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Abstract

The unique properties of electrospun nanofibers combined with functional
compounds allow the preparation of novelty materials that can be employed in
a wide range of applications. Among a vast number of polymers, Cellulose
Acetate (CA) it is considered easy to electrospun and it was employed as the
polymeric matrix, where free and iridium-porphyrins were incorporated. Two
different solvent systems were employed according to the porphyrin used, and
the best dispersion level on both the electrospun solution and the membranes,
was achieved with the iridium porphyrin. The nanofibers with this porphyrin
also exhibited electrical properties, while the fluorescence was quenched by the
presence of specific axial ligands.

Introduction

Nanofibers prepared by electrospinning with functional compounds, such as metals,
semiconductors, ceramics, among others, display specific structural features (phase
morphologies and surface topologies) and unique properties that make these materials
very interesting from their optical, electronic, photonic, catalytic and magnetic properties.
Therefore they gather some of the desired requirements for diverse applications, such as
fuel and solar cells, electronic sensors, energy harvesting and storage systems and others
[1,2]. Among several candidate compounds, porphyrins and its metallic derivatives are
known as important conjugated organic macrocycles with amazing and variable properties
and were the chosen compounds to attain the target nanofibers optic/electronic properties
[3-10]. The growing interest in these macrocycles combined with the unique features of



the electrospinning technique, such as the nanofiber high specific surface and high aspect
ratio, with the possibility of making materials with optic/electronic properties, has
generated an increasing interest among researchers in the last decade. For example,
nanofibers with fluorescence sensing properties able the rapid detection of 2,4,6-
trinitrotoluene trinitro- toluene (TNT) [11], hydrogen chloride (HCI) gas [12], and towards
nitroaro-matic explosives [13], were prepared from polymer/porphyrin conjugation. PCL-
Porphyrin and PCL-Metalloporphyrin(Zn) electrospun nanofibers were prepared as a
fluorescent chemosensor for detection of histamine [8] and poly(N-
vinylpyridine)/porphyrin derivatives [14,15]. Electrospun platinum(II) and palladium(II)
metalloporphyrins were also employed as optical chemical sensors with a remarkably
enhanced dynamic response when compared to compact films [16,17]. Also copolymers of
poly(acrylonitrile) with iron-porphyrin or a diamino-substituted porphyrin were
successfully electrospun into nanofibers [18,19]. The first porphyrin act as a
photosensitizer and in conjugation with TiO, particles showed photocatalytic activities in
the photodegradation of methyl red [19], while the second showed a great potential to
applications in chemical sensors, molecular wires, and photoresponsive materials [18].
Nanofibers composed of polystyrene with encapsulated or bounded porphyrins showed
also excellent photophysical properties with a strong antibacterial effect [20,21]. The
electrospun of cellulose acetate (CA) has already been extensively studied and several
research papers have been published [22-30]. Although there are some works on the
electrospinning of polymers with porphyrins, none of them uses the cellulose acetate
combined with 5,10,15,20-tetrakis( p-tolyl)porphyrin (TTP) or its derivative replaced with
iridium TTPIr, which is a metal with very high efficiency to visible light harvesting. Thus,
this work will investigate the combination of TTP and TTPIr to develop materials based
on biodegradable polymers with optic/electronic properties. Therefore, prior to the
preparation of the nanofibers the Hildebrand
and Flory-Huggins parameters were predicted and the viscosity and surface tension of the
respective solutions were studied. CA and CA containing porphyrins were electrospun and
the obtained membranes formed of nanofibers were characterized in terms of
morphology, topography, fluorescence, chemistry, thermal stability and electrical
conductivity.

Materials and methods

Materials

The cellulose acetate with an acetylation degree of 39.8wt% and the porphyrin 5,10,15,20-
tetrakis( p-tolyl)porphyrin (TTP) (purity 98% ) were acquired from Sigma-Aldrich and
their structural formula is represented in Fig. 1. The respective metallated porphyrin
(TTPIr) was synthesized according to the literature [31] (Fig. 1c). The free-base TTP (
150mg, 0.22mmol ) and the dimer [Ir( COD )Cl], ( 225.3mg, 0.33mmol ) were added in
xylene and refluxed for 4 days. The solution was purified through column chromatography
and the metalloporphyrin was isolated with 70.7% yield, respectively. The solvents
employed in this work were acetone (Ac), dichloromethane (DCM), ethanol (Et) and
dimethylacetamide (DMAc), purchased from Sigma-Aldrich and used without further
purification.

