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ABSTRACT: Ultrathin polyimide fibers were prepared using the organoalkoxysilanes (3-triethoxysilylpropyl)succinic anhydride (TESP-
SA) and (3-amino)propyl triethoxysilane (APTES). In the first step, a viscous solution of the corresponding poly(amic) acid (PAA) was
produced and electrospun at various high voltages. The fiber diameter distributions of the as-prepared fibers were measured. The thermal
imidization at 220°C resulted in the formation of an organic—inorganic hybrid polyimide fiber assembly as shown by FTIR/ATR. Surface
morphology was investigated by means of SEM images. TGA measurements made evident that the prepared fibers begin to decompose at
380°C. XRPD pattern of the fibers revealed that a certain ladder-like order exists in the fibers. The water vapor absorption of the ther-
mally (220°C) treated ultrathin polyimide fibers was evaluated. The fiber assemblies treated at 110°C were water soluble, whereas those

treated at 220°C were insoluble in water and organic solvents. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Electrospinning is an excellent technique for the production of
continuous fibers with diameters ranging from micrometers to
nanometers. The process of electrospinning has several benefits.
One attractive feature of electrospinning is the simple and inex-
pensive setup. A typical apparatus consists of following compo-
nents: a high-voltage power supply, a spinneret, and an electri-
cally conductive collector. The fibers fabricated possess a high
surface to volume ratio. In addition, electrospun nanofibers can
be produced from a wide range of polymers that must be solu-
ble in an appropriate solvent.'"™ The principles of the electro-
spinning process are as follow: a droplet of the polymer solu-
tion is pulled to the capillary tip of the syringe. Owing to the
influence of the electrostatic field, the droplet is converted into
a conical shape, the so-called Taylor cone. When the electro-
static forces overcome the surface tension, a thin, charged jet
stream is ejected and moves to the counter electrode (e.g., cop-
per plate). In the course of this process, the solvent starts to
evaporate. As a result, the deposition of ultrathin fibers occurs
on a substrate located above the counter electrode.*™®

Nanofibrous mats have interconnected pores and a very large
surface to volume ratio, which enable such nanofiber assemblies
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to have many medical and industrial applications. The chemical
composition of electrospun mats can also be tailored by using
different polymers, polymer blends, or nanocomposites made of
organic or inorganic materials. The main application areas are
filtration,” energy storage,'’ tissue engineering scaffolds,'"'?

drug release delivery,'>'* and smart textiles.'>'

The sol-gel process can also be used to produce spinnable poly-
mer solutions, which enable the production of nanofiber materi-
als with novel properties. In the sol-gel chemistry metal and
semimetal alkoxides M(OR) (e.g., M = Al, Si, Ti, Zr, and Hf)
are normally used as precursors. These metal organic compounds
have an organic ligand attached to a metal via a metal-oxygen—
carbon linkage. Among these precursors the silicon alkoxides
Si(OR), are those of highest interest. The alkoxy group of the sil-
icon alkoxide hydrolyzes to particles containing Si-OH groups
(sol process), which condensate to a three-dimensional siloxane
network that is filled with a solvent (gel process).'”™** The substi-
tution of one alkoxy group by an organic functionality results in
the formation of an organotrialkoxysilane (RY,Si(OR?)4_,.. The
organic group R' can consist of various units such as amino, ep-
oxy, glycidoxy, isocyanato, anhydride, mercapto, or vinyl group.
Hydrolysis and subsequent condensation of organotrialkoxy-
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Figure 1. Fiber diameter distribution of TESP-SA/APTES-1/1 (HV: 10, 15, 20 kV, TCD 15 cm).

silanes result in the formation of silsesquioxanes that have the ba-
sic repeating unit [RSiO5),].2%%!

