Journal of CO2 Utilization 67 (2023) 102303

ELSEVIER

Contents lists available at ScienceDirect
Journal of CO2 Utilization

journal homepage: www.elsevier.com/locate/jcou

UTILIZATION =

S 3

Check for

Hybrid Bisphenol A non-isocyanate polyurethane composite with Mica e

powder: A new insulating material

Juliana J. Santos ™ "% José H. Lopes ®"°, Kelen M.F. Rossi de Aguiar ©, Mateus B. Simées ,
Jean-Claude MPeko ¢, Renato G. Jasinevicius ©, Eder T. Cavalheiro ', Hidetake Imasato °,

Ubirajara P. Rodrigues-Filho * '+

2 Sao Carlos Institute of Chemistry, University of Sao Paulo (USP), Group of Chemistry of Hybrid and Inorganic Materials (GQMATHI), Sao Carlos, SP, Brazil
Y Sao Carlos School of Engineering, University of Sao Paulo (USP), Materials Engineering Department, Sdo Carlos, SP, Brazil
¢ Federal University of Technology — Parana (UTFPR), Group of Polymers and Nanostructures (GPaN), Toledo, PR, Brazil

4 Sao Carlos Institute of Physics, University of Sao Paulo (USP), Sao Carlos, SP, Brazil

€ Sao Carlos School of Engineering, University of Sao Paulo (USP), Mechanical Engineering Department, Sao Carlos, SP, Brazil
f Sao Carlos Institute of Chemistry, University of Sio Paulo (USP), Laboratory of Thermal Analysis, Electroanalytical and Solution Chemistry (LATEQS), Sao Carlos, SP,

Bragzil

ARTICLE INFO ABSTRACT

Keywords:

Muscovite

Non-isocyanate polyurethane
Carbon dioxide

Insulation material
Bisphenol A

Non-isocyanate polyurethanes (NIPU) or hydroxyurethanes from COy sourced monomers were prepared via a
non-toxic route, which avoided the toxic isocyanate utilization with an excellent conversion ratio of cyclic
carbonate, higher than 95%. The hybrid NIPU was prepared in the presence of aminosilylated-mica, used as
reinforcement to improve mechanical properties, besides keeping the charge dissipation. The improvement of
mechanical, thermal and electrical properties by silylated mica is attributed to higher crosslinking density in the

organosilicate network. (attributed to the interfacial urethane linkage between the -NH; on the surface of the
mica and the cyclocarbonates). It has been demonstrated the feasibility to produce candidate materials for
replacing epoxy-mica paper hybrid system by an alternative CO, derived non-isocyanate hydroxyurethane-mica
powder system. This system holds two advantages: CO2 long-term capture and a more simplified hybrid for-
mation, since no vacuum pressure impregnation (VPI) is necessary, does resulting on lower energy consumption.

1. Introduction

Dielectric materials for power applications such as spacers, cable
terminations and machine insulation are exposed to high electric,
thermal and mechanical stresses during operation. Due to the technical
development towards higher electrical field strengths and frequently
concomitant increased thermal loads, improved materials are required
to meet those demands [1]. Improved insulating properties as well as
high thermal conductivity are required for insulating materials for such
applications. Composite and hybrid materials are the most used tech-
nological solutions for achieving the necessary requirements, being
epoxy resin frequently applied for this purpose [2-6].

Epoxy resins are the most used polymeric material for insulating
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purposes since they combine interesting properties such as high me-
chanical strength and good thermal stability under the operational
conditions of electrical equipment [4-7]. However, using raw epoxide
system for insulating applications presents three main disadvantages: a)
high exothermicity of the curing reactions, b) high brittleness due to
high crosslinking density [8], ¢) very low thermal conductivity (0.2 W.
mK [9]. Therefore, the addition of fillers has been used to overcome
these drawbacks, especially those who improve the dielectric re-
quirements. Among them, the phyllosilicates, such as Mica, are a ma-
terial of choice as an epoxy filler due to its suitable cost-benefit [10].
Micas are layered materials which have a general formula XY5 3T4
010Z2 (X, Y and T being cations and Z anions). The most widely used
type of mica for insulating purposes is the muscovite which presents the
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general formula KAly(AlSi3019)(OH), [11]. Muskovite (from now on
referred just as mica) has high thermal stability and high dielectric
strength at 20 'C (60-70 kV/mm), high electrical resistivity, large
bandgap (10.50 eV) and low dielectric loss factor (3.10°%) [12]. Mica
paper is the most common shape of mica for insulating cables and
electrical machines for several decades [13,14] due to its good dielectric
properties and the corona resistance. Aside mica paper/epoxy being the
most common insulating composite, other systems have been also used,
for instance, the aromatic polyamide/mica paper composite named
MICAFOLD® [15,16].

Many approaches have been used to improve the toughness of epoxy
resins such as introducing either polysesquisiloxanes [17], or carboxy
terminated butadiene acrylonitrile copolymers (CTBNs) [18], or
isocyanate-modified rubbers [19], or blocked isocyanates [20] or
polyurethanes [21].

Polyurethanes (PUs) are a widespread class of polymeric materials
having many different aspects compared to other polymers. In addition,
PU retains its elasticity and strength over a long range of conditions and
even very rigid PUs can be stretched to substantial elongations and will
still return to their original dimensions. Because of this and other fea-
tures, PUs are nowadays used in applications present in everyday life,
such as furnishing, cars, clothing, shoes, elastomers, coatings, wall and
roofing insulation as well as on biomedical applications [22-26]. Con-
ventional PUs are synthesized by reacting a polyol and a polyisocyanate
[26]. The grafting of isocyanate reactive groups on hydroxyl groups
present in epoxy resins results on an epoxy-PU material. Aiming a
coating as a film, improving materials’ toughness demands a highly
anhydrous environment to prevent the formation of urea and release of
CO,, once for insulation purposes, the presence of bubble or micro-
bubbles caused by the CO, formation is a drawback, as well as the
moisture, forasmuch it leads to a lower electrical performance of the
insulation material. Furthermore, isocyanates present high toxicity,
carcinogenicity and ecotoxicity [27,28], therefore, more sustainable
routes for poly(urethane)s without using isocyanate have been used,
thus resulting on a new class of PUs named non-isocyanate poly-
urethanes (NIPU) [29-31]. These NIPUs may be synthesized through
polycondensation, rearrangement, ring-opening-polymerization or pol-
yaddition [32-37]. The ring-opening polymerization by the aminolysis
of cyclocarbonates produces poly(hydroxyurethanes), which have
additional hydroxyl groups vicinal to the urethane bond. Those p-hy-
droxyl groups form inter- and intramolecular hydrogen bonds which in
turn result on a hydrolytic resistance and moisture insensitive [38]
compared to conventional polyurethane system; plus, the ability to
blend with hydrophilic biopolymers, as it can be seen by its compati-
bility with starch reported by Ghasemlou et al. [39].