Preparation of the CA solutions



The CA solutions for electrospinning were always prepared using mixed-solvent systems
at room temperature with fixed concentrations of 10 and 12wt% of CA. Considering the
solutions prepared from CA and porphyrins, both the TTP and the TTPIr were fixed at
5wt% relatively to CA. The systems of solvents employed to prepare the solutions were
designated as A and B, where A corresponds to the mixed-solvents DCM/Et in a ratio of
80/20(w/w) and B to the solvent system constituted by DCM/Et/DMAc, where the DMAc
solvent was fixed at 10wt% relatively to the remaining solvents (DCM and Et). The
spinning solutions were obtained after at least 10 h stirring

Preparation of membranes

The membranes were prepared using an electrospinning apparatus, where the previously
prepared solutions were placed in a plastic syringe of 1 mL (inner diameter = 4.50 mm )
with a tip caliber of 25 G (inner diameter = 0.61 mm ). This set was fixed horizontally on
the syringe pump (KdScientific KD100) and all the air was manually removed from the
solution in the syringe to guarantee the absence of air bubbles that can cause fiber defect.
The tip of the syringe was connected to a high-voltage DC power supplier (Glassman High
Voltage Inc.) that generated a positive DC voltage, while the grounded counter electrode
was connected to a stationary aluminum foil collector. An auxiliary electrode with a ring
shape (at the same potential as the syringe tip) was used to control the electrospun area
and to ensure that no fibers were deposited outside the designed collector. The
electrospinning conditions used to prepare the membranes are listed in Table 1, being the
membranes of CA and CA with porphyrins electrospun under the same conditions. The
electrospinning process was carried out in a closed acrylic box at a temperature of
approximately 22°C and relative humidity of 45%. After processing all the membranes
were dried at 80°C for about 12 h .

Characterization of the solutions and membranes

The viscosity was measured under steady state shear flow in a shear rate range from 0.01
to 1000 s~! using a stress-controlled

Table 1
Electrospinning conditions.

Solutions Solvent System [wt%] | Electrospinning Conditions

Q(mL/h) | d(ecm) | DV(kV) | t(min)
CA10(A)
CA12(A) DCM/Et o . © o
CA10+TTP(A) | [80/20] 5 5
CA12+TTP(A)
CA10(B)
CA12(B) DCM/Et/DMAc o1 . 20 66
CA10+TTPIr(B) | [72/18/10] 5
CA12+TTPIr(B)




Q= flow rate; d= tip-to-collector distance; DV = applied voltage; t= time.
rheometer Bohlin Gemini HR nano, with a cone-plate geometry ( 20 mm diameter and 2°
) at room temperature. A solvent trap was used during measurements in order to avoid
solvent evaporation.

The surface tension of the electrospinning solutions was studied using a KSV NIMA
Langmuir and Langmuir-Blodgett Troughs (KSV NIMA L & LB Troughs) at room
temperature (approximately 20°C ). The surface tension of 1.8 mL aliquots ( x 3 ) was
obtained by the difference of the surface tension between the aliquot and the reference
value of water 72.75mN/m [32].

The membranes were analyzed by FTIR spectroscopy with a FTIR4100-Jasco in the range
of 4000 — 500 cm™! with an attenuated total reflectance accessory (ATR) using a
resolution of 8 cm™! with 64 repetitions scans average per sample. For comparison the
TTP and TTPIr powder were compressed into KBr pellets and analyzed in the
transmittance mode using the same parameters. All the samples, including the
membranes, were previously dried. Raman and emission spectroscopy were carried out
on a LabRAM HR Evolution Raman spectrometer (Horiba Scientific, France) coupled with
a Horiba Scientific's Labspec 6 spectroscopy suite that provides a complete instrument
control and data processing. The Raman spectra were acquired with a 532 nm laser
excitation wavelength ( 0.1% laser intensity), with an acquisition time and accumulation
of 30 s in a range between 500 and 1800 cm™?, while the emission spectra were collected
with the same laser wavelength with 0.01% intensity and an acquisition time and
accumulation of 5 s in a range between 300 and 800 nm .

The morphology and the measurement of the fibers diameter ( 50 fibers/sample) were
analyzed by scanning electron microscopy (SEM) on a NanoSEM FEI Nova 200, at an
acceleration voltage of 5.00 — 10.00kV in second electron image mode coupled to an
energy dispersive X-ray (EDAX- Pegasus X4M) spectrometer. Previously to the SEM
analysis the samples were sputter coated with a gold/platinum mixture, leaving an
uncoated area to perform the EDX analyses. An Olympus BX51 microscope with X-Cite
series 120Q) fluorescence excitation of ultraviolet, blue and green light was used to observe
the membranes at different irradiation light.

