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Abstract. A series of organo-soluble polyimide (PI) resins were synthesized by a two-step chemical imidization reaction
from two semi-alicyclic dianhydrides, 1,4-dihydroxyphenyl-dicyclohexanecarboxylate-3,3’,4,4'-tetracarboxylic acid dian-
hydride (HTA-HQ, I) and 4,4’-dihydroxybiphenyl dicyclohexanecarboxylate-3,3',4,4'-tetracarboxylic acid dianhydride (HTA-
BP, II) and two rigid-rod aromatic diamines, 2,2'-dimethylbenzidine (DMBZ, a) and 2,2'-bis(trifluoromethyl)benzidine
(TFMB, b), respectively. Then, PI ultrafine non-woven fabrics were successfully fabricated via a one-step electrospinning
procedure with the synthesized semi-alicyclic PI resins dissolved in N,N-dimethylacetamide (DMAc), followed by heat
treatment at 200 °C. Comparatively, the standard wholly aromatic PI fabric, poly(pyromellitic dianhydride-oxydianiline)
(PI-ref, PMDA/ODA) was prepared by a two-step electrospinning procedure with poly(amic acid) (PAA), followed by the
high-temperature imidization procedure up to 350 °C. The derived electrospun semi-alicyclic PI non-woven fabrics exhibited
much higher optical reflectance and whiteness than that of the PI-ref. For example, PI-1I, (HTA-BP/TFMB) fabric showed
an optical reflectance (R4s7) value of 90.6% at the wavelength of 457 nm and whiteness index (W1) of 92.7, which were
quite higher than those of PI-ref (R4s7: 37.3%; WI: 59.0). In addition, the semi-alicyclic PI fabrics exhibited good thermal
stability with the glass transition temperatures (7) higher than 217°C.
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1. Introduction the wholly aromatic Pls, however, sometimes might
Polyimide (PI) represents a class of high perform-  sacrifice the desirable properties for specific appli-
ance heteroaromatic polymers characterized by ex- cations. For instance, as far as the optical properties
cellent comprehensive properties, including high  are concerned, the intrinsic charge transfer complex
thermal and thermo-oxidative stability, excellent me- (CTC) originated from the interaction of the elec-
chanical and dielectric properties, and good environ-  tron-donating diamine moiety and the electron-ac-
mental resistance [1-5]. All of the performance ad-  cepting dianhydride moiety in the wholly aromatic
vantage of the wholly aromatic PIs benefit from the = PIs might cause an extraordinary absorption of visi-
strong intra- and intermolecular interactions originat-  ble light, inducing the deep colors and relatively low
ed from the highly conjugated molecular skeletons optical transparency for the polymer films [7-11].
in the polymer chains [6]. This structural feature for ~ On the other hand, the strong interaction between the
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molecular chains will inevitably deteriorate the sol-
ubility and processability of the wholly aromatic Pls
[12—14]. Thus, although the wholly aromatic PIs have
been widely used in aviation, aerospace, electrical
and electronic engineering for more than half a cen-
tury since their first commercialization in 1960s, their
applications in optoelectronic and other related areas
requiring materials with high transparency, low color
or high whiteness have been severely obstructed by
the property deficiency of the conventional wholly
aromatic PIs [15].

Recently, polymer ultrafine non-woven fabrics with
high whiteness and high optical reflectance have
been highly desired in advanced optoelectronic fab-
rication, such as the recently reported electrospun
high-whiteness poly(lactic-co-glycolic acid) (PLGA)
ultrafine fabrics designed for improving the lumi-
nous efficiency of white light emitting diode (LED)
devices [16]. Although the developed PLGA ultra-
fine fabrics exhibited high reflecting and scattering
ability for the LED light sources, their thermal stabil-
ity was relatively poor. Thus, the long-term thermal
reliability and anti-yellowing issues have to be ad-
dressed for their practical applications for LED and
other solid state lighting devices. Besides the poten-
tial applications as reflectors for LED devices, the
polymeric ultrafine fabrics with good thermal stabil-
ity might find various applications in modern indus-
try, such as light shielding layer for textiles [17], ther-
mal retaining clothing [18], and base materials for
new colored woven fabric design [19], and so on.
Generally, the optical applications of the electrospun
polymeric membranes are affected by both of the
polymers themselves and the electrospinning condi-
tions. On one hand, the pristine polymer should pos-
sess good optical properties, low curing temperature,
and good thermally oxidative stability. On the other
hand, the microscopic morphology of the polymer
fibers adjustable by the electrospinning fabrication
should also meet the demands of specific optical ap-
plications. For example, one can achieve high white-
ness of specific polymer ultrafine fabrics by adjust-
ment of the diameters of the fibers, or introduction
of highly disordered nanostructures induced from the
bead-like shape, rod-like scatterers, micropores, and
so on [20]. From such point of view, electrospun PI
ultrafine fabrics with high whiteness might be good
candidates for such applications due to their intrinsic
thermal stability. Actually, electrospun wholly aro-
matic PI fabrics and their composites have been
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widely investigated as high performance compo-
nents in high-tech applications, such as separators
for Li-ion, Li-S, Li-O, battery [21], low-dielectric-
constant insulators for microelectronic devices [22],
membranes for wastewater treatment [23], superhy-
drophobic surfaces for self-cleaning and antifouling
applications [24], and so on. In the practical appli-
cations, the electrospun PI fabrics exhibited good
comprehensive properties [25-31]. The progress on
the research and develop of the electrospun wholly
aromatic PI ultrafine fibers has been reviewed re-
cently [32, 33]. However, most of the reported ultra-
fine PI non-woven fabrics exhibited deep colors
from pale-brown to deep yellow.