Polyimides (PI) are a class of polymers possessing the cyclic im-
ide and aromatic groups in the main chain. PI materials are
well known for their excellent thermal stability and outstanding
properties at elevated temperatures.*>

Various attempts have been undertaken to synthesize PI nano-
fibers in order to produce materials with novel properties. Most
of the PI-based nanofibers were prepared with pyromellitic dia-
nhydride and 4,4-oxydianiline. Different additives have been
incorporated into the polymer solution to generate nanocompo-

site ultrathin fiber assemblies.” %’

The objective of article is to produce ultrathin, organic—inor-
ganic hybrid PI fibers based on the reaction of (3-triethoxysilyl-
propyl)succinic anhydride (TESP-SA) and (3-aminopropyl)trie-
thoxysilane (APTES), because previous investigations have
shown that hydrolyzed TESP-SA containing two carboxylic
groups can react with APTES in the molar ratio of 1: 1 (TESP-
SA/APTES-1/1) and of 1 : 2 (TESP-SA/APTES-1/2), thus form-
ing a viscous PAA-solution,® which is capable of being sub-
jected to an electrospinning process.

To our knowledge, we produced an ultrathin fiber assembly consist-
ing of a monoimide-bridged polysilsesquioxane for the first time.

EXPERIMENTAL

Materials

TESP-SA and APTES were obtained from Wacker Silicone, Bur-
ghausen, Germany. The nonionic surfactant Triton X-100 was
supplied by VWR International GmbH, Vienna, Austria. Deion-
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ized water (DI) was used throughout the investigations. All
reagents were used as received.

The electrospun nanocomposites are denoted as follows: TESP-
SA/APTES-molar ratio of mixture—temperature of thermal treat-
ment (e.g., TESP-SA/APTES-1/1-110).

Preparation of the Polymer Solutions

The standard procedure for the synthesis of a TESP-SA/APTES-1/1
sol solution in DI was as follows: TESP-SA (13.96 mL, 50 mmol)
were hydrolyzed with HCI (¢ = 0.05 mol/L, 2.70 mL) in DI (10
mL) under vigorous magnetic stirring (500 rpm) in an open poly-
ethylene beaker (100 mL) for 15 h at room temperature (RT).
APTES (11.78 mL, 50 mmol) were added under vigorous stirring.
The reaction vessel was covered with a parafilm (Pechiney Plastic
Packaging, Chicago, USA) and stirring was continued. After gela-
tion for 24 h at RT, 0.5 mL Triton X-100 were added under con-
stant stirring to improve the spinnability.?® The concentration
%(v/v) of the solution was as follows: TESP-SA 35.8%, HCI (0.05
mol/L) 7.0%, APTES 30.0%, DI 25.8%, Triton X 1.4%.

The electrical conductivity, dynamic viscosity, and surface
tension of the as-prepared polymer solutions were measured
immediately before being transferred into the syringe.

Apparatus and Methods

The electrospinning apparatus consisted of a syringe pump (Per-
fusor fm, B. Braun, Melsungen, Germany). A total 5 mL of the
polymer solution were fed into a syringe (B/Braun inject, 20 mL),
which was placed on the syringe holder. The hypodermic needle
(diameter 0.60 mm, length 60 mm) and syringe were connected
by means of a plastic tube (Tygon R3607, diameter 1.30 mm,
Ismatec, Germany) and appropriate fittings. The feeding rate was
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0.1 mL/h. A voltage in the range of 10, 15, and 20 kV, (HV-
Quelle, B2electronics, Klaus, Austria) was applied to the needle
and after 5 min of electrostatic equilibration the electrospinning
experiments were carried out. A rectangular copper collector (25
x 16 cm®) was tightly wrapped with an aluminum foil and used
as counter electrode. The TCD was 15 cm.

The electrical conductivity of the polymer solutions was deter-
mined by the aid of a digital conductivity meter LF 537 (WTW,
Weilheim, Germany) using the conductivity cell Tetracon 96
(4-electrode system) (WTW, Weilheim, Germany). The viscosity
of solutions was measured at 25°C with a Haake Viscotester VT
500 using a MV2 spindle.