The preparation of hybrid epoxy-NIPU has been recently successfully
achieved by Lambeth et al. [40], Cailol et al. [41] as well as by Bouhendi
etal. [42]. The materials showed a decrease in the rubbery modulus (Eir)
of the epoxy/NIPU hybrids as compared to the pristine epoxy samples
which has been assigned to a decrease in crosslink density, thus, con-
firming the use of NIPU in these hybrid systems as a possible pathway for
toughness improvement in these insulating composites.

Compatibilization of inorganic fillers such as mica with organic
resins has been achieved by silylation chemistry using different alkox-
ysilanes [43-49]. The addition of amino silylated mica strongly in-
fluences the miscibility of multiphase composites as well as results on a
slight reduction in the cold-crystallization temperature and crystallinity
of the composites, as observed by differential scanning calorimetry
(DSC) reported by Jia et all [50].

In this report, we aim to employ a system which is attractive not only
due to the total or partial replacement of the traditional epoxy/mica
paper system by a NIPU bearing hybrid but also replacing the mica paper
by silylated mica powder. The partial or total replacement of the epoxy
resin allows materials’ toughness improvement as well as brings the
opportunity to use this new insulating material as a CO3 sink. Therefore,
this material collaborates for the sustainability of CO5 capture, storage
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and use processes once the gas used as raw material is collected from
geological storage sites or from industrial sites [51-55]. On the other
hand, the replacement of mica paper by mica powder may considerably
simplify the production process since no vacuum is needed, such as used
in the vacuum pressure impregnation (VPI) process, or manual wrapping
of prepags around the copper conductors such as in the resin rich (RR)
technology [12]. To gain some insight on the size of the mica paper
market a recent business report estimated the global mica paper market
to be as large as US$ 50 million in 2024 [56] with China being the
largest producer with 48 kMT by 2015. Finally, but not least the use of
silylated mica powder is introduced to improve the compatibility and
strength of the interface between the inorganic and organic components
[57,58].

2. Experimental
2.1. Materials

The epoxy used was EPON 828 Bisphenol-A Diglycidyl ether,
DGEBA, (M, = 380 g.mol ! and equivalent epoxy weight between 185
and 192 g.eq’) supplied by Hexion Indtistria e Comércio de Epoxi Ltda,
Brazil. The micas powder used was the pristine muscovite and, the 1%
silylated Muscovite Mica, prepared by treating with 3-aminopropyltrie-
thoxysilane (APTES) kindly supplied by IMERYS Itatex, Brazil. Tetrae-
thylammonium bromide (TEBA) 99%, Isophorone diamine (IPDA) 99%
1,8-Diazabicyclo [5.4.0] undec-7ene 98% (DBU), 2-ethoxyethanol 99%
were purchased from Sigma Aldrich. Zinc Chloride (II) (ZnCly) 98% was
purchased from Merck, Germany. Carbon Dioxide (CO2) 99.99%, was
purchased from Linde Gas Brazil. Acetone 99.9%, 1-Methyl-2-pyrilli-
done 99% and Tetrahydrofuran (THF) were purchased from VETEC,
Brazil. All materials were used as received without further purification.

2.2. Synthesis

2.2.1. Production of Cyclocarbonate of Bisphenol A (CCGEBA)
Optimized CO cycloaddition to DGEBA to obtain the CCGEBA was
performed according to Scheme 1. Briefly, 20 g of DGEBA dissolved in
15 mL of 2-ethoxyethanol and 10 mL of methylvinyl pyrrolidone was
transferred into a high-pressure reactor Parr Model 2192HC4 (stainless
steel T316SS). Then, the homogeneous catalysts tetraethyl ammonium
bromide (TEBA) and anhydrous ZnCl; were slowly added under stirring
(200 rpm) until complete dissolution. The catalysts and co-catalyst
amount were 1.0 wt% and 0.1 wt%, respectively. The reactor was
closed and purged with CO for 5 min before being pressurized with 100
psi (6.80 atm) of CO». The reaction temperature was set to 120 °C under
a stirring rate set to 200 rpm for 24 h. After synthesis, the reactor was
allowed to cool down and the excess of CO, was released. Afterwards,
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Scheme 1. Schematic representation of the synthesis of CCGEBA by CO,
cycloaddition into DGEBA.
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the catalysts were removed from the obtained material via solvent
extraction (water-ethyl acetate 1:3) and the solvent removed by rotoe-
vaporation. The CCGEBA obtained was a yellow liquid. It is valid to
point out that no reaction between the 2-ethoxyethanol and DGEBA was
observed under the reaction conditions.

2.2.2. Synthesis of NIPU

CCGEBA (10.3 and 11.4 mmol according to Table 1) was dissolved in
7 mL of acetone at 35 G for 1 h in a 20 mL borosilicate glass flask. After
complete solubilization the IPDA (9.4 and 7.0 mmol according to
Table 1), DBU (0.1 wt%) was added and the solution was kept under
constant mixing at 60 °Cfor 1 h under reflux (Scheme 2). Afterwards, the
muscovite (silylated or not) was added (40 wt%) and magnetically
stirred for 1 h at 60 ‘C. Thus, most of the solvents was evaporated in an
oven at 90 'C for 1 h under vacuum, 11 mmHg. Finally, the hydrox-
yurethane is poured into a Teflon mold and kept for 24 h at room tem-
perature and another 24 h at 75 'C in a conventional oven, obtaining a
solid thick film. Table 1 describes all formulations used to obtain the
hybrids in this study alongside their abbreviations.

