloxane systems and 

metal ions.  

 

 

2. Experimental  

 

2.1 Materials 

Manganese (II) perchlorate (Mn(ClO4)2·xH2O, 99%, Aldrich) was dried under vacuum 

at room temperature for several days prior to being used. α,ω-hidroxylpoly(ε-

caprolactone) (PCL (530), MW = 530 g mol−1, Fluka) and 3-

isocyanatepropyltriethoxysilane (ICPTES, 95%, Aldrich) were used as received. 

Ethanol (CH3CH2OH, 99.9%, Merck) and tetrahydrofuran (THF, 99.9%, Merck) were 

stored over molecular sieves. High-purity deionized water (H2O) was used in all 

experiments. 

 
2.2 Synthesis 
 
The Mn(ClO4)2-doped d-PCL(530)/siloxane-based biohybrids were prepared based on 

the procedure described in detail elsewhere [7]. The first stage of the synthesis involved 

the formation of a urethane cross-link between the hydroxyl (-OH) end groups of the 

PCL(530) (0.8 g, 1.5 mmol) chains and the isocyanate (-N=C=O) groups of ICPTES 

(745 µL, 3.0 mmol) to yield the organic-inorganic hybrid precursor. This reaction 

occurred in THF medium at 70-80 ºC and in a sealed flask. The grafting process was 

infrared monitored during the formation of the urethane groups. The intensity of the 

strong and sharp band, characteristic of the stretching vibration of the -N=C=O group of 

ICPTES and typically located at 2273 cm−1 was progressively reduced until it 
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disappeared upon completion of the reaction. In parallel, a series of new bands, 

associated with the vibrations of the urethane group, appeared in the 1800–1500 cm−1 

spectral region. The d-PCL(530)/siloxane precursor was obtained as a yellowish 

transparent oil. 

In the second stage of the synthesis procedure, a mixture of CH3CH2OH (705 µL, 12.1 

mmol) and H2O (82 µL, 4.6 mmol) was added to the d-PCL(530)/siloxane precursor 

obtained in the previous step to promote the hydrolysis and condensation reactions 

characteristic of the sol-gel process. The molar ratio ICPTES:CH3CH2OH:H2O used 

was 1:4:1.5. An appropriate mass of Mn(ClO4)2 (Table 1) was incorporated immediately 

after the addition of CH3CH2OH and H2O. The final mixture was stirred for 30 min and 

then cast into a Teflon mould, which was covered with Parafilm and left in a fume 

cupboard for 24 h. Xerogel films were produced after aging for 1 month in an oven at 

50 ºC followed by drying under vacuum at 90 ºC for 3 days prior to being analyzed. 

The biohybrids prepared were produced as yellowish flexible xerogel films (Fig. 2) and 

were identified using the notation d-PCL(530)/siloxanenMn(ClO4)2, where n (salt 

composition) indicates the number of (-C(=O)(CH2)5O-) PCL repeat units per Mn2+ ion. 

Samples with n = 100, 50 and 20 were prepared (Table 1). 

 

Table 1. Composition of the d-PCL(530)/siloxanenMn(ClO4)2 biohybrids. 

n m (PCL(530)) ± 0.01 

(mg) 

m (Mn(ClO4)2) ± 0.01 

(mg) 

n’ (Mn(ClO4)2) 

(mmol) 

100 803.83 14.25 0.056 

50 805.14 28.54 0.112 

20 806.72 71.48 0.282  

 

 

2.3 Characterization 
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The total ionic conductivity of the samples was determined by locating an electrolyte 

disk between two 10 mm diameter ion-blocking gold electrodes (Goodfellow, > 

99.95%) to form a symmetrical cell. The electrode/ormolyte/electrode assembly was 

secured in a suitable constant volume support and installed in a Büchi TO51 tube oven 

with a K-type thermocouple (precision of about ± 0.2 ºC) placed close to the electrolyte 

disk to measure the sample temperature. Bulk conductivities of the electrolyte samples 

were obtained during heating cycles using the complex plane impedance technique with 

the Autolab PGSTAT-12 (Eco Chemie) equipment between room temperature (± 20 ºC) 

and 100 ºC and at approximately 10 ºC intervals. The ionic conductivity was evaluated 

for frequencies between 500 mHz and 65 kHz. 