To evaluate the surface tension of the polymer solutions, we
used a home-built stalagmometer. The surface tension was
determined by the drop weight method.”® DI was used as refer-
ence liquid (s = 72.8 mN/m, T = 25°C). The average weights
of 50 drops were measured. The surface tension was calculated
according to following equation:

Mgample / Nsample
mig,0/Ni,0

Osample — OH,0

m = weight of N drops, N = amount of drops

To measure the fiber diameter, the fibers were collected on glass
slides. Fiber diameter was determined with an optical micro-
scope Olympus CX41. Statistical calculations were performed
with the imaging software Stream (Olympus Soft Imaging Solu-
tions GmbH, Miinster, Germany). A minimum of 100 fiber
diameters were measured for each sample.

FTIR spectra were recorded with a Bruker Vector 22 spectrome-
ter using a DTGS detector. The spectra were the result of 200
scans. The spectral resolution was 4 cm™'. A PIKE MIRacle"
ATR accessory equipped with a diamond ATR crystal was used
for all of the analysis shown in this work.

A Bruker-AXS D8 was used for X-ray powder diffraction (parallel
beam optics, Cu-target, energy-dispersive counter, sampler
changer with rotation). The samples were run with 40 kV, 40 mA,
2-60° theta/2 theta, 0.01° step size and 5 sec counting time.

SEM micrographs were recorded with an electron microprobe an-
alyzer—JEOL Superprobe 8100. An acceleration voltage of 15 kV
was used. The fibers were sputter coated with a layer of gold.

The TGA measurements were conducted with the thermogravi-
metric analyzer Linseis STA PT1000 (heating rate = 10°C/min;
scan range = 40-900°C).

For water vapor adsorption measurements, the specimens were
placed in an aluminum dish (diameter: 8 cm, height: 2 cm, the
bottom of the dish was replaced by a plastic grid) dried at
105°C and transferred into a desiccator to cool down. First, the
weight of the samples was accurately measured. The water vapor
adsorption tests were performed gravimetrically by placing the
dishes into a desiccator at air humidity 100% at 25°C. The
weight of the specimen was measured periodically. The percent-
age of weight gain was thus calculated as the amount of water
vapor adsorption.
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Figure 2. SEM micrographs of TESP-SA/APTES-1/1-220 (a) and TESP-
SA/APTES-1/2-220 (b) spun at HV: 15 kV, TCD 15 cm).

RESULTS AND DISCUSSION

The morphology and diameter of electrospun nanofibers
depend on various processing parameters: (a) characteristics of
the polymer: the type of polymer, the average molecular weight,
the conformation of the polymer chain, (b) solvent: the type of
solvent, the solvent vapor pressure, the polarity, (c) polymer so-
lution: the polymer concentration, the viscosity, the electrical
conductivity, which can be influenced by the addition of salts,
the surface tension, (d) the operational conditions: the high vol-
tages (HV) applied, the type of nozzle, the nozzle diameter, the
tip-to-collector distance (TCD), the feeding rate, the tempera-
ture, and the air humidity. There is a common sense that poly-
mer solution concentration that influences the viscosity, electric
field strength, and feeding rate are the main functioning

3,31-34
factors.

Properties of the Polymer Solutions

To produce ultrafine fibers by means of the electrospinning pro-
cess, the polymer has to be dissolved in an appropriate solvent,
as the properties of the polymer solution obtained exert a great
influence on the morphology and on the properties of the elec-
trospun fibers. A fiber can only be generated if the electric
forces at the surface of the polymer solution droplet overcome
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Figure 3. FTIR/ATR spectra of fiber mats TESP-SA/APTES-1/1 (a), TESP-SA/APTES-1/1-110 (b), TESP-SA/APTES-1/1-220 (c) TESP-SA/APTES-1/2 (d),
TESP-SA/APTES-1/2-110 (e), and TESP-SA/APTES-1/2-220 (f) indicating that the cyclic polyimide fragment was built, when TESP-SA/APTES-1/1 was

treated at 220°C.

the surface tension. As a result, a charged jet can be ejected to
the collector. In addition, the polymer solution must also be
able to carry sufficient charges; therefore, the electrical conduc-
tivity of the polymer solution is of high interest. The viscosity
is also a significant parameter. If the viscosity is too low, elec-
trospraying or the formation of beads may occur. If it is too
high, the solution cannot be transferred to the top of the nee-
dle. Thus, these three parameters have to be optimized.