2.3. Characterization methods

2.3.1. Epoxy equivalent determination

The epoxy equivalent of the resins (E) was obtained by volumetric
titration according to ISO 3001-1999 [59] in order to quantify the yield
of conversion of epoxy into cyclocarbonate, by the quantitative deter-
mination of the percent epoxide content. Briefly, a sample of CCGEBA
was dissolved in dichloromethane and to the resulting solution per-
formed an indirect titration utilizing standard Perchloric acid 0.1 N
(previously standardized with Bisphenol-A Diglycidyl ether) in the
presence of an excess of Tetraethylammonium Bromide and Crystal Vi-
olet indicator solution 0.1 wt%. Hydrogen bromide generated in situ by
the addition of perchloric acid to the quaternary ammonium halide
rapidly opens the oxirane ring. The yield of the conversion is calculated
by the EEW, epoxy equivalent weight (Eq. (1)), of the DGEBA and
CCGEBA, where 43 is the molar weight of the epoxy ring and E is the
weight percent epoxide, as follows in the Eq. (2).

43 x 10!
EEW:M 6h)
E
E_4,3XV><N @
w

Where, E : weight percent epoxide, V : titration volume (mL) and N :
real normality of perchloric acid solution.

2.3.2. Elemental analysis

Elemental analysis of carbon, hydrogen and nitrogen were per-
formed in a 2400 Series II CHNS/O Elemental Analyzer (Perkin-Elmer).
The elements were quantified by the Pregl-Dumas method, in which the

Table 1
Hybrid formulations and its abbreviations.
Sample CCGEBA  IPDA CCGEBA: Mica Silylated
code (mmol) (mmol) IPDA (muscovite) mica (wt%)?
(molar (Wt%)?
ratio)
NIPU1 10.3 9.4 1.1 0 0
NIPU:M1 10.3 9.4 1.1 40 0
NIPU: 10.3 9.4 1.1 0 40
Msl
NIPU: 11.4 7.0 1.6 0 40
Ms2

The DBU (catalyst) weight percentage is relative to the total weight of the
formulation, including solvent and it was kept at 0,1% (wt) for all formulations.
2The weight percentages are relative to the dry mass of the solid.
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samples are subjected to combustion under oxygen atmosphere and the
released gases are detected in a thermal conductivity detector (TCD).

2.3.3. X-ray photoelectron spectroscopy (XPS)

Pristine and silylated muscovite were characterized by X-ray
photoelectron spectroscopy in a Physical Electronics Versa Probe
5000™ spectrometer. The spot size analyzed at the sample was
~ 500 um x 1500 pm and the take-off angle was (45° + 20). Mono-
chromatic AlKa X-ray (1486.6 eV) at 85 W was used to promote sample
photoemission. The charge correction was made using Low energy
electron flood-gun, no ion sputtering was used. The base pressure at the
analysis chamber was ~5 x 107 Torr.

2.3.4. Solid state nuclear magnetic resonance

Solid state nuclear magnetic resonance spectra recorded at Avance III
HD spectrometer, magnetic field of 9.4 T (Bruker, USA) at 4 mm o.d.
zirconia rotor, external adamantane CHj, reference for 1°C delta refer-
ence (38.48 ppm from tetramethylsilane) and for 2°Si an external
reference of the sodium trimethylsilylpropanesulfonate. Standard '3C
NMR CPMAS at 10 kHz magic angle spinning. 'H P90 of 3.8 s,
Hartmann-Hahn cross polarization 'H to '3C during 4.5 s of contact
time, '3C acquisition time of 41 ms with heteronuclear decoupling,
sweep width of 502 ppm, Time domain sampling 4096, recycle time of
5,0 s, NS 4096. 13C Spectral editing CPPI experiment. Standard CPMAS
sequence combined with polarization inversion time of 80 ps before
acquisition to obtain positives nonprotonated carbon and CHs, negatives
CHj, and practically null CH signals. '3C Spectral editing CPNQS
experiment. Standard CPMAS implemented with two pulses of 150 ps
having an 8.2 ps inversion pulse on 3C channel between them for
dephasing the 13C spins coupled to 'H before heteronuclear 13C free
induction decay recording to suppress non-quaternary carbon. 295 NMR
MAS at 10 kHz magic angle spinning. High power 'H decoupling pulse
sequence, 4 us excitation pulse, TD 2048, NS 1024, SW 299.6451 ppm,
acquisition time 0.0430 s, recycling delay time 10 s. All the NMR ex-
periments were graciously performed at Embrapa Instrumentac ao.

2.3.5. Water absorption

The water absorption by the samples was performed according to
ASTM D570-98 [60]. In brief, plates of 20 x 20 x 2 mm were cut, always
in triplicates. These dried specimens were weighed, then left for 24 h
immersed in a beaker with distilled water at room temperature (25 °C).
Afterwards, the samples were removed and dried on absorbent paper
towels and reweighed. The water absorption content was calculated
according to Eq. (3):

weight ... comie — WM 4ry san
Water Absorption (%) = i tWe;;ht §8ldry sample x 100 3
dry sample

2.3.6. Swelling index and gel content

Swelling Index and gel content were obtained according to Cornille
etal. [41].

Swelling index: three samples (30 mg each) were separately put into
30 mL THF for 24 h. The swelling index, SI, is given by Eq. (4), where mg
is initial mass and m; is mass after swelling in solvent.

my — mgp

SI = x 100 @

my
Gel content: After SI measurement, the three tabs are dried in a
ventilated oven at 50 °C during 24 h. The gel content GC is given by
following Eq. (5), where my is initial mass and mj is mass after drying.