Differential scanning calorimetry (DSC) measurements were performed in a Mettler 

Toledo DSC 821e calorimeter. Prior to the analyses, the samples were dried in a 

desiccator containing phosphorous pentoxide (P2O5) for 3 days. The DSC analyses were 

conducted over a temperature range of 0 to 300 ºC, at a heating rate of 10 ºC min−1, and 

under argon purge with 50 mL min−1 rate flow. All films were sealed in standard 40 µL 

aluminum crucibles (Mettler Toledo). 

Thermogravimetric analysis (TGA) were performed with a Shimadzu TGA-50 

equipment. The measurements were conducted between 30 and 900 ºC, at a heating rate 

of 10 ºC min-1, and under a nitrogen atmosphere with 60 mL min-1 rate flow. Before 

each analysis and aiming to eliminate the traces of solvent and/or absorbed water, all the 

samples were subject to a first run from 30 to 105 ºC, at a heating rate of 20 ºC min-1, 

followed by a second isothermal run at 105 ºC during 10 minutes. 

Polarized optical microscopy (POM) images were recorded using an OPTIKA B-

600POL microscope equipped with a 8 Mpixel digital Photo Camera. The images were 

analyzed using the OPTIKA Vision Pro software. 
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X-ray diffraction (XRD) measurements were carried out at room temperature with X-

ray Rigaku Utma 4 diffractometer, power of 50 kV/50 mA and Cu Kα irradiation, speed 

of 2 ºC min−1, in an angle range (2θ) of 3 to 60°, at room temperature. 

Attenuated total reflectance Fourier transform infrared (ATR/FT-IR) spectra were 

registered in a Thermo Scientific Nicolet iS50 FTIR spectrometer, coupled to an ATR 

accessory with a diamond crystal. The instrument is controlled by the Omnic software 

package (version 9.2.28) from Thermo Fisher Scientific Inc. The spectra were collected 

in the 4000-400 cm−1 range by averaging 64 scans at a resolution of 4 cm−1.  To 

deconvolute complex band envelopes, the non-linear curve-fitting procedure offered by 

the PeakFit software [42] was employed. To automatically place hidden peaks, the 

Residuals procedure was used. This procedure initially places peaks by finding local 

maxima in a smoothed data stream. Hidden peaks are then optionally added where 

peaks in the residuals occur. The best fit of the experimental data was obtained using 

Gaussian shapes and by varying the frequency, bandwidth, and intensity of the bands. A 

linear baseline correction with a tolerance of 0.2 % was employed. The standard errors 

of the curve-fitting procedure were < 0.03. 

X-band continuous-wave electron paramagnetic resonance (CW-EPR) spectra were 

recorded at 50 K on a Bruker Elexsys E580 spectrometer operating at 9.478 GHz, 

equipped with a continuous flow liquid helium Oxford cryogenic system. Solid state 

powder EPR spectra were simulated by the function “pepper” of the software package 

EasySpin [43] implemented in MATLAB (MathWorks, Inc.). 

 

 

3. Results and Discussion  

 

3.1 Thermal characterization 
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The DSC thermograms of the d-PCL(530)/siloxane20Mn(ClO4)2  biohybrids (Fig. 3) 

confirm the entirely amorphous character of the doped samples indicating that the 

addition of the salt did not alter the disordered nature of the host hybrid matrix [7]. In 

the case of d-PCL(530)/siloxane20Mn(ClO4)2 and d-PCL(530)/siloxane50Mn(ClO4)2 a 

week broad endothermic peak is seen at ca. 98 ºC (onset at about 36 ºC) and at ca. 91 ºC 

(onset at about 14 ºC), respectively. This endotherm probably corresponds to the loss of 

adsorbed solvent(s).  