The surface tension had been modified by adding Triton-X-100.
As DI was used as solvent, no alteration of the electrical con-
ductivity was performed.

The polymer was synthesized via the sol-gel process. TESP-SA
was hydrolyzed in an acidic solution. The ethoxy groups
attached to the silicon atom were converted into hydroxyl
groups and the anhydride moiety reacted to the carboxylic
groups. The subsequent addition of APTES gave rise to the for-
mation of the poly(amic) acid (PAA). The as-prepared viscous
solution was stirred for 2 days and subsequently transferred into
the syringe. The prepared polymer solutions were spinnable
over a period of 4-5 days.

We measured the viscosity #, the conductivity 4, and the surface
tension ¢ of the polymer solutions: TESP-SA/APTES-1/1 ( =
123.0 mPas, 2 = 210 uS/cm, ¢ = 28.4 mN/m), TESP-SA/
APTES-1/2 (n = 144.3 mPas, 1 = 212 uS/cm, ¢ = 26.7 mN/m).

Characterization of the Fibers
The electrospinning process provides nonwoven mats consist-
ing of ultrathin fibers with various diameters. The value of
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the diameter is affected by several factors. The most crucial
issues are the HV and TCD. Thus, we produced fibers apply-
ing three HVs (10, 15, and 20 kV). The fibers were collected
on a glass slide and dried in a desiccator before the evalua-
tion of the fiber diameter distribution. The results for TESP-
SA/APTES-1/1 are shown in Figure 1. The media value
decreases as the HV increases. (10 kV: 1.60 = 0.39 um; 15
kV: 1.09 * 0.33 pum, 20 kV: 0.74 * 0.16 um). The distribu-
tion gets smaller as the HV increases. In the case of TESP-
SA/APTES-1/2, the value of the mean diameter does not dif-
fer significantly (10 kV: 0.80 £ 0.17 pum; 15 kV: 0.75 = 0.25
um; 20 kV: 0.74 = 0.16 pum). The findings indicate that a
wide fiber diameter distribution can be observed. This phe-
nomenon may be due to the fact that the molecular weight
of the poly(amic) acid (PAA) built is too low, and therefore,
only short polymer chains are present in the electrospinning
solution.® An increase of the conductivity gives rise to a
wider fiber diameter distribution.

Characterization of the Ultrathin Fiber Assemblies

Depending on the spinning time mats with different thick-
nesses were obtained. The mats were carefully removed from
the foil and stored in a desiccator over silica for further
investigations.

Figure 2 (a,b) shows the SEM images of TESP-SA/APTES-1/1-
220 and TESP-SA/APTES-1/2-220 (HV 15 kV, TCD 15 cm),
respectively. The photograph gives evidence that under the spin-
ning condition chosen no beads had been built and fibers with
a smooth surface were produced.
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Scheme 1. Formation of the electrospun nanocomposite hybrid PI.