Gc="2 %100 &)
moy

2.3.7. Static water contact angle (wetting) analysis
The static water contact angles were measured using an ATTENSION
Tensiometer. The drop volume was kept constant at 3 pL for each
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Scheme 2. Schematic representation of the ring-opening by aminolysis of cyclocarbonates of CCGEBA with IPDA.

measurement and the final value of the contact angle was the mean of
three measurements at three different regions of the sample. The images
were acquired on a CCD camera and the images analyzed with the SCAN
20 Data Physics software, 6 images / second, lasting 10 s each image.
Ultra-pure water was used all through the experiment. Software cali-
bration was done with a tungsten ball with a diameter of 3.9999 mm.

2.3.8. Dieletric response

2.3.8.1. Impedance spectroscopy. Impedance spectroscopy measure-
ments were carried out at Sao Carlos Institute of Physics using a fre-
quency response analyzer Solartron 1260 A Impedance Analyzer. Data
acquisition was carried out with the SMaRT Impedance Measurement
Software. The experiments were made using a two-electrode configu-
ration in the frequency range from 0.1 kHz to 100 kHz. The applied
voltage amplitude was 300 mV. The 0.19 g samples were cut in a disc-
shape format with 10.6 mm diameter, 1.83 mm thick. The sample sur-
faces were painted with silver and carbon conductive adhesive to pro-
mote contact with the electrodes, respectively for NIPU:M1, NIPU:Ms1
and NIPU:Ms2 samples. The measurements were obtained at room
temperature (25 °C) as well as at 50 °C. The imaginary (C) and real part
(C) of the complex capacitance (C) are described in Egs. (6) and (7).

C(w) = C'(w) — iC'1(w) (6)
Clw) = 8"§A %)

Where: E: Dielectric Constant or Dielectric Permissibility, €j: Vacuum
permittivity (8.854 x 10”12 F.m™!), A: Area of the electrodes, d: Samples
thickness (distance between the electrodes).

From the imaginary and real capacitance, it is possible to calculate
the dielectric constant (¢) as well as the loss factor (tgd) as follows in Eqs.
(8) and (9).

,_cd
N S(,A

(8)

196 = — ()

2.3.8.2. Dielectric strength. On the one hand, high voltage tests called
dielectric breakdown or strength tests were performed at room

temperature (25 'C) to appraise the maximum electrical strength of these
materials as insulators. These measurements were graciously performed
at 3 M Brazil. Accordingly, the materials are stressed with an increasing
high AC or DC voltage until reaching the non-linear region of current,
towards which data of breakdown or perforation happening are
collected. The data were obtained according to ASTM standard: D
149-20 [61], using a TFI-30 equipment (Triel Ltda, Brazil) and the
short-time test protocol as voltage application methodology. The
rate-of-rise all through the experiments was 500 V.s}, and the time to
failure was between 20 and 40 s. The dielectric strength was calculated
according to Eq. (10).

Disruptive Tension

Dielectric Strength = 10)

Sample Thickness
The thickness of the specimens ranged between 0.4 and 0.9 nm. For
each material, three independent measurements were performed on
plate-like samples cut from the same sample.

2.3.9. Thermogravimetric analysis

The thermogravimetric analysis (TGA) was carried out using Shi-
madzu’s TGA 50 according to Yee and Stephens [62]. Briefly, square
shape samples (2.5 x2.5 mm) were submitted to a temperature scanning
range from 25 ° to 800 °C (scan rate of 20 °C.min’}) under a nitrogen
atmosphere and flow set to 50 L.min™'. All the reported temperatures are
onset values. The thermogravimetric analysis (TGA) under synthetic air
was carried out using a SDT-Q600 Simultaneous TGA / DTA (TA In-
struments, USA), the heating rate was 10 °C.min! between 23 and 1000
°C under dry synthetic air and flow set to 50 mL.min"'. All the reported
temperatures refer to onset values.

2.3.10. Nanoindentation

Based on the Oliver-Pharr model [63] the nanohardness (H) mea-
surements were carried out on the samples using a commercial nano-
indentation machine (Nanovea PB 100, Irvine, CA). The depth and force
sensing resolutions of the machine were 0.003 nm and 0.028 pN,
respectively. The machine was calibrated with nanoindentation based
independent evaluation of nanohardness (8.9 GPa) of a fused silica. The
experiments were conducted at five different locations, 15 um apart,
with an applied load of 30 mN using a Berkovich indenter. All te mea-
surements were performed at Escola de Engenharia de Sao Carlos,
Universidade de Sao Paulo.
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2.3.11. Vibrational spectroscopy

The attenuated total reflectance (ATR) Fourier Transform Mid-
Infrared (FTIR) spectra were collected using a Tensor 27 spectrometer
(Bruker Optics, Germany) coupled to an IRIS ATR accessory (Pike
Technologies, USA) equipped with Ge crystal. The spectral resolution
was 2 cm’! using 64 scans.

2.3.12. Optical profilometry

Optical profilometry with a WYKO NT1100 noncontact optical pro-
filer (Bruker, Tucson, AZ) was employed to measure the surface textures
and structures of the stratum corneum on the millimeter lateral scale.
Vertical scanning interferometry mode (VSI) was used since this is
suitable for detecting height differences of up to 1 mm [64]. All optical
profilometry images were measured in air (ca. 30% r.h.) at room tem-
perature. The roughness parameters collected were average roughness
(Ry), root mean square roughness (Rq), skewness (Sg) and kurtosis (Sky)
[65]. All the measurements were done at the Mechanical Engineering
Department of the Engineering School at Sao Carlos, University of Sao
Paulo (USP).

2.3.13. Scanning Electron Microscopy (SEM)

The fractographies of the hybrids were obtained in a ZEISS LEO 440
(Cambridge, England) coupled with an OXFORD detector, model 7060,
operating at 15 kV, 2,82 A and working distance of 25 mm. All samples
were coated with thin gold film by a Coating System BAL-TEC MED 020
(Baltec, Liechtenstein) utilizing the parameters: pressure of 0,02 mbar,

current of 60 mA and deposition rate of 0,60 nm.s™.