Atomic force microscopy was performed in a Keysight 9500 Scanning Probe Microscope,
the images were kindly provided by Keysight Linz Company. The system was equipped
with the standard 90 mm scanner and the samples were analyzed with the continuous
force volume (CFV) mode k=2N/m, mod.frequency = 600Hz, amplitude =
300 nm, 0.5 Hz scan speed; (including Current imaging on sample E using CFV mode), and
the Kelvin Probe Force Microscopy (KFM) mode k = 2 N/m, f = 65kHz. Additionally, a 2D
matrix of fast force sweeps was applied (300-1000 sweeps per second), which allowed the
mechanical data measurement (topography). Current data at conventional imaging speeds
using the KFM mode were acquired.

Static contact angles were also measured on the sample surface through the sessile drop
method using an OCA20 contact
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Fig. 1. (a) Cellulose acetate R = H or R = COCH; (according to acetylation degree); (b)
porphyrin TTP and (c) metallated porphyrin TTPIr.
angle instrument (DataPhysics Instruments GmbH, Filderstadt, Germany). Samples were
cut in a rectangular specimen with 0.5 X 1 cm. Water microdrops (volume =~ 5 mL, Milli-
Q water) were generated with an electronic micrometric syringe and deposited on the
substrate surface according to the so-called pick-up procedure. The contact angle was
determined after 5 s of the moment of the drop deposition and settling. Image acquisition,
analysis and contact angle determination was performed using the SCA20 v.4.3.12
software (Dataphysics Instruments GmbH, Filderstadt, Germany). A total of five drops of
each probe liquid was dispensed and each drop was placed in a different region of the
sample. The results correspond to the average and are presented with the respective
standard deviations.

The thermal stability of both porphyrins, CA and respective membranes were studied
using a TGA Q500 from TA Instruments within a temperature range of 60 — 800°C under
N, atmosphere at a heating rate of 10°C/min

Results and discussion

Properties of the solutions

According to literature the solvent system Ac/DMAc is one of the most employed to
prepare electrospinning solutions of CA [25,26,33,34]. While this solvent was good for CA,
when the porphyrins were incorporated in the polymer a suspension of large particles was
obtained (independently of the addition order of the components) and the membranes
presented sizable defects (large projections of material). To overcome this issue, and in
order to choose a different solvent system suitable for both porphyrins and polymer, the
Hildebrand (d) and Flory-Huggins (c) parameters were previously estimated. The d of the
system of solvents was calculated



considering the overall contribution of each solvent according to equation Equation (1)

[35]:
6= Z ®i; €9)

Where ¢; corresponds to the volume fraction of the solvent and §; is the Hildebrand
parameter. d derives from the cohesive energy density of the solvent and it is
fundamentally a liquid property value that indicates the relative solvency behavior of a
specific solvent [34-36]. Therefore, solvents with similar Hildebrand values are miscible,
once they have an identical cohesive energy that allows mixing [35,36]. The Flory-Huggins
parameter (c), which only considers the solvent interaction, complements this analysis by
indicating which solvent is thermodynamically more stable for a specific polymer
[35,37,38]. Thus, lower c values suggest that the solvent is favorable to dissolve the
polymer. Even though, these calculations only take into account the solvents and the
polymer, since no data is available for these porphyrins, the results provide a good
approach to predict an appropriate system of solvents. The Ac/DMAc solvent system was
then substituted by two different systems, DCM/Et, with a d of 21.4MPa'/? and
DCM/Et/DMAc with a d of 21.5MPa'/? (Table 2). These showed to be suitable solvents to
dissolve CA, since it is known that this polymer is ideally soluble in solvents or system of
solvents with Hildebrand parameters between 19.43 and 25.57MPa'/? [34,37]. Since the c
values of CA and of solvents DCM and EtOH were not found in literature, it was possible
to predict a relationship based on similar molecules, such as chloroform (CHCl;) and
methanol (CH;0H), respectively (Table 2). Thereby the interaction CA - solvents can be
organized according the following order: c¢(DMAc) = c¢(DCM) « c(EtOH), showing that the
DMAc and DCM solvents are thermodynamically more stable for CA and ethanol acts as a
non-solvent.

CA+TTP - DCM/Et CA+TTPIr - DCM/EVYDMAC
Fig. 2. Spinning solutions at daylight ( a and ¢ ) and under UV radiation (b and d ).

Table 2
Hildebrand and Flory-Huggins parameter of CA(DS = 2.5).



Solvent P d(MPa'/2)* | Flory-Huggins parameter (c)
Dichloromethane 20.2° - d

Ethanol P 26.2P -d

Dimethylacetamide ? | 22.5°¢ 0.28

Chloroform ¢ 18.8°¢ 0.34

Methanol ¢ 29.3°¢ 1.87

DCM/Et 21.4 -d

DCM/Et/DMAc 21.5 _d

a SI units.

b From Hansen [39] and Barton [35].
¢ From Ghorani[34].
d No data available.