FTIR/ATR

Various studies have shown that FTIR is an excellent analytical
method to identify PI-siloxane networks, as the functional groups
that are involved in the reaction (carboxylic acids and amides)
display intense vibration modes. Also, the imide and cyclic anhy-
dride group formed give rise to several characteristic absorption
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bands, especially in the carbonyl stretching region.’*™® Figure
3(a—c) shows the normalized FTIR spectra of the ultrafine fiber
assemblies of TESP-SA/APTES-1/1 in the region from 2000 to
600 cm ™! (a: dried in a desiccator, b: treated at 110°C for 20
min, c: cured at 220°C for 20 min). No symmetric carbonyl
mode of a cyclic anhydride at 1860 cm™' can be seen in the
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Figure 4. XRPD spectra of TESP-SA/APTES-1/1-220 (a) and TESP-SA/
APTES-1/2-220 (b).

spectra in Figure 3a—c. Therefore, it can be concluded that no
anhydride moiety was built during the curing process.

No absorption band can be observed at 1770 cm™" (symmetric
stretching mode of PI-carbonyl) in the spectrum of TESP-SA/
APTES-1/1 [Figure 3(a)] confirming that no PI fragment is
formed in the course of the spinning process. The absorption
band at 1718 cm™" can be ascribed to the stretching mode of a
carboxyl-carbonyl bond. The vibration mode at 1637 cm ™' is
assigned to the amide I band (stretching mode of the amide
carbonyl bond). The amide IT band (C—N stretching mode) is
observed at 1550 cm™'. The absorption bands at 1396 cm ™' are
due to the C—H deformation modes of the methylene groups.
The bands between 1200 and 1000 cm ' can be attributed to the
Si—O—Si modes. The band at 914 cm™' can be assigned to the
stretching mode of SiO—H, indicating that the condensation
reaction of the SiO—H groups is not driven to completion.

A comparison of Figure 3(b with a) reveals that no significant
changes occur when the dried electrospun TESP-SA/APTES-1/1
fiber assembly was subjected to a thermal treatment at 110°C.
On the basis of the results from the spectra [Figure 3(a,b)] it
can be concluded that PAA was produced.

Figure 3(c) shows the spectrum of TESP-SA/APTES-1/1-220.
Two absorption bands at 1772 cm™ ' and at 1691 cm ™' can be
observed, which are assigned to the symmetric and the asym-
metric carbonyl vibration modes (imide I) of a PI fragment. In
addition, one can note that the amide I as well as the amide II
band that can be seen in Figure 3(a,b) disappeared.

Figure 3(d—f) shows the normalized FTIR spectra of the ultra-
fine fiber assemblies of TESP-SA/APTES-1/2 in the region from
2000 to 600 cm™' (3d: dried in a desiccator, 3e: treated at
110°C for 20 min, 3f: cured at 220°C for 20 min). These spectra
clearly prove that no imide functionality had been formed, not
even when the samples were subjected to a thermal treatment.
This phenomenon can be attributed to the fact that no PAA was
built under the reaction conditions chosen. It may seem reason-
able that the TESP-SA has reacted to a diamide.
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These findings indicate that the thermal treatment gives rise to
the formation of a PI moiety. Therefore, we suppose that the
ultrathin PI fibers are produced according to Scheme 1.

X-Ray Powder Diffraction

Figure 4 depicts the XRPD diffractograms of TESP-SA/APTES-
1/1-220 [Figure 4(a)] and TESP-SA/APTES-1/2-220 [Figure
4(b)]. The XRPD pattern show various broad reflection peaks
(TESP-SA/APTES-1/1-220: 20 = 13.24°, d;-spacing: 0.67 nm; 20
= 30.18, d,-spacing: 0.29 nm; TESP-SA/APTES-1/2-220: 20 =
13.76°, d,-spacing: 0.64 nm; 20 = 30.71, d,-spacing: 0.30 nm).
Because of the observations of these peaks, it is reasonable to
suppose that a certain order exists in the fibers produced. Com-
pared with the findings given in the literature a ladder-like
structure can be taken into consideration.’®™*!

Thermogravimetric Analysis
We used TGA to evaluate the thermal behavior of the electro-
spun organic—inorganic fiber mats.

Figure 5 shows the TGA curves of TESP-SA/APTES-1/1-220
(5a), and TESP-SA/APTES-1/2-220 (5b), indicating that the
major weight loss begins at 380°C and can be attributed to the
degradation of the organic components of the PI.