The DSC curve of the salt (Fig. 3) displays two endothermic peaks centred at ca. 50 ºC 

(Tonset at ca. 46 ºC) and 155 ºC (Tonset at ca. 145 ºC). While the former event corresponds 

to a phase transition, a phenomenon often encountered in perchlorate salts [44, 45], the 

latter endotherm is associated with Mn(ClO4)2 melting [46]. None of these two peaks is 

seen in the DSC curves of the doped d-PCL(530)/siloxane materials suggesting the 

complete dissociation of Mn(ClO4)2 in the d-PCL(530)/siloxane medium.  

The thermal behavior of the d-PCL(530)/siloxanenMn(ClO4)2 biohybrids was also 

evaluated by TGA. The TGA curves shown in Fig. 4 demonstrate that below 200 ºC all 

the xerogel samples are thermally stable. The onset of thermal degradation of the d-

PCL(530)/siloxanenMn(ClO4)2 materials is lower than that reported for the non-doped 

d-PCL(530)/siloxane network (around 300 ºC) [9] indicating that the presence of this 

guest salt had a non-stabilizing influence on the host d-PCL(530)/siloxane framework 

under an inert atmosphere. However, this value is similar to that found earlier for d-

PCL(530)/siloxane-based ormolytes doped with a mixture of LiCF3SO3 and 

Er(CF3SO3)3 [6]. Between 200 and 300 ºC all the samples suffered an abrupt weight 

loss. At 300 ºC the d-PCL(530)/siloxane20Mn(ClO4)2 hybrid revealed a dramatic weight 

loss of about 25 %. Interestingly, this marked weight loss of this salt-rich sample is 

similar to that observed in the case of the Mn(ClO4)2 TGA curve. In the 300-500 ºC 

temperature range the thermal decomposition of all the doped samples was a multistep 
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process (Fig. S1). Between 500 and 900 ºC, a plateau was attained and no further 

thermal degradation occurred. At the maximum temperature analyzed about 20 % of the 

xerogels with n = 100, 50 and 20 still remained to be decomposed. In summary, the 

progressive incorporation of Mn(ClO4)2 into d-PCL(530)/siloxane had a gradual 

negative impact on the thermal stability of the host framework. However, the thermal 

decomposition onset value is considered adequate for solid-state electrochemical 

devices. 

 

3.2 XRD and POM analyses 

The XRD patterns of d-PCL(530)/siloxanenMn(ClO4)2 biohybrids display a broad peak, 

Gaussian in shape and centered at ca. 21º (Fig. 5a). This peak, which is associated with 

ordering of the siliceous domains [47] reveals that the incorporation of the manganese 

salt did not affect the amorphous character of the non-doped d-PCL(530)/siloxane 

matrix [7, 9]. The POM images of the biohybrids (Fig. 5b) demonstrate the isotropic 

character of the samples, corroborating the XRD and DSC. 

 

3.3 Ionic conductivity 

Ac Impedance spectroscopy was employed to evaluate the electrochemical properties of 

the biohybrids. The results are presented through Nyquist plots (imaginary impedance 

Z’’ versus real impedance Z’) (Fig. 6) and a plot of the temperature dependence of the 

ionic conductivity (Fig. 7). 

The ionic conductivity was measured during the heating cycles and determined by Eq. 

1,  

bRA
d
×

=σ  (1) 
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where d is the thickness, A is the electrochemical active area and Rb is the bulk 

resistance obtained from the intercept of the imaginary impedance (minimum value of 

Z’’) with the slanted line in the real impedance (Z’) through the Randles circuit [48]. 