3. Results and discussion
3.1. CCGEBA characterization

The cycloaddition of CO4 into DGEBA, which reaction scheme is
presented in Scheme 1, can be confirmed in the infrared spectra in Fig. 1,
by the disappearance of the peak related to the epoxy asymmetric vi-
bration (950 cm™) and the appearance of the peak corresponded to the
carboxyl of cyclocarbonate (vo(C=0)O) at 1800 cm™.

Fig. S1 shows the 'H NMR spectrum of CCGEBA and the character-
istics signals of hydrogens were: carbonate ring (5 = 4.51 ppm and
8 = 5.05 ppm) and some unreacted epoxy groups (6 = 3.3 ppm). The
correlation between the integrated area of the carbonate ring and epoxy
group peaks in the 'H NMR spectrum was used to estimate the reaction
yield. It turns out the yield of the epoxide conversion into cyclo-
carbonate was estimated as 94.5% in opposition to 97% obtained by
epoxide titration.

——DGEBA oxirane
- ——CCGEBA c=Cc ring
4 i

: (aromatic) Q:
I

10 4 ’/.
c=0

(cyclocarbonate)

Normalized Absorbance (u.a.)

0,0

T T T T T T T T T T T T T
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750
Wavenumber (cm)

Fig. 1. ATR-FTIR of DGEBA (red) and CCGEBA (black).
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3.2. Characterization of NIPU polymer

The NIPU was obtained by the aminolysis of CCGEBA with IPDA, as
represented by the reaction in Scheme 2. The reaction was followed by
FTIR spectroscopy (Fig. 2). In particular, the hydroxyurethane forma-
tion can be monitored by the changes of the carboxyl absorption. The
initial CCGEBA carboxyl stretching absorption identified at around
1800 cm™' (from cyclocarbonate) is shifted to 1702 cm™! (urethane
C=0) and a new band at 1541 cm™! was observed after successful re-
action of CCGEBA and -NH; groups of IPDA_ This peak is related to the
stretching of the N-H bond from the urethane linkage [33,66].

It is important to notice that no peak regarding the presence of
cyclocarbonate was observed in the NIPU spectrum, thus characterizing
a fully cyclocarbonate conversion into hydroxyurethanes.

In the insert in Fig. 2, the broad peak between 1680 and 1730 cm™
can be assigned to amide I, while the region between 1530 and 1560 cm”
! can be assigned to amide II and those from 1430 to 1460 cm™ are
tentatively assigned to amide III [66].

3.3. Characterization of silylated mica

The wide scan X-ray photoelectron spectra of the pristine and sily-
lated muscovite are presented in Supplementary Section (Fig. S2). The
weak N1s photoemission peak on the surface of the silylated muscovite
is proof of the silylation by APTES [44,67]. The nitrogen and carbon
atomic percentages obtained from XPS are 2.6% and 11%, respectively.
The nitrogen and carbon bulk were measured by traditional elemental
analysis of the silylated mica, showing 0.22% and 0.26%, respectively.
The nitrogen content for the pristine mica was 0.06%. Overall, these
results confirm the surface modification by APTES on the muscovite
mica surface.

3.4. Solid state nuclear magnetic resonance

296i Cross-Polarization (CP) Magic Angle Spinning (MAS) Nuclear
Magnetic Resonance (NMR) was used to characterize the muscovite
dispersed into the hydroxyurethanes.

The 4 ms cross polarization contact time CPMAS results (Fig. S3) ina
single signal at 95.0 ppm. Both HPDec (high-power decoupling) spectra
appear to exhibit three partially resolved resonances in the range
—75ppm to —92 ppm and a fourth under the unique high signal
observed in the CPMAS spectrum. Besides, as effect of increasing the
recycle delay from 10 s to 100 s, a peak at 107 ppm is risen.

Marsmann [68] on silicate solutions 2°Si NMR studies has assigned
the —107.2 ppm signal to the internal silicon, Si (-OSi-)4, of branching
groups, while a signal at —94.6 ppm to intermediary silicon in the chain
branching groups, respectively, Q4 and Qs according to the silicate
nomenclature. The kinetics of cross polarization depends on the constant
time of raising due to spin locking pulse on sensitive nucleus, generally
'H, during contact time reaching the Hartmann-Hann conditions. In the
present research, the time constant should be Tyg;, it means, cross po-
larization from H to 2°Si. It is possible to realize that if there is no Hin
proximity to the, for instance 2°Si, the mechanism does not operate. At
same time the spin-lattice relaxation in the rotating frame takes place,
T1,, should be shorter according to the abundance of sensitive nucleus
[69]. By the presence of a unique signal at —95.0 ppm in the 4 ms
CPMAS there is only Q3 group sensitive to the cross-polarization and the
Qg is expected to be insensitive due to the absence of hydrogen in the
wet muscovite. The raising of Q4 signal at 107.3 ppm upon increase to
recycle delay in the HPDP experiments should be explained by very long
relaxation time even the more rigid structure [70,71].

The fitting by gaussian peak of CPMAS spectrum (Figs. S4 and S5)
result in a thick peak at —95.0 ppm (74 Hz). Therefore, it was assumed
previously in the one pulse HPDec 100 s spectrum fitting, including
beyond three gaussians a fourth one due to large feature under —95 ppm
peak and additional gaussian at —107 ppm for Qg silicate. The fitting
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resulted in the two narrow gaussians at —107.3 ppm (44 Hz) and at
—95.0 ppm (61 Hz instead of 74 Hz) and four broad gaussians at
—83.2ppm (313 Hz), —86.0 ppm (175Hz), -89.2 (406 Hz), and
—95.0 ppm (201 Hz).

The muscovite belongs to the 2:1 phyllosilicate tightly condensed
layer built by a central aluminum dioctahedral sheet sharing the edge
and two aluminosilicate tetrahedral sheets sharing the vertices, one
above and another bellow. Both sheets correspond to the hexagonal
honeycomb pattern. In the tetrahedra sheet the apical oxygens pointing
to the same direction which coordinate the AI*t of dioctahedral
Al4(OH);2 sheet to form the individual 2:1 phyllosilicate layer. The
aleatory isomorphous substitutions of si*t for AI®t (3Si:1Al) in the
tetrahedral sheets result the negative net charge. The neutrality of
crystal can be restored by presence of cation ions as K in the inter 2:1
phyllosilicate layer space. Then the muscovite unitary cell presents
KoAl4(OH)4(AlSi304¢)2 composition [72].