The solution prepared using DCM/Et solvent system with CA and TTP showed a fine
purple suspension and fluorescence when excited with a 365 nm wavelength (Fig. 2). This
solution was used successfully to obtain electrospun membranes. However, the same
solvent system with the metallated porphyrin (TTPIr) was unsuccessful. Therefore, to the
previous solvent system was added DMAc, a less volatile solvent with a higher boiling
point [26,37] and also a higher dielectric constant ( Tb = 166.0°C,e = 37.8 ) comparing to
the DCM ( Tb = 39.8°C,e = 8.9 ) and Et (Tb = 78.4°C,e = 24.55) solvents [26]. The
obtained solutions with the TTPIr porphyrin were red colored and homogeneous, although
the fluorescence was quenched, due to the incorporation of the metal into the porphyrin

(Fig. 2).

The rheological behavior and the surface tension of the electrospinning solutions were
investigated to study the influence of the porphyrins incorporation in the CA and to help
to define the electrospinning parameters.

As demonstrated in Fig. 3 the system of solvents employed show a strong influence in the
presented flow curves. The different rheological behavior between the two systems of
solvents can be due to its capacity to dissolve CA as a consequence of the solvents ratio
used. The solvent system A, which showed a higher viscosity, is composed by 80wt% of a
CA solvent, dichloromethane and 20wt% of a non-solvent, ethanol, while, the solvent
system B, which presented a lower viscosity, is composed by a higher ratio of the CA
solvent (both DCM and DMAc) 90wt% respectively, and only 10wt% of the non-solvent
ethanol. Therefore, solvent system B has higher capacity to dissolve CA, which results in
lower viscosity. This effect is even more pronounced when the CA concentration increases
from 10 to 12wt%. Although, and as it is known the effect of increasing viscosity with
increasing polymer concentration [26], the solvent system A shows a more pronounced
viscosity increase compared to solvent system B, which again arises from its
lower capacity to dissolve CA. The incorporation of the metallated porphyrin, TTPIr, into
the system promoted a viscosity decrease, explained by an easier chain alignment when
the shear stress is applied. This could result from the higher capacity of TTPIr to disperse



in this system enabling the formation of a homogeneous solution. In this system, it was
also observed an approximation of a Newtonian fluid rheological behavior, where the
viscosity is almost independent of the shear rate. These effects can be mainly attributed to
the addition of the metallated porphyrin, once the same solution prepared with the non-
metallated porphyrin did not show this tendency and the same viscosity was kept for CA
solution for lower shear rates. Furthermore, the introduction of the non-metallated
porphyrin in the system did not show a significant variance on the viscosity compared with
CA.

The surface tension of the solutions is quite important for the fibers projection during
electrospinning process and it is more likely a function of the solvent system than the
polymer concentration [33]. Fig. 4 shows the surface tension of the prepared solutions,
being the measurements taken at 15 s and 30 s, after the deposition of the solution on the
equipment. The introduction of DMAc on the solvent system A, DCM/Et did not promoted
a significant variation on the surface tension of the solutions, probably due to the small
amount of DMAc added.

The incorporation of both porphyrins in the system lead to a slight decrease of surface
tension, which is more pronounced for the non-metallated porphyrin (TTP), i.e., the latter
turns out to be easier to electrospun, since the applied electric field necessary to overcome
the surface tension and to obtain nanofibers is lower. In practice this slightly difference
was reflected in a potential adjustment needed to electrospun the solutions prepared with
the TTP from 16 kV to 20 kV with TTPIr. This is also reflected in the flow rate from 0.1 to
0.5 mL/h, respectively and consequently to a higher mass throughput that resulted in a
reduction of the electrospinning time from 60 to 10 min (Table 1).

Properties of the electrospun membranes

The infrared absorption spectra of TTP, TTPIr porphyrins and the cellulose acetate
membrane are presented in Fig. 5.