The Nyquist plots of Fig. 6 illustrate the mobility of ions due to charge transfer and 

diffusion processes. Typically, the Nyquist plot is described by three distinct parts: a 

semicircle located at the high-frequency range that corresponds to the charge transfer 

process, a straight line for lower frequencies that is related to the diffusion process, and 

the transition between these phenomena [2, 3]. In the three cases reproduced in Fig. 6 

the semi-circle at higher frequencies indicates that the salt facilitates the charge transfer 

process due to the increase of ionic conductivity with respect to the non-doped matrix 

[10]. The decrease of the semi-circles diameter also suggests that the ion diffusion 

ability is improved with salt content. Accordingly, the analysis of Fig. 7 allows inferring 

that the progressive addition of salt to d-PCL(530)/siloxane induced the enhancement of 

the ionic conductivity. The highest values were measured at n = 20 (4.8×10−8 and 

2.0×10−6 S cm−1 at about 25 and 100 ºC, respectively).  

The temperature dependence of the ionic conductivity of the hybrid samples, displayed 

in Fig. 7, appears to follows the vehicular model, i.e., Vogel-Tammann-Fulcher (VTF) 

type profile in the measured temperature range. 

As the temperature increases, the polymer segments has acquired sufficient energy to 

push against the hydrostatic pressure imposed by its neighboring ions and thus polymer 

can expand easily to produce free volume. The free volume around the polymer chains 

determines the resulting conductivity, represented by the overall mobility of ions and 

the polymer. Therefore, as temperature increases, ions or polymer segments can move 

into the free volume [49]. The ionic conductivity values exhibited by the ormolytes 

prepared in this work indicate that they are suitable for application on 

photoelectrochemical and electrochromic devices [50, 51]. The levels of ionic 
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conductivity are also of the same order of magnitude as those reported for analogous 

hybrids doped with potassium [9] and magnesium [10] triflates, and approximately one 

order of magnitude lower than those measured for analogues doped with lithium [7-10, 

52, 53] or copper [7-10, 52, 53] salts.  

 

 

 

3.4 FT-IR analysis 

In the d-PCL(530)/siloxane hybrid medium the Mn2+ ions may coordinate to the 

available functional groups provided by the host hybrid framework (the ether –C–O–C–

oxygen atoms and the ester C=O oxygen atoms of the PCL chains, and the urethane 

C=O oxygen atoms of the cross-links) or naturally to the counter-ions (i.e., the 

perchlorate ions) [54]. Given the minor amount of ether groups per PCL repeat unit, it is 

clear that the C=O oxygen atoms will essentially the main responsible for Mn2+ 

coordination. Therefore, upon incorporation into the host hybrid, these cations will 

bound to “free” urethane/ester C=O groups or to C=O groups present in hydrogen-

bonded aggregates. In the latter case, the Mn2+ ions need to destroy hydrogen bonds of 

these aggregates, leading to their partial or complete destruction. To evaluate the 

influence of Mn2+ doping on the strength and extent of the hydrogen bonding 

interactions in the d-PCL(530)/siloxane matrix, we carried out an FT-IR spectroscopic 

analysis of the samples in the 1800-1600 cm−1 spectral interval, usually known as the 

amide I band. This band can be resolved into several individual components 

corresponding to different C=O environments: from “free” C=O groups (in the high-

frequency range) to hydrogen-bonded aggregates of variable strength (in the mid-to-

low-frequency range).  
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The FT-IR spectrum of the non-doped d-PCL(530)/siloxane matrix exhibits four 

components situated at 1762, 1736, 1720, and 1692 cm−1 [11]. Each of these bands are 

associated with different C=O chemical environments: the 1762 cm−1 and 1736 cm−1 

bands are attributed to “free” C=O groups of the urethane cross-links (A1) and of the 

ester groups of amorphous PCL(530) chains (A2), respectively; the 1720 cm−1 band 

indicates the presence of oxyethylene/urethane hydrogen-bonded aggregates (B1); 

whereas the components around 1692 and 1670 cm−1 are assigned to the absorption of 

C=O groups belonging to significantly more ordered hydrogen-bonded 

urethane/urethane (C1) and ester/urethane (C2) aggregates [11, 55-57], respectively. 