Up to now, to the best of our knowledge, few works
have been reported on the research and development
of PI ultrafine non-woven fabrics with high whiteness
and high optical reflectance. In order to achieve the
purpose, various efforts have been performed with the
aim of improving the optical properties of the stan-
dard PIs while maintaining their intrinsic property
merits in the past decades. At present, all of the mod-
ification methods are basically based on how to re-
duce the formation of CTCs inside the PI molecular
chains. Several methodologies, including introduction
of non-aromatic units, highly electronegative sub-
stituents, bulky groups, or meta-substituted structures
into the PI molecular chains have been widely used
to develop colorless and transparent Pls [34-36].
Inspired by these ideas, we tried to introduce the
above-mentioned groups or chemical structures into
the PI molecular chains and prepared a series of flu-
orine-containing PI ultrafine non-woven fabrics with
both of high heat resistance and high whiteness very
recently [37]. The PI fabrics were fabricated using
the soluble fluoro-containing PIs as the starting ma-
terials instead of conventional poly(amic acid) (PAA)
precursors. Electrospun PI fibers via PAA usually ex-
hibited exceptionally high mechanical properties
[38—40]. However, the mechanical properties of the
PAA-derived ultrafine fibers are often deteriorated
by the fusion of the nanofilaments or pinholes in the
obtained PI nanofibers during the high-temperature
dehydration and imidization reaction at elevated
temperatures (>300 °C) [41]. Electrospinning fabri-
cation via soluble Pls can usually eliminate the
drawbacks of the PAA procedure and afford the de-
rived PI fibers good mechanical properties.

In our previous work, the derived wholly aromatic
fluoro-containing PI fabrics showed somewhat high
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yellow indices (2.98 < b" < 15.92) and whiteness as
low as 82.1 [37]. These optical parameters need to be
further improved in order to meet the property re-
quirements of advanced optoelectronic applications.
Thus, in the current work, as one of our continuous
efforts developing high performance heat-resistant
optical polymer components for advanced optoelec-
tronic applications, a series of PI ultrafine non-
woven fabrics with high whiteness were developed
with another idea instead of introducing aromatic
fluoro-containing substituents. For this purpose, two
semi-alicyclic dianhydrides were synthesized and
characterized. Then, the dianhydrides were polymer-
ized with two aromatic rigid-rod diamines with a two-
step chemical imidization procedure to afford solu-
ble PI resins. The effects of the molecular structures
of the derived semi-alicyclic PIs on their molecular
weight and solubility were studied. Then, a series of
PI ultrafine non-woven fabrics were prepared with
the soluble PI solution as the starting materials. The
structure-property relationship of the PI fabrics was
investigated in detail.

2. Experimental

2.1. Materials

2,2'-Dimethylbenzidine (DMBZ) and 2,2'-bis(triflu-
oromethyl)benzidine (TFMB) were purchased from
Changzhou Sunlight Pharmaceutical Co., Ltd.
(Jiangsu, China), and dried in vacuo at 80 °C for 12 h
prior to use. Hydrogenated trimellitic anhydride chlo-
ride (HTAC) was synthesized in our laboratory ac-
cording to the literature [42]. Hydroquinone and 4,4'-
bisphenol were purchased from Sigma-Aldrich China
(Shanghai, China) and used as received. N-methyl-
2-pyrrolidinone (NMP), N,N-dimethylacetamide
(DMAc), N,N-dimethylforamide (DMF) were pur-
chased from Tokyo Chemical Industry (Tokyo, Japan),
and distilled prior to use and stored under 4 A mo-
lecular sieve. The other commercially available
reagents including m-cresol, tetrahydrofuran, butyl
cellulose (BC) and chloroform were purchased from
Tianjin Fuchen Fine Chemicals Co. Ltd. (Tianjin,
China) and used as received.