FTIR spectrum of the cellulose acetate membrane with 12wt% — (A) is similar to the
spectrum of CA raw material. Moreover, membranes prepared with the system of solvents
A and B are identical revealing that the electrospinning did not promote any chemical
changes in the polymer. Thus, in Fig. 5 it is possible to identify the main characteristic
bands of cellulose acetate, which are supported by various studies [29,40-45]. A broad
band at
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Fig. 5. FTIR spectra of CA raw and membrane, electrospun membranes of CA with the
respective porphyrins (TTP and TTPIr), TTP and the respective metalloporphyrin TTPIr.
3471 cm™! that corresponds to the hydroxyl group (OH) stretching, a sharp and strong
intensity band at 1741 cm™! that corresponds to the symmetrical stretching and a weak
band at 1621 cm™?! assigned to the asymmetrical stretching of the ester groups (carbonyl,
C = 0) are identified. The weak intensity bands at 2870 and 2933 cm™! are assigned to the
C—H stretching vibrations of the
CH, and CH; groups, while the 1370 cm™? band to the C — H bending. The C — O stretching
was observed as a strong intensity band at 1216 cm™!, as well the C — O symmetric
stretching of the primary alcohol at 1025 cm™1. The C — O — C asymmetrical stretching is
assigned as a weak band at 1136 cm™! and the band at 895 cm™? is assigned to the b-
glucosidic linkages between sugar units that form the polymeric chain of cellulose acetate.
From Fig. 5 it is clearly observed the successful metallation of the TTPIr by the absence of
the N-H stretching band between 3300 and 3293 cm™? and of a sharp peak at 740 cm™?!
associated with N — H out-of-plane deformations (these peaks are only present in the free-
base TTP porphyrin) [46]. Also, only on the metallated porphyrin is observed a sharp band
at 2044 cm™?! that could correspond to one of the axial ligands (-CO, carbon monoxide).
The bands at 3025 — 3000 cm™! and 2910 — 2800 cm™! are associated to the C—H
stretching of the phenyl groups and the later to the C — H stretching of the methyl groups
(aliphatic hydrogens), and the peak at 1179 cm™? is associated with the stretching of the
C — H of the pyrrole [46].



Regarding the spectra of the membranes with the porphyrins (Fig. 5), the main bands of
cellulose acetate previously discussed are easily identified, while the porphyrins
correspondent bands are not detected due to a lower incorporation of porphyrins
compared to the CA. In order to complement the information collected by FTIR spectra,
Raman spectroscopy was performed in the same compounds with a laser of 532 nm
wavelength, which permitted a clear identification of the incorporated porphyrins on the
CA membranes (Fig. 6). It is also noteworthy that Raman spectra were performed mostly
in the fingerprint zone, where it is clearly observed that the incorporation of the iridium
atom and the axial ligands had a strong influence in the bonds vibrations of the porphyrin
molecule.

a) —— TTPIr —TTP CA12+TTP
_ CA12+TTPIr CA membrane -

I | I 1 1
600 800 1000 1200 1400 1600 1800

Raman shift (cm™)



Fig. 6. (a) Raman spectra of CA membrane, electrospun membranes of CA with the
respective porphyrins (TTP and TTPIr), TTP and the respective metalloporphyrin TTPIr.
(b) Structure of TTP.

Concerning the polymer, the main bands are identified on the electrospun CA membrane
(Fig. 6) [47-50]. The 1733 cm™?! band is ascribed to the carbonyl ( C = 0 ) stretching
vibrations in the acetyl groups, while the vibrations of the CH; groups within the acetyl
groups are identified as a shoulder at 1363 cm™! and at 1449 cm™!. The band at 1377 cm™!
has correspondence to the various deformations of the cellulose backbone
d(CH,), d(HCC),d(HCO) and d(COH). Between 1300 — 1000 cm™? region it is observed the
signals of the asymmetric vibrations of CC and CO bonds of the cellulose backbone (
1164 cm™! ) and the symmetric ring vibrations ( 1097 cm™! and 1121 cm™! ) and ring
stretching (1041 cm™! and 908 cm™! ) of COC groups. At lower Raman shifts it is observed
the vibrations of the bonds within CH;CO acetyl groups, particularly the deformation
vibrations d(CO0) at 655 cm™! and 601 cm™2.

Regarding the porphyrin, the bands between 1400 and 1660 cm™? are usually assigned to
the stretching frequencies of €, — C;,» and C, — C,, bonds and the region between 1300 and
1450 cm™! is usually attributed to the stretching motions of the bonds C, — C, and C, — N
(Fig. 6) [51,52]. Therefore, from both porphyrins spectra the bands at 1552 cm™! (TTP)
and 1557 cm™! (TTPIr) can be attributed to the C, — C,s bond stretching, symmetric



stretching of C, — C,,, — C,» bonds and the bending formation of C, — N(H) — C,»/C, — N —
C,’ bonds (only for TTP) including rocking of the hydrogen atoms on the C,r atoms [53].
It is possible to observe some differences between the porphyrins in this region, since the
nitrogen ( N ) atom and consequently the bond vibrations are changed due to the presence
of the iridium atom. The bands that are identified in both porphyrins at 1080 cm™? could
be assigned to the rocking of the hydrogens in the carbon atoms ( C;, ) in the macrocycle
and the band at 1136 cm™! only observed for TTP could be assigned to the rocking of the
hydrogen atoms on nitrogen atoms, it can also be assigned to the symmetric stretching of
the C,, — C, — C, bonds [53]. Moreover, it is of great importance to mention the absence
of the band at 963 cm™! in TTPIr, which could be assigned to the NH — NH bonds, and as
expected, it is only identified at the nonmetallated porphyrin - TTP [53]. The bands at
900 — 1400 cm™? are assigned to the stretching vibrations of C,Cy,/C,N [52].