Fig. 8a shows the FT-IR spectra in the “amide I” region of d-

PCL(530)/siloxanenMn(ClO4)2 biohybrids. Although no significant differences are seen 

in the global spectral profile for n = 100, 50, or 20, the inclusion of Mn(ClO4)2 into d-

PCL(530)/siloxane led to changes in the environment of the C=O groups which are 

revealed in the “amide I” region in terms of band reorganization. The incorporation of 

increasing quantities of the guest salt (n = 100, 50 and 20) into the d-PCL(530)/siloxane 

host resulted in the complete saturation of the “free” C=O groups from the urethane 

cross-links (A1) and in a considerable reduction of the amount of “free” ester groups of 

the amorphous PCL(530) chains (A2) (Fig. 8b). In parallel the fraction of 

oxyethylene/urethane and urethane/urethane hydrogen-bonded aggregates (B1 and C1, 

respectively) increased significantly. The concentration of ester/urethane aggregates 

(C2) did not suffer, however, major changes over the whole salt concentration range 

studied. 

The inspection of the spectral signature of the ClO4
− ion in the FT-IR spectra of the d-

PCL(530)/siloxanenMn(ClO4)2 biohybrids allowed us gaining further insight into the 

local environment of the Mn2+ ions. This was made possible because the ClO4
− ion is 

one of the most extensively employed ions probes in spectroscopic analyses aiming at 
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elucidating ionic association [58]. As this ion has vibration modes that suffer 

characteristic changes (e.g., frequency shifts, splitting and/or intensity variations) upon 

coordination, it allows distinguishing the three main types of ionic species usually 

present in salt/polymer electrolytes: (a) high mobility “free” or weakly bonded ions; (b) 

low-mobility cations bonded strongly to the host polymer; (c) low-moderate mobility 

ionic aggregates (contact ion pairs and ionic multiplets).  

The “free” ClO4
− ion (tetrahedral symmetry (Td)) has nine vibrational degrees of 

freedom distributed between four normal Raman active modes: ν1 (A1) (infrared 

inactive), ν2 (E2) (infrared inactive), ν3 (T2), and ν4 (T2). These modes are expected at 

931, 458, 1100 and 624 cm−1, respectively [59, 60]. Cation coordination lowers the 

ClO4
− ion local symmetry leading to band splitting of degenerate vibrations and to 

activation of infrared-forbidden modes. The strength of ion association is manifested in 

the magnitude of band separation and of the frequency shift. Mono- or tridentate 

coordination of the oxygen atoms of ClO4
− to a cation lowers the Td symmetry to C3v. 

As a consequence, the 3-fold degenerate ν3 and ν4 vibrations split into two components 

(A1 and E), both in the infrared and Raman spectra. Bidentate coordination of the 

oxygen atoms of ClO4
− to a cation lowers the Td symmetry to C2v. The splitting of the 2-

fold degenerate ν2 vibration into two bands (A1 and A2) in the Raman spectrum and the 

splitting of the 3-fold degenerate ν3 and ν4 vibrations into three components (A1, B1, 

and B2) in the infrared and Raman spectra result.  

In the present work we examined the ν4ClO4 region of the FT-IR spectra of the d-

PCL(530)/siloxanenMn(ClO4)2 biohybrids samples (Fig. 9(a)). The results of the curve-

fitting performed (Fig. 9(b) and Table 2) reveal that in the three samples studied the 

ClO4
− ions were either “free” or bonded to the Mn2+ ions along a bidentate 

configuration. The marked growth of the integral area fraction of the 632 cm−1 

component (Fig. 9(c)) resulting from the incorporation of increasing amounts of 
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Mn(ClO4)2 to the host hybrid matrix indicates that the proportion of bidentate ClO4
− 

ions increased. A major reduction in the fraction of “free” ions occurred concomitantly, 

as demonstrated by the dramatic decrease of the integral area fraction of the 625 cm−1 

component. 