2.2. Characterization

Inherent viscosity was measured using an Ubbelohde
viscometer with a 0.5 g/dl NMP solution at 25 °C.
Absolute viscosity of the PI varnish was measured
using a Brookfield DV2TRVCP viscometer (Brook-
field Ametek, Massachusetts, USA) at 25°C and a
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cone spindle of CPA-41Z was used. The limitation
of viscosity range was 6—122 800 mPa-s for the ma-
chine. The number average molecular weight (M)
and weight average molecular weight (M) of the PI
resins were measured using a gel permeation chro-
matography (GPC) system (Shimadzu, Kyoto, Japan)
with a LC-20AD dual-plunger parallel-flow pumps
(D1-LC), a SIL-20A is a total-volume injection-type
autosampler, a CTO-20A column oven, and a RID-
20A detector. HPLC grade NMP was used as the mo-
bile phase at a flow rate of 1.0 ml/min. Attenuated
total reflectance Fourier transform infrared (ATR-
FTIR) spectrum was obtained on a Bruker Tensor-
27 FT-IR spectrometer (Ettlingen, Germany). Nu-
clear magnetic resonances ('"H-NMR and '3C-NMR)
were performed on an AV 400 spectrometer (Ettlin-
gen, Germany) operating at 400 MHz in DMSO-d.
Field emission scanning electron microscopy (FE-
SEM) was carried out using a Technex Lab Tiny-
SEM 1540 (Tokyo, Japan) with an accelerating volt-
age of 15 kV for imaging. Pt/Pd was spattered on
each film in advance of the measurements.
Ultraviolet-visible (UV-Vis) spectra were recorded
on a Hitachi U-3210 spectrophotometer (Tokyo,
Japan) at room temperature. Prior to test, PI fabric
samples were dried at 100 °C for 10 h to remove the
absorbed moisture. Whiteness of the PI nonwoven
fabric was measured using an X-rite color 17 spec-
trophotometer (Michigan, USA) in accordance with
the procedure described in Chinese standard GB/T
17644-2008 (Test method for whiteness and chro-
maticity of textile fibers) and in the standard of ISO
11475:2017 (Paper and board- determination of CIE
whiteness, D65/10°, outdoor daylight). The color pa-
rameters were calculated according to a CIE Lab
equation. L" is the lightness, where 100 means white
and 0 implies black. A positive a* means a red color,
and a negative one indicates a green color. A positive
b* means a yellow color, and a negative one indicates
a blue color. The color parameters of a standard
poly(pyromellitic dianhydride-oxydianiline) (PMDA-
ODA) fabric was also measured for reference. The
whiteness values of the PI mats were calculated as
Equation (1):

1/2
w=100—[(100— L) +a >+ (1)
where W standards for whiteness, L” standards for
index of lightness, a“ and 5" stand for chromaticity
coefficient.
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Differential scanning calorimetry (DSC) was carried
on a TA-Q 100 thermal analysis system (Delaware,
USA) at a heating rate of 10 °C/min in nitrogen. Ther-
mogravimetric analysis (TGA) was performed on a
TA-Q50 thermal analysis system (Delaware, USA)
at a heating rate of 20 °C/min in nitrogen.
Solubility was investigated by mixing 1.0 g of the PI
resin and 9.0 g of the solvent tested (10 wt% solid
content), and then stirred for 24 h at room tempera-
ture. The solubility was determined visually as three
grades: completely soluble (++), partially soluble
(+), and insoluble (—), wherein complete soluble in-
dicates a homogenous and clean state without phase
separation, precipitation or gel formation, and insol-
uble indicates no change of the resin in the appear-
ance.

2.3. Monomer synthesis

The semi-alicyclic dianhydrides, including 1,4-dihy-
droxyphenyl dicyclohexanecarboxylate-3,3',4,4'-tetra-
carboxylic acid dianhydride (HTA-HQ) and 4,4'-di-
hydroxybiphenyl dicyclohexanecarboxylate-3,3",4,4'-
tetracarboxylic acid dianhydride (HTA-BP) were
synthesized according to a procedure reported in our
previous work [43]. They were purified by recrys-
tallization from acetic anhydride and dried in vacuo
at 100°C for 24 h.

HTA-HQ. Yield: 76.7%.Melting point: 261.2°C (DSC
peak temperature). FT-IR (KBr, cm™): 2949, 1865,
1786, 1750, 1495, 1388, 1331, 1298, 1188, 1146,
1036, 980, and 906. 'H-NMR (DMSO-dg, ppm):
7.18 (s, 4H), 3.60-3.53 (m, 2H), 3.41-3.38 (m, 2H),
2.82-2.70 (m, 2H), 2.42-2.28 (m, 2H), 2.15-1.89 (m,
4H), 1.88-1.63 (m, 4H), and 1.59-1.40 (m, 2H). Ele-
mental analysis: calculated for C24H»,01¢: C, 61.28%,
H, 4.71%; Found: C, 61.13%, H, 4.77%.

HTA-BP. Yield: 78.3%. Melting point: 254.4 °C (DSC
peak temperature). FT-IR (KBr, cm™): 2947, 1864,
1788, 1750, 1493, 1462, 1384, 1330, 1297, 1199,
1145, 1035, 1006, 951, and 902. 'H-NMR (DMSO-
ds, ppm): 7.73-7.68 (m, 4H), 7.24-7.19 (m, 4H),
3.60-3.53 (m, 2H), 3.42-3.36 (m, 2H), 2.84-2.75 (m,
2H), 2.41-2.33 (m, 2H), 2.10-1.96 (m, 4H), 1.88-
1.69 (m, 4H), and 1.57—1.45 (m, 2H). Elemental analy-
sis: calculated for C390H»501¢: C, 65.93%, H, 4.80%;
Found: C, 65.30%, H, 4.85%.

2.4. Polymer synthesis
Four PIs, including PI-1, (HTA-HQ/DMBZ), PI-I,
(HTA-HQ/TFMB), PI-1I, (HTA-BP/DMBZ) and
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PI-1I, (HTA-BP/TFMB) were synthesized via a two-
step chemical imidization procedure with NMP as
the solvent and acetic anhydride (Ac,0O) as the de-
hydrating agent. The characteristic PI-1I, was syn-
thesized according to a procedure as follows. The
aromatic diamine TFMB (32.0230 g, 0.1 mol) was
first dissolved in newly distilled NMP (300 g)in a
1000 ml three-necked, round-bottomed flask equipped
with a mechanical stirrer, an ice-water bath and a ni-
trogen inlet. The diamine solution was stirred under
an ice-water bath (<10 °C) in a nitrogen atmosphere
for 0.5 h. Then, the dianhydride HTA-BP (54.6520 g,
0.1 mol) was added into the diamine solution rapidly
and diluted with NMP (46.7 g), producing a reaction
mixture with a 20 wt% solid content. After stirring
in nitrogen for 1.5 h, the ice-bath was removed and
the reaction mixture was stirred at room temperature
for 20 h. Then, a mixture of acetic anhydride (51.0 g,
0.5 mol) and pyridine (39.6 g, 0.5 mol) was added
into the system. The reaction mixture was main-
tained at room temperature for another 20 h. Then,
the obtained viscous solution was carefully poured
into an excess of ethanol to yield a silky resin. The
resin was collected and dried at 80°C in vacuo for
24 h. Yield: 78.9 g (95%).