Since the Lippmaa and colleagues earliest report [73], the 2° Si NMR
has been applied for specifying the aluminosilicates silicon sheet sites
taken the advantage of additional paramagnetic and dioctahedral
distortion effects on the chemical shift proportional to the tetrahedra
silicon, SiOq4, substitution by tetrahedra aluminum, AlO4. These frame-
works define the Q% Si environments in the tetrahedral planes. Ac-
cording to the successive isomorphous substitutions they would create
Q3(0AD, Q3(1AD, Q3(2Al), and Q3(3AD), sites [73,74]. In the case of
muscovite, they are expected to observe mainly three 2°Si NMR signals.
The —83.2 ppm, —86.0 ppm, and —89.2 ppm could be assigned to Q3(2
AD), Q3(1 AD), and Q3(0 Al), respectively [75,76].

For the 2:1 phyllosilicate that are in accordance of Loewenstein’s
rule, i. e., in the tetrahedral framework there is no Al-O-Al linkages
when require the coordination higher than four [76], it can be evaluated
the Si/Al ratios by Sanz and Serratosa, in Eq. (11), from which it can be
evaluated the fraction of AlO4 tetrahedra, Xu; [75]:

3
.2,
Si P
= = an
13 nl,

0

3
Il

From the Gaussian fitting data result the Si:Al 3.7 instead of 3. One
reason should be the presence of some sedimentary impurities like
smectite or illite, which can either explain the wide signal at —95.0 ppm.
The smectite is characterized by 293i NMR signal of —89.5 ppm, Q3(1Al),
and -94.2, QS(OAI), meanwhile, —83.0 ppm, —86.5ppm, and

—89.5 ppm signals can be assigned to illite’s Q3(2Al), Q3(1Al), and
Q3(0Al), respectively [76].

The 2°Si NMR spectroscopic pattern of muscovite can be observed in
the spectra of both NIPU hybrids (Fig. 3), indicating that the synthesis
procedures did not alter the mica structure.

3.5. Water absorption of the prototypes

Water absorption is a key parameter for insulating hybrid materials.
Indeed, water absorption by the insulation system of the generator stator
yields an insulation resistance drops by almost two decades from normal
conditions. Furthermore, once wet the insulation bar has a much higher
temperature dependence compared to a dry bar [71]. Table 2 shows the
water absorption capacity for the samples. Higher water absorption
capacity is achieved by using non-silylated mica filler, NIPU:M1, instead
of silylated mica, NIPU:Ms1. Indeed, NIPU:Ms1 surprisingly has a very
similar water capacity than NIPU1. Increasing cyclocarbonate:IPDA
molar ratio (NIPU:Ms2) resulted in more than ninefold the water ab-
sorption capacity than NIPU:Ms1, due to a higher porosity of the hybrid,
as better discussed in the Gel Content Section 3.6.

3.6. Swelling index and gel content

The polymer and composites swelling in tetrahydrofuran is an indi-
rect approach to measure the crosslinking degree as well as gel content.

—— Mica Muscovite
—— NIPU:M1
—— NIPU:Ms1

75 80 -85 -90 95 a0 0 e
5°°Si (pprm)
Fig. 3. 2°Si 79.46 MHz HPDec, recycle delay 100s, pulse 3.8 pis, spinal64

acquisition proton decoupling Pristine Mica muscovite (black line) hybrid
NIPU:M1 (red line) and NIPU:Ms1 (blue line).



J.J. Santos et al.

Table 2
Water absorption capacity according ASTM D 570 for pristine
NIPU1 and its hybrids.

Prototype Water absorption (%)
NIPU1 2.48

NIPU:Msl1 2.11

NIPU:Ms2 19.00

NIPU:M1 9.56

Table 3
Swelling Index (SI) and Gel Content (%).

Prototype Swelling index (%) Gel Content (%)
NIPU1 Dissolved* Dissolved*
NIPU:Ms1 93 23

NIPU:Ms2 Dissolved Dissolved
NIPU:M1 Dissolved Dissolved

" in THF.

Table 3 summarizes the swelling index (SI) and gel content (GC) ob-
tained for all the materials. The organic matter for all but the NIPU:Ms1
has been completely dissolved by THF, thus reinforcing the water ab-
sorption inference in regard to the higher crosslinking degree for this
silylated mica hybrid. This crosslinking density is referred to the inter-
facial urethane linkage between the -NH; on the surface of the mica and
the cyclocarbonates. As mentioned in Water absorption Section 3.5, the
NIPU:Ms2 hybrid has a higher CCGEBA:IPDA ratio resulting in less
cyclocarbonate available to react with silylated mica, therefore yielding
a lower crosslinking density. In addition, through the analysis of SEM of
the hybrids (Fig. S6), it was not possible to observe in the fractographies,
obtained under liquid nitrogen, of NIPU:Ms1 (Fig. S6-A) and NIPU:Ms2
(Fig. S6-B) any morphological differences.

3.7. Surface roughness and water wettability

The surface morphology of the NIPU:M1 sample is shown in Fig. S7.
The insert photography in Fig. S7-A displays a crackled surface probably
due to muscovite segregation and formation of large shatters, as shown
in Fig. S7-B. Fig. S7-D shows the image of a single “shatter” with a very
smooth surface as compared to Fig. S7-B, which can be inferred by the
much smaller depth scale at the right side of these figures. Fig. S7-C
shows the brownish region in the Fig. S7-B which was tentatively
assigned to a hydroxyurethane rich region. The average roughness (R,)
and root mean square roughness (Rq) of the NIPU:M1 muscovite region
is higher than the NIPU:M1 hydroxyurethane region, 3.08 and 3.93 pm
versus 1.64 and 1.22 um, respectively. Their negative skewness (Sg),
between — 0.41 and — 1.45, indicates a surface roughness dominated by
steep valleys, with larger height asymmetry displayed by the NIPU:M1
hydroxyurethane region [65]. The kurtosis (Sk,) describes the sharpness
of the probability density of the height profile, the NIPU:M1 presented
Sku between 3.47 and 6.07. Therefore, Sy, > 3 indicates leptokurtoic
distribution, and thus the morphology is composed of relatively many
high peaks and low valleys. Both regions have Ry, higher than 3 with
NIPU:M1 hydroxyurethane region standing 5.95 versus 4.03 for the
NIPU:M1 muscovite rich region.