 

 

 

 

 

 

 

Table 2. Composition dependence of the integral area fraction (%) of the resolved 

components (cm−1) of the d-PCL(530)/siloxanenMn(ClO4)2 biohybrids in the FT-IR 

ν4ClO4 region. 

n   

100  50  20   

ν Area  ν Area  ν Area  Attribution [58, 59] 

632 8.8  633 3.5  634 3.4  Bidentate ClO4
− 

628 19.4  629 16.5  630 8.3  Isotopic 37ClO4
− 

625 35.1  625 30.9  626 20.4  “Free” and bidentate 

ClO4
− 

621 28.8  622 40.2  622 44.2  Bidentate ClO4
− 

618 7.9  618 8.9  617 18.9  Isotopic 37ClO4
− 

- -  - -  612 4.7  non-assigned 

 

 

3.5. Electron Paramagnetic Resonance (EPR) 

Fig. 10 shows the X-band CW-EPR spectrum measured at 50 K of the d-

PCL(530)/siloxanenMn(ClO4)2 biohybrids with increasing salt concentration of. In all 

the EPR spectra the signal consisted of a sextet with effective g-value g ≈ 2.0 (centered 

at around 3300 G). The Mn2+ ion has a 3d5 electronic configuration, a spin S = 5/2, and 
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ground state 6S5/2. The lowest orbital level of the free ion is a singlet, which is six-fold 

degenerate in spin. An axial or tetragonal distortion of the octahedral crystal field splits 

this singlet into three Kramer’s doublets: ±5/2, ±3/2, and ±1/2 [32, 33]. The application 

of a magnetic field lifts the spin degeneracy of the Kramers’ doublets, and as a 

consequence the resonances observed in the EPR spectra are due to transitions within 

the Kramers’s doublets. The resonance at g ≈ 2.0 is associated with Mn2+ ions in an 

environment close to octahedral symmetry and is believed to arise from transition 

within the ±1/2 Kramer doublet [61-64]. 

Mn has a stable isotope with non-zero nuclear spin (55Mn) with I = 5/2 (100 % natural 

abundance). The EPR spectra of the Mn2+ ions at low Mn2+ concentration is further split 

into six lines by the hyperfine structure resulting from the dipole-dipole interaction 

between the magnetic moment of the 55Mn nuclei and the electronic moment of the 

paramagnetic Mn2+ ion. The resonance at g ≈ 2.0 is due to allowed Ms = ½ ↔ −½ 

magnetic dipolar transitions (selection rules ΔMS = ±1 and ΔmI = 0, where Ms and mI 

are the electronic and nuclear spin state, respectively) from the 6S5/2 ground state of 

Mn2+. 

The spectra of Fig. 10 are similar to those reported for disordered materials, such as 

glasses and polymers. The weak features between the spin-allowed hyperfine lines of 

the resonance signal were attributed to spin "forbidden" transitions (ΔMs = ± l, ΔmI = ± 

l) [65-67]. 

The EPR spectrum of the Mn2+ ions in the d-PCL(530)/siloxane host can be 

qualitatively understood in terms of the spin-Hamiltonian for d5 ions in axial symmetry 

[68]: 

 

( )[ ] IASSSSDSHg Z ⋅++−+⋅=Η 13
12β  (2) 
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where β is the Bohr magneton, H is the applied magnetic field, S is the spin component 

along the symmetry axis z, A is the hyperfine coupling constant, and the other symbols 

have their usual meaning. The first term in the Hamiltonian represents the interaction of 

the S = 5/2 electron spin with the external magnetic field H, i.e., the electron Zeeman 

interaction. For simplicity, the isotropic g-value was considered. The second term is the 

zero-field splitting (ZFS) Hamiltonian and is characterized by the axial crystal field 

parameter D. The third term is the hyperfine interaction describing the interaction 

between the S = 5/2 electron spin with the I = 5/2 nuclear spin of the 55Mn isotope. 