PI-II, (HTA-BP/TFMB). 'H-NMR (DMSO-dg, ppm):
7.92 (s, 2H), 7.73-7.69 (d, 2H), 7.61-7.59 (d, 2H),
7.24-7.21 (d, 4H), 3.33-3.31 (m, 2H), 3.28-3.21 (m,
2H), 2.92-2.80 (m, 2H), 2.46-2.35 (m, 2H), 2.27-
2.12 (m, 2H), 2.07-1.77 (m, 6H), and 1.67—-1.53 (m,
2H).

The other PI resins were prepared according to the
similar procedures mentioned above except that dif-
ferent monomers were used.

PI-I, (HTA-HQ/DMBZ). 'H-NMR (DMSO-dg, ppm):
'"H-NMR (DMSO-ds, ppm): 7.25-7.19 (m, 10H),
3.32-3.26 (m, 2H), 3.25-3.14 (m, 2H), 2.90-2.75
(m, 2H), 2.46-2.33 (m, 2H), 2.22-2.10 (m, 2H), 2.03
(s, 6H), 2.00-1.92 (m, 2H), 1.89-1.72 (m, 4H), and
1.63-1.46 (m, 2H).

PI-I, (HTA-HQ/TFMB). 'H-NMR (DMSO-dj, ppm):
7.92 (s, 2H), 7.73-7.71 (d, 2H), 7.61-7.58 (d, 2H),
7.18 (s, 4H), 3.31-3.29 (m, 2H), 3.26-3.20 (m, 2H),
2.85-2.76 (m, 2H), 2.45-2.33 (m, 2H), 2.24-2.13 (m,
2H), 2.06-1.80 (m, 2H), and 1.67-1.53 (m, 2H).
PI-1I, (HTA-BP/DMBZ). 'H-NMR (DMSO-dg, ppm):
7.70-7.68 (d, 4H), 7.25-7.17 (m, 10H), 3.32-3.26 (m,
2H), 3.24-3.18 (m, 2H), 2.91-2.80 (m, 2H), 2.46-2.35
(m, 2H), 2.21-2.10 (m, 2H), 2.03 (s, 6H), 2.00-1.97
(m, 2H), 1.90-1.72 (m, 4H), and 1.63—1.51 (m, 2H).
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2.5. Fabrication of electrospinning fabrics
First, the key solution property parameters of the de-
veloped PI resins related with the following electro-
spinning procedure, including the solubility in vari-
ous solvents and viscosity-solid contents relationship
of the PI solutions were investigated. Suitable good
solvent for the PI resin and viscosity value of the ob-
tained PI solution were determined.

Then, the soluble PI (SPI) resin, represented by PI-IIy,
was dissolved in ultra-dry DMAc at room tempera-
ture with a solid content of 25-40 wt%, depending on
the viscosities of the obtained solution. The absolute
viscosities of the SPI solution were controlled to be
in the range of 10000 mPa s so as to afford ultrafine
non-woven fabrics with good uniformity [37]. The
pristine SPI solution was filtered through a 0.45 pm
polytetrafluoroethylene (PTFE) filter to remove any
impurities that might block the spinneret. The SPI so-
lution was loaded into a 5 ml syringe and pumped
through the fine hole of a spinneret by a syringe pump
at a speed of 0.1 ml/h. The inner diameter of the spin-
neret is 0.5 mm. A voltage of 15 kV was applied be-
tween the syringe and the rolling drum collector. The
distance between the spinneret and the grounded col-
lector was 15 cm. Random aligned PI fibers were de-
posited on the aluminum foil as the support medium
of the fibers, located on the rotating drum collector
(diameter: 10 cm; length: 30 cm; speed: 200 rpm).The
humidity in the electrospinning apparatus was con-
trolled to be 50+2% relative humidity. The obtained
PI-II;, non-woven fabric was dried at 200°C for 1 h
to remove the residual solvent.

The other PI non-woven fabrics were prepared ac-
cording to a similar procedure as mentioned above.
It is different from the electrospinning procedure
with SPI solution as the starting material, the com-
parative poly(pyromellitic dianhydride-oxydianiline)
(PMDA-ODA) non-woven fabric was made by a
two-step procedure according to the literature [44]
due to the insoluble nature of the final PI polymer. The
soluble poly(amic acid) (PAA) precursor was first
prepared and electrospun to obtain the PAA fiber,
followed by a high temperature imidization procedure
at temperatures in the range of 80—350°C to afford
the final PI-ref (PMDA-ODA) non-woven fabric.