The Raman spectra of electrospun membranes of cellulose acetate with porphyrins are
also showed in Fig. 6(a), where due to the stronger signals of the porphyrins when
compared to CA, it is
only possible to identify the peaks correspondent to the porphyrins although the
nanofibers were prepared with the CA polymer. Therefore, the CA signal in the wavelength
range must have a very low intensity. Moreover, the presence of the porphyrins in the
membrane was confirmed and no chemical reaction had occurred with the polymer, since
new bands are not identified. Also, the porphyrins main characteristic bands are identified
in the membrane with TTP and TTPIr (Fig. 6).

The steady-state fluorescence emission at a 532 nm wavelength excitation and the
fluorescence imaging of the electrospun membranes are observed in Fig. 7.

Typically the TTP porphyrin is fluorescent as previously mentioned in Fig. 2 for the
solutions of electrospinning. Therefore the electrospun membranes were also observed by
fluorescence microscopy, and under blue light the membranes show a redyellowish
coloration that changes to red when excited with green light (Fig. 7). The emission spectra
of membranes shown in Fig. 7d) confirm this result, since the TTP alone or when
incorporated with CA and excited at 532 nm wavelength show two main emission peaks
located at approximately 660 nm and 720 nm , although a slightly lowering on the peak
intensity for CA+TTP is observed, which is related to lower quantity of material analyzed
as already observed in the microscope images where it is clear that the porphyrins form
small spots into the fibers. A significance lowering on the emission intensity of the TTPIr
and the CA+TTPIr membrane is observed, which explains why when observing the
fluorescence of both membrane or TTPIr alone at microscope no emission is seen. The
explanation can be due to the incorporation of the iridium metal and the axial ligands Cl
and CO that formed a stable complex without charge, which quenched the fluorescence of
the metalloporphyrin. This effect was also observed in other porphyrins with transition
metals such as copper, cobalt and nickel, and can be mainly attributed to the heavy metal
effect that relies in the enhancement of strong intramolecular spin-orbit interactions by
the metal ion [54-59]. Sherman et al. [60] observed the reduction on fluorescence lifetime
promoted by the interaction between a porphyrin and IrO, - nH,0 particles. The author
assigned the quenching to one or the combination of the possible effects, quenching by
energy transfer, electron transfer or by the enhancement of the intersystem crossing [60].
Koren et al. [61,62] also showed that the
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Fig. 7. Fluorescence imaging of the electrospun membranes prepared with 12wt%CA and
TTP with the respective wavelengths (a) UV 360 — 370 nm; (b) Blue 460 — 490 nm; (c)
Green 510-550 nm and (d) Emission spectra of TTP, TTPIr and CA electrospun
membranes with porphyrins excited ~ with 532 nm  wavelength.
fluorescence of the Ir(I1I)-octaethylporphyrin could be changed by binding different axial
molecules.

The thermal stability of both porphyrins, polymer and the electrospun membranes were
studied by thermogravimetric analysis (Fig. 8).

As expected the TTP porphyrin showed a high thermal stability of 484°C. Similarly to
others metalloporphyrins, such as, the metaltetraphenylporphyrin, TTPIr shows two onset
temperatures [63]. The first at a lower temperature ( 381°C ), which corresponds to the
tolyl group or hydrogen atoms release and the second at approximately 523°C due to the
degradation of the porphyrin skeleton. The incorporation of both porphyrins into the CA
matrix showed an enhancement of the thermal stability of the polymer. This result is
expected since the thermal stability of the porphyrins is much higher than the polymer.
However, the amount of incorporated porphyrin is not enough to make a significant
difference between CA membranes incorporated with TTP and TTPIr.

Fig. 9 shows the SEM microstructures of the unload and loaded CA electrospun
membranes with porphyrins from solutions with a polymer concentration of 12wt% in
DCM/Et(A) and DCM/Et/DMAc(B) solvent system. Since the morphology of the
membranes prepared with either the CA concentration of 10 or 12wt% are identical, only
the results with 12wt. % are presented. Therefore, these micrographs are representative of



each sample, where a general overview of the nanofibers is given with a magnification of
1000 X (scale 100 mm ) and a more detailed picture is observed with a 10000 x (scale 10
mm ) magnification.

Table 3
Fiber mean diameter.