The experimental Mn2+ EPR spectra were analyzed by numerical simulation of the spin 

Hamiltonian (Eq. 2). Satisfactory fits to the experimental EPR spectra were obtained 

assuming two different Mn2+ species characterized by different coordination 

symmetries. The fit parameters for the species I included the g-value, A, and D. A strain 

parameter (specified by D-strain was also introduced to account for the heterogeneity of 

the environments around the paramagnetic center, which results in broad distributions 

of the principal values of the D-tensor [43]. The Hamiltonian parameter D = 612 – 661 

MHz (204 – 220 ×10−4 cm−1) deduced from the simulated spectra (Table 3) suggests 

that the Mn2+ ions of species I are complexed by the d-PCL(530)/siloxane matrix in an 

axially distorted coordination symmetry. The fit parameters for the species II included 

only g and A (i.e., D = 0 MHz). A strain parameter (noted as A strain) was used in 

samples with lower Mn2+ concentration (n = 50 and 100) to account for the distribution 

of A values. For simplicity, S = 1/2 for the simulations of species II was assumed. The 

Hamiltonian parameters obtained for species II suggests that these Mn2+ ions are not 

coordinated to the matrix. The simulated spectra, shown in Fig. 10, were obtained by 

adding the contribution from species I and II with the Hamiltonian parameters given in 

Table 3. The agreement between the observed and the calculated spectra are 
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satisfactory, since the simulated spectra closely reproduce the position and the 

intensities of the most prominent features. 

 

Table 3. Summary of the spin Hamiltonian parameters of d-

PCL(530)/siloxanenMn(ClO4)2 biohybrids obtained from the simulation of the 

experimental EPR spectra measured at 50 K. Lwpp refers to the peak-to-peak line width 

for isotropic broadening used for convolution of the CW-EPR spectrum. The first and 

second elements are the Gaussian and Lorentzian contributions, respectively. It should 

be noted that the A and D values are given in MHz units usually used in EPR simulation 

packages (conversion factor is 1 [cm−1] = 0.33356×10−4 [MHz]). 

Species  n = 100 n = 50 n = 20 
I Spin 5/2 5/2 5/2 
 g 1.999 2.000 2.000 
 lwpp (mT) 1.4   1.1 2.4   0.67 1.5   2.3 
 A (MHz) 272 272 272 
 D (MHz) 631 618 579 
 D strain (MHz) 656 661 612 

II Spin ½ ½ 1/2 
 g 2.002 2.001 2.001 
 lwpp (mT) 1.7   0.0 1.8   0.0 2.0   0.37 
 A (MHz) 268 269 269 
 A strain (MHz) 15 20 - 

I : II Absorption 
integral 

253:1 261:1 447:1 

 Frequency (GHz) 9.475411 9.47674 9.474488 
 

 

The value of the hyperfine constant has been correlated with the nature of the bonding 

character between the Mn2+ ions and its ligands in the hybrid electrolytes. The 

correlation, which is mainly determined by the electronegativity of the Mn2+ neighbors, 

was ascertained by Van Wieringen [69, 70]. In covalent semiconductors like Mn–Te, A 

values are as low as 59×10−4 cm−1, while in fluorite crystals, where the bonding is ionic, 

A ≈ 97×10−4 cm−1 [35, 71]. The magnitude of the hyperfine constant derived for the 
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samples in the present work (A ≈ 90×10−4 cm-1, Table 2), suggests that the bonding 

between Mn2+ ions and the surrounding ligands is moderately ionic. This result is 

consistent with our previously reported study in Cu2+-doped d-PCL(530)/siloxane-based 

electrolytes, where the molecular bonding coefficients α2 and β2 obtained by correlating 

the Cu2+ EPR spin Hamiltonian parameters and the optical absorption data suggested 

that bonding between the Cu2+ and its ligands was also moderately ionic [53]. These 

conclusions are in perfect agreement with the FT-IR data reported in the previous 

section in which solid spectral evidences were found pointing out strong interaction 

between the Mn2+ ions and the C=O groups of the urethane cross-links and of the ester 

groups of the PCL(530) chains and also between the Mn2+ ions and the ClO4
− ions. 

These two different cation environments could correspond to species I and II identified 

by EPR, respectively.  