3. Results and discussion

3.1. Monomer synthesis

Two analogous semi-alicyclic dianhydrides were
prepared by the direct esterification reaction of hy-
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Figure 1. Synthesis of semi-alicyclic dianhydrides.

drogenated trimellitic anhydride chloride (HTAC)
and hydroquinone for HTA-HQ or 4,4’-bisphenol for
HTA-BP, respectively, as shown in Figure 1. The di-
anhydrides were designed to possess ester linkage in
the molecular structure in order to afford good me-
chanical properties, low moisture absorption, and
good thermal stability for the derived PI fabrics [45].
The dianhydrides were obtained with a good yield
over 75% and easily purified by recrystallization
with a solution of acetic anhydride and glacial acetic
acid (3:1, volume ratio). White fine crystals with
high purity were obtained for both of the dianhy-
drides.

The chemical structures of the ester-linked semi-al-
icyclic dianhydrides were confirmed by ATR-FTIR,
NMR, and elemental analysis measurements. As de-
picted in the ATR-FTIR spectra shown in Figure 2,
the HTA-HQ and HTA-BP dianhydrides exhibited
characteristic absorptions at 1865 and 1786 cm™ due
to the asymmetric and symmetric stretching of the
carbonyl (C=0) in the anhydride unit, respectively.
In addition, the characteristic absorptions of the car-
bonyl (C=0) in the ester linkage (~-COO-), the C=C
bonds in the phenyl or biphenyl units, and the C—-O—-C
bonds in the ester moiety were all also clearly detected
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Figure 2. ATR-FTIR spectra and semi-alicyclic dianhy-
drides and the derived PIs.
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at 1750, 1495, and 1146 cm™!, respectively in the
spectra. The absorptions around 2949 cm™ indicated
the existence of saturated C—H bonds in the cyclo-
hexane units. Thus, the dianhydrides were obtained
with anticipated molecular structures.

The chemical structures of the semi-alicyclic dianhy-
drides were further confirmed by various NMR meas-
urements and the typical results of the HTA-HQ
dianhydride are shown in Figure 3. In the '"H-NMR
spectrum (Figure 3a) of HTA-HQ, the spectrum was
clearly divided into two regions. The absorption of
the H protons (g) in the benzene unit appeared at the

H,0 DMSO
o 11 0 v
a6l 10—\ leha®
o | N/ dL/IF X
ST ) ,a’ ~
24 8 8 ceb <c:
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Figure 3. NMR spectra of HTA-HQ dianhydride.
(a) '"H-NMR; (b) DEPT-135; and (c) '*C-NMR.
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lowest field, whereas those in the alicyclic cyclo-
hexane moiety (a—f) at the farthest upfield in the
spectrum. The three pairs of protons in the cyclo-
hexane groups (¢,¢’; d,d’ and f,f”) exhibited individ-
ual absorptions in the spectrum due to the different
chemical environments caused by the stereoscopic
conformation of the cyclohexane unit in the dianhy-
dride. The 3C-NMR spectrum of HTA-HQ was
shown in Figure 3c, together with the assignments of
the observed resonances. The analysis of the complex
I3C-NMR spectrum has benefited from the applica-
tion of the distortionless enhancement by polariza-
tion transfer (DEPT-135) measurements. DEPT-135
is a useful method to determine the multiplicity of
the carbon atoms. In Figure 3c, 11 signals were re-
vealed; among which, 7 carbons induced signals in
the DEPT-135 spectrum (Figure 3b) due to the at-
tached protons. This result is consistent with the pro-
posed structure.

In addition, the elemental analysis results also re-
vealed the successful preparation of the target dian-
hydrides. The characterization results demonstrated
that the polymerization grade semi-alicyclic dianhy-
drides were successfully synthesized and could be
used for the following PI resin preparation.

3.2. Polyimide synthesis
Four semi-alicyclic PIs were synthesized from the
two dianhydrides and two aromatic diamines via a

two-step chemical imidization procedure, as shown
in Figure 4. All the polymerization proceeded
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Figure 4. Synthesis of semi-alicyclic PI resins.
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Table 1. Inherent viscosities and molecular weights of PI
resins.

. Molecular weight
PI [['('1]]‘/‘2‘] [g/mol]
M, M, M /M,
PI-I, 0.87 25955 42592 1.64
PI-I, 0.62 22531 36025 1.60
PI-11, 0.94 53127 95362 1.79
PI-11,, 0.69 36485 61604 1.69

4Inherent viscosities measured with a PI resin at a concentration of
0.5 g/dl in NMP at 25°C.

homogeneously in NMP and PI resins with moderate
to high molecular weights were obtained. The intrin-
sic viscosities ([1]inn) of the resulting PI resins were
in the range of 0.62—0.94 dl/g measured at 25°C in
NMP (Table 1). The obtained PI resins have a nu-
merical average molecular weight (M,) of 22531~
53127 g/mol determined by GPC measurements
(Table 1). Basically, the PIs derived from DMBZ ex-
hibited both of higher [n]i,n and M, values than those
of their TFMB analogues. This is mainly due to the
relatively inferior reactivity of the TFMB diamine
caused by the electron-withdrawing —CF; substituents
in the diamine. Nevertheless, the molecular weights
of the current PI resins were high enough for the fol-
lowing electrospinning fabrication.