Fiber diameter Fiber Diameter

Membranes (mm)? Membranes (mm)2

CA10(A) 1.2+0.3 CA12(A) 1.6 £ 0.2
CA10(B) 0.7+0.2 CA12(B) 09+0.3
CA10+TTP(A) 1.0+ 0.2 CA12+TTP(A) 1.2+0.1
CA10+TTPIr(B) 0.5+0.1 CA12+TTPIr(B) 0.7 +0.2

a Mean fiber diameter.

SEM micrographs (Fig. 9) and diameter analysis (Fig. 10 and Table 3) of the fibers,
indicate that increasing the CA concentration from 10 to 12wt% resulted in solutions with
higher viscosity and membranes with thicker nanofibers. This is a consequence of higher
polymer chain entanglements and the overlapping between polymer chains in the
solution, which is essential to maintain the continuity of the jet during the electrospinning
process [25,33]. The introduction of DMAc into the solvent system promoted a strong
reduction of the fiber diameter. The same effect was observed with the incorporation of
the porphyrins however, it was more evident on the nanofibers with the metallated
porphyrin (TTPIr). The observed reduction of the fibers diameter is related with the
viscosity decrease of the spinning solutions previously shown (Fig. 3). Therefore, in all
cases, solutions with higher viscosity resulted in membranes with thicker nanofibers
[25,26,64-66]. Small agglomerates with diameters between 2 and 3 mm were observed
only for the membranes prepared with the porphyrin TTP (Fig. 9). These
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Fig. 8. TGA onset temperature of the porphyrins, raw CA and electrospun membranes.



Fig. 9. SEM images of electrospun membranes. a) CA in DCM/Et(A); b) CA in
DCM/Et/DMAc (B); ¢) CA+TTP in DCM/Et (A); CA+TTPIr in DCM/Et/DMAc (B).
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Fig. 10. Average fibers diameter and fibers distribution.

were not considered beads but instead porphyrins agglomerates, which were already



observed by fluorescence microscopy (Fig. 7). This was an expected consequence of the
CA+TTP solution suspension previously observed (Fig. 2), where the strength of the
relative forces between porphyrins showed to be higher than with the solvent leading to
particle clumping [67]. Also, hydrogen bonding between the nitrogen ( N ) atoms of the
core and the hydrogens of the tolyl groups of near porphyrins can lead to porphyrin
stacking and agglomeration. The introduction of the iridium and axial ligands into the
porphyrin core seems to avoid the formation of this kind of bonding between porphyrins
when incorporated in a CA solution, which was reflected in the absence of agglomerates
and a uniform distribution of the metallated porphyrin (Fig. 9).

As it can be observed in Fig. 10, fiber diameter of membranes prepared with the solvent
system A, DCM/Et is independent of CA concentration, indicating a distribution skewed
to the left (i.e., most of the data is concentrated on the right of the figure), which is
associated with larger diameters. While the opposite scenario (distribution skewed to the
right) is observed with the membranes prepared with B, DCM/Et/DMAc system,
confirming the thinning effect induced by the presence of DMAc.

The conductive along the fibers of membranes with porphyrins were analyzed by atomic
force microscopy (AFM) both in KFM and CFV mode, while the polymer matrix was only
analyzed in CFV mode (Fig. 11). The samples with 12wt% of CA were chosen since no
significant changes were observed in the membranes properties prepared with 10 and
12wt% of CA.

AFM images of CA electrospun nanofibers in CFV mode show linear fibers with bundles
of strings with a thickness of few hundreds of nanometers to 2 micrometers (Fig. 11(a-c)).
Such difference could be a result of the difficulty in performing analysis with electrospun
nanofibers, since flat surfaces are preferable. Concerning the KFM analysis, since no
current could be established through the membrane with the TTP porphyrin, only images
of the surface potential are showed, Fig. 11(d). These revealed clear differences among
fibers, where blue corresponds to a lower potential and blue/white up to 1 V higher.
Therefore, the darker domains observed on the top left could correspond to the TTP
agglomerates observed by SEM and fluorescence microscopy (Figs. 7 and 9), while the
remaining CA fiber show clearly a more homogeneous distribution of the surface potential.
It seems that the presence of TTP agglomerates prevents/inhibits the establishment of a
current circuit and therefore conductive properties. A change of few mV of
potential through the fiber membranes was detected for the metallated porphyrin,
probably due to the incorporation of the iridium on the porphyrin, which, as expected,
promoted a more uniform distribution of the porphyrins on the CA fibers (Fig. 11(e)). It
was also observed a slightly higher potential on the fibers comparing with surroundings.
Additionally, this was the only sample where it was possible to acquired current image
mapping, where highly conductive regions are showed as white/peak domains
(approximately 12 nA maximum current) on the large fiber (Fig. 11(f)). Therefore, the
establishment of these conductive domains can be a result of the higher dispersed
metallated porphyrin, allowing the formation of networked structures with conductive
properties. However, it is also observed smaller fibers situated in lower planes that exhibit
mostly no conductivity (blue, dark areas). These could be zones of CA nanofibers without
porphyrin. The heterogeneity of surface potential and conductive domains showed above
can be related not only with the surface chemistry of the analyzed sample, but also with
the surface roughness and the presence of voids on the sample, which have a major
influence on AFM measurements and can have a strong effect on the results.