The NIPU:Ms1 and NIPU:Ms2 are more homogeneous samples, thus,
their R, values are 1.92 4 0.78 and 1.46 + 0.62 um, respectively, and Rq
values 3.10 + 1.83 and 1.62 + 1.42 pm. It turns out the use of silylated
mica as reinforcement filler instead of pristine results on more homo-
geneous surface.

3.8. Vibrational spectroscopy

The ATR-FTIR spectra of the NIPU, NIPU:M1 and NIPU:Msl are
shown in Fig. 4. The Amide I, IT and III bands are related to the peaks in
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Fig. 4. ATR-FTIR of the NIPU, NIPU:M1 and NIPU:Ms1.

the region from 1460 to 1730 cm’), as better discriminated in Section
3.2. All the spectra are very similar except by the region between 900
and 1080 cm’!, gray rectangle, that shows broader convoluted peaks for
the NIPU:M1 hybrid.

3.9. Solid-state 13C nuclear magnetic resonance

For the muscovite CPMAS '3C NMR spectrum no signal is observed
(Fig. 5-A). However, they were obtained distinct spectra for the NIPU:
M1 and NIPU:Msl. Aiding the interpretation, the Gaussian fitting of
spectra was performed (red lines). The second derivative of spectra
provided the initial hints for the positions of the gaussians (not shown).
The chemical shifts (& 13C, ppm), the line width (W, Hz), and the relative
areas assuming the signal at 144.0 ppm to two carbons per one fragment
of bisphenol A (which explanation will be discussed afterwards) [77],
were collected in the tables splitting the spectra in two zones, from
170 ppm to 100 ppm, and between 90 ppm and 10 ppm.

Aiming to identify the chemical structure of carbons overlapped with
CPMAS experiment, the CPPI and CPNQS editing sequences were
applied, Figs. S8 and S9. The standard CPMAS protocol associated to the
selective polarization inversion time (CPPI) is useful to differentiate the
group of carbons, which calibration to 80 ps gave practically null signal
for CH, negative signal for CH,, and positive ones for C and CHj3 [78].
Otherwise, 'H-'3C dephasing standing out mainly the weakly coupled
carbon to the hydrogen dipole, like free rotating methyl groups [79] and
the stated in the general sense the quaternary carbons [80], both as
positive signals, and mainly suppressing others with residual CH signals

CPMAS

(A) Muscovite

T T T T
160 140 120 100 80 60 20 0

160 140 120 100 80 60 40 20 0
5"°C (ppm)

Fig. 5. 13C NMR CPMAS. (A) mica muscovite; (B) NIPU:M1; (C) NIPU:Ms1.
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(CPNQS). Based on these set of CP experiments, the main groups of
carbon types were identified.

Based on the literature assignment [77], the 13C NMR signals region
from 170 ppm to 100 ppm could be useful to prove the integrity of
bisphenol A biradical moiety, O-Ph-C(CH3)>-Ph-O. Considering one
mol of bisphenol A moiety, the 157 ppm band can be resolved into two
Gaussians. One at 157.2 ppm for NIPU:M1 and NIPU:Msl1 (2 carbons per
mol of bisphenol A fragment) that can be assigned to the quaternary
aromatic carbon of phenyl (Ph-O) end, and another at 157.9 ppm (2
carbons) for NIPU:M1 sample and 157.8 ppm (1 carbon) for NIPU:Ms1.
Ochiai and cols [77]. reported that the amide carbonyl and this aromatic
carbon are practically superimposed. The signal at 144.0 ppm (2 car-
bons) for both hybrids can be assigned to the quaternary carbon of
opposite side of Ph. The ortho carbon relative to the phenyl oxygen CH
should be those around to 114 ppm (2.5 carbons), and the meta carbon
around to 128 ppm (2.4 carbons). The expected contributions of CH
signals should be 4 per mol of Bisphenol A moiety. Probably the
cross-polarization contact time of 4.5 ms was not enough [69] on the
contrary of the two methyl of bridge, that could be assigned to the
42.2 ppm and 32.2 ppm whose correspond to 1 carbon, respectively.

The addition of amine through the aminolysis opening of cyclic
carbonate can result in the primary hydroxyl groups (denoted A) and
another secondary hydroxyl group (denoted B) containing derivatives.
This reaction is chemoselective, prevailing the A derivative [33,77,81].
However, the solid state CPMS spectra were not enough resolved to
distinguish the signal of methine of primary alcohol (CH-CH,OH) and
the secondary one (CH-OH). Probably they are overlapped with
Ph-O-CH; at 69.1 ppm of NIPU-M1 spectrum (6 carbons) or 70.3 ppm of
NIPU:Ms1 spectrum (5 carbons). Nevertheless, the signal at 62.7 ppm
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for NIPU:M1 (0.5 carbon) and 64.2 ppm for NIPU-Msl1 (1 carbon) can be
tentatively assigned to CHCH,OH methylene [81].

3.10. Wettability

To infer about the water wettability of the hybrids, static water
contact angles have been measured as a function of time. Composite and
hybrid materials such as the one presented in this work are not atomi-
cally flat and nanometer scale chemically homogeneous, thus the
wettability is related to the apparent contact angle (APCA) which is
defined as an equilibrium contact angle measured macroscopically [76].
The time behavior of the APCA for the NIPU:M1 (upper left and lower
center in Fig. S10) display very similar exponential decay behaviors with
time constant of 1.53 4+ 0.150 and 2.55 + 0.214 for the upper left and
lower center region in the photo at Fig. S10, respectively. The final
APCA for these two NIPU:M1 regions are 63° and 66°, respectively. The
upper right graph in Fig. S10 shows the time dependence for the NIPU:
M1 region, i.e., for the shattered region as shown in the figure next to the
graph. The time dependence in this region is remarkably different from
the other ones showing a stepwise behavior. Such behavior indicates a
metastable state for water on top of this shattered surface.