The chemical structures of PI resins were confirmed
by the ATR-FTIR spectra depicted in Figure 1. When
comparing the spectra of the PIs and the dianhydride
monomers, one can clearly find that the characteris-
tic absorptions of the carbonyl (C=0) in the dianhy-
dride (1865 and 1786 cm™") disappeared in the spec-
tra of the PIs. Instead, the characteristic absorption
of various imide unit, including the absorptions at
1750 cm™ (Va5 c=0), 1714 cm™ (v c-0), and
1372 em™" (ve_n) were all detected. This proved the
successful transition from the monomers to polymers
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Figure 5. 'H-NMR spectra of PI-I,,.
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via the polymerization. Furthermore, the absorptions
ascribed to the C=C bonds in the phenyl or biphenyl
units (1495 cm ™), the C—O—C bonds in the ester moi-
ety (1146 cm™), and the saturated C—H bonds in the
cyclohexane unit (2949 cm™') maintained in both of
the spectra of the dianhydrides and the derived Pls.

The chemical structures of the PIs were further de-
termined by the NMR technique. The typical '"H-NMR
spectra of PI-I;, is shown in Figure 5. Similarly to the
"H-NMR spectra of the dianhydride monomers, the
spectra of the polymers also consisted of two re-
gions, including the low-field aromatic protons (7.0—
8.0 ppm) and the high-field alicyclic ones (1.5-
3.5 ppm). The protons close to the electron-with-
drawing —CF3 (H;¢ for PI-I,) exhibited absorptions
at the lowest field in the spectra; while the protons
in the cyclohexane ring appeared at the highest field
positions. In addition, the stereoscopic conformation
of the cyclohexane unit still existed in the PIs with
the individual absorptions for Hs 3, Hs 4, and Hgg.
All the measurements revealed the successful prepa-
ration of the semi-alicyclic PI resin.

3.3. Polyimide fabrics preparation and
characterization
It has been well established that the appropriate spin-
ning solution properties, including the solid contents,
absolute viscosities, and characters of the solvents
are critical factors affecting the quality of the derived
electrospinning fabrics. In order to achieve high qual-
ity of the ultrafine non-woven fabrics, the solubility,
and viscosity-solid contents relationship of the PI
resins were investigated.
First, the solubility of the PI resins in typical solvents
was measured and the result was tabulated in Table 2.
The fully-dried PI resins were soluble in polar apro-
tic N-methyl-2-pyrollidinone (NMP), N,N-dimethyl-
foramide (DMF), and N,N-dimethylacetamide
(DMACc) at a solid content of 10 wt% except PI-I,,
which was only soluble in NMP. Pls derived from
TFMB were also soluble in less polar y-butyrolac-
tone (GBL) and m-cresol. PI-II, derived from HTA-
BP and TFMB showed the best solubility in the se-
ries, which was also soluble in chloroform at room
temperature. All the PI resins are not soluble in butyl
cellosolve (BC), which is usually used as a leveling
agent for PI solution.
Secondly, solvents with suitable boiling point and
vapor pressure need to be elaborately selected for
the electrospinning procedure of polymer solutions.
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Table 2. Solubility of the PI resins.

Solvent?®
Pl NMP DMAc¢ DMF GBL BC m-cresol THF CHCl;
PI-1, ++b +— +— +- - +— - -
PI-I,, ++ ++ ++ ++ - ++ + —
PI-II, ++ ++ ++ +— - +— - +—
PI-II, ++ ++ ++ ++ — ++ ++ ++

NMP: N-methyl-2-pyrrolidinone; DMAc: N,N-dimethylacetamide; DMF: N,N-dimethylformamide; GBL: y-butyrolactone; BC: butyl cel-

losolve; THF: tetrahydrofuran;

b++: Wholly soluble at room temperature; +—: Partially soluble; —: Insoluble.

Solvents with exorbitant boiling point or extreme
low vapor pressure might cause the residual solvents
in the final fabrics; thus deteriorating their physical
and chemical properties. In the current research,
DMACc was chosen as the solvent for the preparation
of PI spinning agents due to its suitable boiling point
(boiling point: 165-166°C at 101.3 kPa) and vapor
pressure (0.17 kPa at 25 °C). Due to this reason, three
PI resins (without PI-I, for its limited solubility in
DMACc) were dissolved in DMAc and afforded the
spinning agents for the following electrospinning
fabrication.

Finally, the viscosity-solid content relationship of the
PI spinning agents was investigated. Suitable viscos-
ity is critical for obtaining non-woven fabrics with
uniform microstructure. As we know, non-woven fab-
rics are web structures bonded together by mechan-
ically entangling fiber or filaments. When the viscos-
ity of the spinning agents was too high, the diameter
of the derived electrospun fibers might be thicker;
thus decreasing the specific surface areas of the ob-
tained non-woven fabrics. On the contrary, the low
viscosity usually afforded electrospun fibers with
local defects. In our previous study, the viscosity val-
ues of the spinning agents in the range of 8000—
12000 mPa-s were proven to be optimal for soluble
PI electrospinning fabrication [37]. The viscosity-
solid content relationship of the PI solutions is illus-
trated in Figure 6. It can be clearly observed that the
Pl resins exhibited quite different dissolution behav-
iors in DMAc, although they were all soluble in
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Figure 6. Relationship between viscosity and solid content
of PI varnishes.

DMAc. For example, in order to achieve an absolute
viscosity of 10000 mPa-s, the solid contents of the
PI resins were 26 wt% (PI-11,), 36 wt% (PI-1I}), and
44 wt% (PI-Ip), respectively. This is mainly attrib-
uted to the molecular weights of the PI resins. PI-II,
with the highest M), value exhibited inferior solubil-
ity among the resins. Three PI solutions with the in-
dividual solid contents and the similar absolute vis-
cosity (~10000 mPa-s), including PI-I, PI-II,, and
PI-11y were then made as the spinning agents.