 

 

4. Conclusions  

 

Paramagnetic amorphous d-PCL(530)/siloxane-based biohybrids doped with Mn(ClO4)2 

were synthesized by sol-gel method. The incorporation of Mn2+ ions had a two-fold 

interest, endowing the resulting hybrids with ionic conductivity and paramagnetic 

properties. The ionic conductivity increased with salt concentration. The highest values 

were obtained for n = 20 (4.8×10−8 and 2.0×10−6 S cm−1 at about 25 and 100 ºC, 

respectively).  

The hydrogen bonding interactions present in the d-PCL(530)/siloxane matrix were 

influenced by the inclusion of Mn(ClO4)2, which promoted the formation of more 

oxyethylene/urethane and urethane/urethane aggregates. In the samples the Mn2+ ions 

interact with the “free” urethane and ester C=O groups of the host hybrid matrix host 



20 
 

and also with the ClO4
− ions along a bidentate configuration. “Free” ClO4

− ions were 

also detected, although their concentration decreased, as expected, with salt content. 

The magnitude of the EPR hyperfine constant of the analyzed samples (A ≈ 90×10-4 

cm−1) is in agreement with the FT-IR data suggesting that the bonding between Mn2+ 

ions and the surrounding ligands is moderately ionic. The Mn2+ ions identified as 

species I are coordinated to the d-PCL(530)/siloxane matrix along an axially distorted 

coordination symmetry, whereas the Mn2+  bounded to ClO4
− ions are classed as species 

II.   

The ionic conducting, combined with the thermal stability up to at least 200 ºC and the 

paramagnetic properties, open interesting prospects for the potential application of the 

d-PCL(530)/siloxanenMn(ClO4)2 biohybrids in paramagnetic, photoelectrochemical and 

electrochromic devices. 
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Figures 
 
 

 
Fig. 1. Structure of the d-PCL(530)/siloxane hybrid host matrix with 2n' = 3.7.  

 

 

 

 

 
Fig. 2. Appearance of a representative d-PCL(530)/siloxanenMn(ClO4)2 biohybrid. 
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Fig. 3. DSC thermograms of,d-PLC(530)/siloxanenMn(ClO4)2 biohybrids and 

Mn(ClO4)2 salt. 
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Fig. 4. TGA curves of the d-PLC(530)/siloxanenMn(ClO4)2 biohybrids with n = 100 

(blue line), n = 50 (red line), n = 20 (black line) and n = 0 (dark yellow). 
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(blue symbols), , n = 50 (red symbols) and n = 20 (black symbols), at 25 ºC (a), 50 ºC 

(b), and 105 ºC (c).  
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Fig. 7. Conductivity plot of the d-PCL(530)/siloxane nMn(ClO4)2 biohybrids for n = 100 

(blue symbols), n = 50 (red symbols) and n = 20 (black symbols). The lines are just 

guides for the eyes. 
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Fig. 8. (a) Results of the curve-fitting performed in the “amide I” region and (b) salt 

concentration dependence of the integral fraction of the resolved “amide I” bands (data 

for n =  ∞ have been reproduced from [8]) of the d-PLC(530)/siloxanenMn(ClO4)2 

biohybrids. 
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Fig. 9. (a) FT-IR spectra of the d-PLC(530)/siloxanenMn(ClO4)2 biohybrids in the FT-

IR ν4ClO4 region; (b) Results of the curve-fitting; (c) Salt concentration dependence of 

the integral area fraction of selected ν4ClO4 components (the lines drawn are just guides 

for the eyes). 
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Fig. 10. (a) Experimental (bold lines) and simulated (normal lines) EPR spectra of d-

PLC(530)/siloxanenMn(ClO4)2 biohybrids (n = 20, 50, and 100), recorded at 50 K. (b) 

Experimental (thick line) and numerical simulation (thin lines) of the Mn2+ EPR signal 

for n = 100: considering species II, species I and full simulated spectrum (I + II). 
 
 
 