Aromatic Pls begin to decompose beyond 480°C.*>*> The low
decomposition temperature can be attributed to the fact that
only aliphatic components are present.

To get a better insight into the decomposition mechanism, we
have added the corresponding DTG curves of TESP-SA/APTES-
1/1-220 (5¢), peak temperature (PT) 401°C, and of TESP-SA/
APTES-1/2-220 (5d), PT 396°C. The PT indicates the point of
greatest rate of change on the weight loss curve. These findings
reveal that the thermal properties are almost identical.

Solubility

The fiber assembly consisting of PAA fibers was carefully
removed from the aluminum foil and dried in a desiccator. Sub-
sequently, the PAA fiber mat was brought into contact with
water. As a consequence, it was completely dissolved. This phe-
nomenon can be explained based on the fact that no formation
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Figure 5. TGA curves of TESP-SA/APTES-1/1-220 (a) and TESP-SA/
APTES-1/2-220 (b) and DTG curves of TESP-SA/APTES-1/1-220 (c) and
TESP-SA/APTES-1/2-220 (d)
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Figure 6. Water vapor absorption (WVA) curves of TESP-SA/APTES-1/1-
220 (a) and TESP-SA/APTES-1/2-220 (b).

of siloxane fragments had occurred under the conditions cho-
sen. However, if TESP-SA/APTES-1/1 as well as TESP-SA/
APTES-1/2 were treated at 220°C, the as-prepared fiber mats
were insoluble in water and in organic solvents, such as tetrahy-
drofuran and methylene chloride, thus indicating that the ther-
mal treatment at 220°C resulted in the formation of a siloxane-
based polymeric network (Scheme 1)

Water Vapor Absorption

An important factor in the selection of a textile material is
related to the wearing comfort, which is greatly affected by the
ability to absorb or pass water vapor.**™* Electrospun assem-
blies can be sandwiched between two stable textile layers, and
thus, significantly improve the comfort features.*” Therefore, we
measured the water vapor absorption (WVA) properties of the
ultrathin mats of TESP-SA/APTES-1/1-220 and TESP-SA/
APTES-1/2-220, respectively, as the WVA is an indicator of the
hydrophobicity of surfaces. The results are shown in Figure 6(a,b),
(TESP-SA/APTES-1/1-220) and (TESP-SA/APTES-1/2-220). The
findings reveal that TESP-SA/APTES-1/1-220 (24 h, 8%, 97%)
has a lower WVA capacity than TESP-SA/APTES-1/2-220 (24 h;
12%, 84%). If polypropylene fibers, which had been modified
by means of a super absorbent polymer, were subjected to a
WVA test vapor absorption values of 5-8% (24 h) were
obtained.*

CONCLUSIONS

These results show that an ultrathin fiber based on an organic—
inorganic nanocomposite PI can be produced by the sol-gel
process and in combination with electrospinning. The first step
consists of the hydrolysis of the organoalkoxysilanes TESP-SA.
The subsequent addition of APTES results in the formation of a
viscous solution of PAA, which can be subjected to an electro-
spinning process. To produce an ultrathin fiber, it is mandatory
to select the proper spinning parameters, especially with respect
to the viscosity. The water soluble fibers are treated thermally at
110°C and at 220°C to form water insoluble organic—inorganic
nanocomposite fibers. The WVA measurements reveal that

TESP-SA/APTES-1/1-220 has a higher hydrophobicity than
TESP-SA/APTES-1/2-220.

The very small dimension of these fibers generates a high sur-
face area to volume ratio, which makes them potential candi-
dates for various applications, especially for filtration.

The starting materials have also the advantage of being com-
mercially available and cheap. Further studies must be con-
ducted regarding the optimization of the experimental parame-
ters. The use of other polycarboxylic acids for the production of
PI-based ultrathin fibers has to be studied.
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