Then, the prepared PI spinning solutions were used
as the starting materials for the following electro-
spinning procedure with the conditions shown in
Table 3. Two electrospinning fabrication processes
were used in the current work, as depicted in Fig-
ure 7. One is the electrospinning procedure via the

Table 3. Electrospinning conditions for PI ultrafine non-woven fabrics.

Solid content | Applied voltage | S—C distance?® Feeding rate Inner diameter® Humidity
[wt%] [kV] [em] [ml/h] [mm] [%]
PI-1,, 40 15 15 0.1 0.5 50+2
PI-1I, 25 15 15 0.1 0.5 50+2
PI-1I, 35 15 15 0.1 0.5 50+2
Pl-ref* 15 15 15 0.1 0.5 50+2

#The distance between the spinneret and the grounded collector.

The inner diameter of the spinneret. °PI-ref: poly(pyromellitic dianhydride-oxydianiline) (PMDA-ODA).
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Electrospinning via SPI:

Polymerization
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PI-Il, fabric
(HTA-BP/TFMB)

Figure 7. Preparation process for PI non-woven fabrics via SPT or PAA. a) Electrospinning via SPI; b) Electrospinning via PAA.

newly developed preimidized soluble PIs (SPI) (Fig-
ure 7a), which is characterized by the relatively lower
post-treatment temperature (80—200 °C). In the whole
procedure, no chemical reaction occurred. The final
thermal treatment is to remove the residual solvent
in the fabrics. The obtained PI ultrafine non-woven
fabrics, as exemplified by PI-11, (HTA-BP/TFMB),
usually exhibited low colors, high whiteness, and
good uniformity. The other one is to make the PI fab-
rics via soluble poly(amic acid) (PAA) precursors
(Figure 7b), whose feature is the high temperature
imidization reaction in the range of 80—350 °C. Dur-
ing the post-treatment, PAA was thermally dehydrat-
ed to afford the final PI fabrics. Thus, the obtained
PI fabrics, as illustrated by Pl-ref (PMDA-ODA), usu-
ally showed colored appearance, somewhat adhesion
between the single fiber, and inner pinholes due to
the continuous emission of water by-product.

The typical microscopic morphologies of PI-II,
(HTA-BP/TFMB) non-woven fabrics with different
magnifications are shown in Figure 8. Continuous
and smooth fine fibers with the average diameters
around 1.1-1.2 pm were clearly observed, indicating
high molecular weights of the PI resin and suitable
electrospinning procedure parameters. Generally
speaking, fiber diameter has a significant effect on the
optical properties of the electrospun PI fibrous mem-
branes, especially the optical reflectivity. When the
fiber diameter is small, it can produce better light
scattering effect; thus improving the whiteness of
fabrics [46]. The fibers possessed average diameters
at a level of micrometers, making them exhibit high
specific surface area and good optical reflection.
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These characters are usually highly desired for opti-
cal applications. At last, no adhesion between the
single fibers was observed for the non-woven fab-
rics, which often occurred for the electrospinning
fibers via PAA solutions [41]. It can be expected that
the current PI fabrics might have good mechanical
properties due to the relatively flawless microscopic
morphology of the fibers.

3.4. Optical properties

The optical properties of the semi-alicyclic PI ultra-
fine fabrics were investigated. First, the optical reflec-
tion feature of the PI fabrics was evaluated by UV-Vis
spectrometer and the spectra and data are presented
in Figure 9 and Table 4, respectively. The optical re-
flectance values of the fabrics at the wavelength of
457 nm (Ry4s7) are all higher than 89.0% for the current
semi-alicyclic PI fabrics. These data are much higher
than that of the wholly aromatic PI-ref (R4s57 = 37.3%).
The superior optical reflection features of the current
PI fibers can be mainly attributed to the absence of
visible-light absorption due to the reduced formation
of charge transfer complexes (CTC) in the semi-ali-
cyclic PI molecular chains by introduction of non-
conjugated cyclohexane units in the dianhydride moi-
ety. In addition, the highly electronegative —CF3
substituents in PI-Iy and PI-II;, could further reduce
the formation of CTCs; thus, both of these two PI fab-
rics exhibited the highest R4s7 values in the series
(Table 4). The high optical reflection characters of the
current newly developed PI non-woven fabrics (in-
serted in Figure 9) are quite beneficial for their poten-
tial applications as reflectors for LED fabrication.
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Figure 8. SEM micrographs of PI-II, non-woven fabric. a) 1 pm; b) 5 um; ¢) 10 um; and d) 50 pm.
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Figure 9. UV-Vis reflectance plots of PI non-woven fabrics.