A low wettability of membranes can be advantageous for some practical applications, as
so the change on the water contact angle (WCA) of the electrospun membranes of CA and
CA loaded with porphyrins were also investigated, being the measurements taken at the
initial 5 s after water drop and are shown in Fig. 12 with representative photographs. As
expected, CA nanofibers has a hydrophobic nature attributed mainly to the presence of the
hydrophobic acetyl groups in the polymer structure and to the membrane nanofibers
morphology [68,69]. From literature, cellulose triacetate, which has a higher acetyl
content of 50% prepared by electrospinning showed a WCA of 141°, while deacetylated
cellulose acetate could show lower WCA ranging 0.4° [68,70,71].

CA mats obtained from the solutions with the solvent system B has a consistent higher
WCA value (Fig. 12), which is mainly related with thinner nanofibers observed by SEM
(Fig. 9) [72,73]. The reduction of the fiber diameter, which were already observed by Ma
et al. [72,73] for PCL membranes, can develop hierarchical structures where the surface
roughness are known to dramatically increases, as well as the fraction of contact area of
the water droplet with the air trapped in the spaces between increasing the hydrophobicity
of the respective membrane. Since, the WCA angle is inversely related to hydrophilic
properties, it means that the higher contact angles presented lead to more hydrophobic
mem-



Fig. 11. AFM images of electrospun membranes, topography analysis: (a) CA12 wt% ( 15
mm scan); (b) CA12 + TTP ( 2 mm scan); (¢c) CA12 + TTPIr ( 2 mm scan); surface potential:
(d) CA12 + TTP ( 2 mm scan) and (e) CA12 + TTPIr ( 3 mm scan) and current image: (f)
CA12 + TTPIr ( 4 mm scan).
branes [74,75]. Electrospun membranes containing porphyrins depicted a slightly
increase on hydrophobicity, which it was already expected since both porphyrins are
water-insoluble and only a small amount was incorporated. However, according to Ma. M
[72,73] it could be expected a wider WCA enhancement of the membranes with
agglomerated TTP, similar to the membranes with micro-beaded fibers, such higher WCA
was not observed. Instead,



the thinner and uniform fibers obtained from the membranes with TTPIr showed higher
WCA values, which are related with increasing of the surface roughness, once thinner
nanofibers can trapped more air in between. Thus, it is noteworthy that WCA is not only
affected by the polymer chemical structure but also by other parameters, such as porosity
and roughness of the fibers web [68]. From literature CA films prepared by different
methods as phase inversion
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Fig. 12. Water Contact Angle of electrospun mats of CA and CA loaded with porphyrins
and representative water droplet photographs.
or solution casting have lower WCA compared to electrospun CA membranes. Since the
electrospinning technique permits the trapping of more air (between fibers) under the
falling water droplet enhancing the WCA value [74,76,77]. Also, depending of the solvent
system employed and the electrospinning conditions, the fiber morphologies differ
affecting the WCA results [37,72,77,78].

Conclusions

Cellulose acetate electrospun nanofibers were successfully prepared with the solvent
systems DCM/Et(A) and DCM/Et/DMAc (B). The first system of solvents A, showed to be
suitable for the preparation of CA nanofibers with the non-metallated porphyrin, TTP, but
it needs small amount of DMAc to optimize the electrospinning process for metallated
porphyrin, TTPIr. The solutions obtained from the system DCM/Et with the TTP showed
to be purple with visible suspensions resulting in the formation of fibers with



agglomerates, while the system DCM/Et/DMAc with the TTPIr showed a red
homogeneous solution with an efficient porphyrin dispersion and smooth and thinner
fibers. The diameter reduction was observed to be a consequence not only of the
introduction of the DMAc solvent but also of the metallation of the TTP. The main
absorption bands of the porphyrins and CA polymer were identified by FTIR and Raman
spectroscopy and proved the incorporation of porphyrins into the CA membranes.
Moreover, microscopy fluorescence has shown red luminescence of nanofibers with TTP
under the excitation wavelength of blue and green light, although agglomerates of
porphyrins when incorporated exhibited no electrical conductivity. Whereas, the
nanofibers prepared with the TTPIr showed a lower emissivity but higher electrical
conductivity as conductive paths can be established due to a more uniform distribution
inside the membrane. The surface properties of the nanofibers were also improvement in
hydrophobicity when the porphyrins were incorporated.
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