In order to further clarify the better optical properties
of the current semi-alicyclic PI fabrics, the optical pa-
rameters, including the whiteness indices (W) and
the yellow indices were quantitatively analyzed by
standard CIE lab measurements and the results are
tabulated in Table 4 and Figure 10. The semi-alicyclic
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Table 4. Optical properties of PI non-woven fabrics.

d® | Thickness® | Rys7¢ N . "
L a b wrd
[rm] [um] [%e]
PI-I, 1.1 22 89.3 [91.80 | -0.30| 1.11|91.7
PI-II, 1.2 21 91.4 19279 | -037| 1.36| 92.5
PI-II,, 1,2 22 90.6 | 92.66 | —0.40| 1.40| 92.7
Pl-ref*| 1.2 23 37.3 | 84.65 1.62| 37.96| 59.0

4d: average diameter of PI fiber;

bThickness of PI fabrics;

°R4s7: Reflectance at 457 nm measured with mats;

dWI: whiteness index;

Pl-ref: poly(pyromellitic dianhydride-oxydianiline) (PMDA-
ODA).

PI fabrics showed WI values higher than 91.0, where-
as Pl-ref showed a much lower value of 59.0. Gen-
erally, the whiteness of polymer ultrafine fabrics is
dominated by both of physical and chemical effects
[17]. One can sometimes achieve high whiteness of
specific polymer ultrafine fabrics by adjustment of
the diameters and microscopic morphology of the
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Figure 10. Color parameters of the PI non-woven fabrics via CIE Lab measurements. a) PI-Ib; b) PI-Ila; ¢) PI-IIb; and d) PI-ref.

fibers, which is by physical modification. However,
this method usually suffers from the very limited ad-
justment levels, especially for polymers with intrin-
sically colored features, such as the standard wholly
aromatic PIs. In the current work, high whiteness was
designed to be achieved for the derived PI non-woven
fabrics via both of physical adjustment and chemical
modification procedures. On one hand, the diameters
and morphography of the fibers were controlled by
tailoring the viscosity and solid contents of the PI
spinning solutions in order to afford optimal photo
scattering features. On the other hand, the molecular
structure of the PIs was elaborately designed so as
to eliminate or decrease the absorption of visible light.
The purpose has been proven to be effective because

that the wholly aromatic PI-ref exhibited obvious in-
ferior whiteness (W1 = 59.0) to the semi-alicyclic
analogues (W1 >91.0) although they possessed sim-
ilar physical fiber parameters (Table 4).

3.5. Thermal properties

Thermal stability is another important factor deter-
mining whether the high-whiteness non-woven fab-
rics could be used as reflectors or not. Although the
standard wholly aromatic PIs are known for the ex-
cellent thermal stability, the modification aiming at
reducing the intra- and intermolecular CTC forma-
tion usually sacrifice the intrinsic thermal resistance
of the PIs. The TGA and DSC plots of the semi-ali-
cyclic PI non-woven fabrics are shown in Figure 11
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Figure 11. TGA and differential TGA curves of PI non-
woven fabrics in nitrogen environment.

and Figure 12, respectively and the thermal data are
summarized in Table 5.

The PI fabrics exhibited good thermal stability up to
400 °C and rapidly decomposed after 450 °C, leaving
about 20 wt% of their original weights at 700 °C in
nitrogen (Figure 11). It is clear from the differential
TGA data that all the PI fabrics showed a single-
stage decomposition process during the heating in
the nitrogen atmosphere and the maximum decom-
position speed occurred around 450-500 °C.

The good thermal stability of the current PI fabrics
can mainly be attributed to the synergic effects of
rigid biphenylene units in the diamine moiety and
ester linkages in the dianhydride moiety. The 5%
weight loss temperatures (7o) of the PI fabrics de-
creased with the order of PI-I;, (432.3°C) > PI-II,
(426.1°C) > PI-I1, (417.8 °C). PI-I;, with both of the
rigid biphenylene units and thermal stable —CF3 sub-
stituents in the diamine segments exhibited the high-
est Tso, value.

The glass transition temperatures (7;) of the PI fab-
rics were recorded by the DSC measurements. The
PI fabrics showed T, values in the range of 217.4—
241.9°C and increased according to the sequence of

Table 5. Thermal properties of PI non-woven fabrics.

T,* Tso,° T1oo° Ry700°

[°C] [°C] [°C] [%]
PI-I,, 218.9 432.3 453.6 22.9
PI-II, 217.4 417.8 432.2 19.7
PI-II,, 2419 426.1 445.9 23.1

2T,: Glass transition temperatures measured by DSC;
P70, Tho0,: Temperatures at 5% and 10% weight loss, respectively;
“Residual weight ratio at 700 °C in nitrogen.
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Figure 12. DSC curves for PI non-woven fabrics.

PI-II, (217.4°C) < PI-I (218.9°C) < PI-II,, (241.9°C).
PI-II, with the rigid biphenylene units in both of the
dianhydride and diamine segments exhibited the
highest 7, value. The thermal data revealed that the
current PI fabrics possessed good thermal stability
for their potential applications as reflectors for LED
devices.

4. Conclusions

A series of semi-alicyclic PI ultrafine non-woven
fabrics with high whiteness and good thermal stabil-
ity were successfully prepared via electrospinning
fabrication of SPI solution, followed by post thermal
treatment at relatively low temperature (<200 °C).
Such procedure showed superior advantages to the
conventional PAA route in the research and devel-
opment of high performance non-woven fabrics for
optical applications. The obtained PI fabrics exhib-
ited high optical reflectance (R457 > 89%), high white-
ness (WI>91.0), and good thermal stability (7o, >
417°C; Ty > 217°C). Good comprehensive proper-
ties make the current non-woven fabrics good can-
didates for optical fabrications, such as reflectors for
LED devices. The corresponding work is carried out
in our lab and the application of the current PI fabrics
will be reported in near future.
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