The NIPU:Ms1 and NIPU:Ms2 hybrids showed a more regular pattern
imaging due to the more regular morphology. The time dependent
behavior of these hybrids can be observed in Fig. S11. NIPU:Ms1 showed
a linear decrease on APCA while NIPU:Ms2 follows an exponential decay
as observed for NIPU:M1 region with time constant 56.2 + 6.81. The
APCA values for NIPU:Msl and NIPU:Ms2 are 95.7° and 83.1°,
respectively.
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Fig. 6. TGA analysis under inert atmosphere showing the mass loss of hybrids. a) First step degradation from 55 to 250 °C. b) Second degradation step from 250 to
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3.11. Thermal characterization

The thermal stability and pathways degradation of the NIPU mate-
rials were evaluated using thermogravimetry in N3 and dry air dynamic
atmospheres. The resulting curves are presented in Fig. 6 and Fig. S12,
respectively. Fig. 6-a depicts the TGA curves under Ny while its first
derivative highlighting the decomposition temperatures corresponding
to the different mass losses are presented in Fig. 7.

TGA curves under inert atmosphere (Fig. 6-a) revealed a multistage
decomposition process with consecutive mass loss steps. In Fig. 6-b, an
initial degradation is observed starting at onset 55 °C for all hybrids,
suggesting that all present similar thermal stability.

A first mass loss involving 11% mass loss for the hybrid with non-
silylated muscovite (NIPU:M1) and 7% for hybrids with silylated
muscovite (NIPU:Msl and Ms2) was observed. According to
Mourougou-Candoni e Thibaudau [82], flat freshly cleaved mica sur-
faces are hydrophilic, therefore may be an explanation for the higher
mass loss of NIPU:M1 at the first decomposition stage, being assigned to
loss of trapped water in the non-silylated mica. The loss of volatiles in
NIPU:Ms1 and NIPU:Ms2 may be relative to heteropolycondesation of
alkoxy (RO-Si), silanol (HO-Si) of the aminopropyltrimethoxysilane
(APTES) silylating agent of the silylated mica, homopolycondesation of
alkoxysilane forming multilayers or water absorbed on amino groups of
the APTES. The adsorption of APTES on muscovite has been studied by
Golander and Kiss [67,83] revealing the formation of partially hydro-
lyzed alkoxysilanes as well as by Mourougou-Candoni et al. revealing
the formation of multi-layer adsorption [82].

The DTG curves at Fig. 7 show small peaks at the first thermal event
(Io) around 95 and 147 “C for all samples, although their relative in-
tensities are not the same. The NIPU:M1 has very small peak at 147 'C,
while the other samples have relatively more intense ones. The two-step
thermal event process for I thermal event was confirmed through the
derivative curves (DTG) in Fig. 7, hence in agreement with our hy-
pothesis. Thus, the first temperature is likely to be water/solvent
entrapped into the material, while the higher temperature can be
tentatively assigned to water/ethanol release from the condensation of
the Si-OH or Al-OH on muscovite surface with the residual Si-OH and Si-
OEt groups of the APTES silylated mica or even homopolycondesation
between APTES forming bilayers on mica.

The second thermal event (IIp) has the largest mass loss for all hybrid
material as can be seen in Fig. 6-c ranging from 230 to 470 'C. This event
can be tentatively assigned to retropolymerization followed by amine
and CO; release based on the traditional PU thermogravimetric studies
[84,85]. Amine release as a consequence of retropolymerization is
supported by the low isophorone diamine boiling point, 247 "C. Farid
et al. as well as Besse et al. also reported decomposition of biobased
platforms NIPU at similar temperatures [86,87]. As indicated in Fig. 6-c,
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Fig. 7. DTG curve of the NIPU hybrids (inert atmosphere).
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the CCGEBA:IPDA molar ratio has an impact on this degradation step,
showing a slightly smaller stability for the hybrid NIPU:Ms2 than the
others, with a 30 "C difference between its minima and the one for NIPU:
Msl. Finally, another process within the same range of temperature is
the decomposition of DGEBA as reported by Andraschek et al. [12].

The last thermal event (Illp) is more significant for the NIPU:Ms2
than for the other samples (Fig. 6-d). The main difference among NIPU:
Ms1 and NIPU:Ms2 is a higher CCGEBA:IPDA molar ratio, this decrease
in thermal stability could be assigned to a full decomposition of the
organic matter as depicted by Chattopadhyay and Webster [84].

The Tdj gy of NIPU:M1 was 198 'C, 309 'C for NIPU:Ms1 and 285 'C
for NIPU:Ms2. Moreover, the char yield for all materials is given at 600
°Cin Table 4, thus the hybrids can be classified according their char yield
as follows: NIPU:Ms2 < NIPU:M1 < NIPU:Ms1Therefore, higher
CCGEBA:IPDA molar ratio results on 14% and 25% lower thermal sta-
bility than NIPU:M1 and NIPU:Ms1 hybrids, respectively. Interestingly,
for the same molar ratio silylated mica confers 13% higher stability.
Thence, CCGEBA in larger amount than the group equivalent is delete-
rious to the thermal stability of the material.

The thermal behavior under oxidant atmosphere, synthetic air, is
shown in TGA curves in Fig. S12-a and DTA curves in Fig. S12-b. It is
clear that no decomposition of the muscovite occurs before 480 C as
shown in the insert, implying the thermal events of the hybrids are
related to the bisphenol A NIPU itself. The decomposition of all samples
started at c.a. 95 'C, suggesting similar thermal stability, in agreement
with the results under inert atmosphere. The thermal events are
described in Table S5.

3.12. Nanoindentation characterizations

Nanoindentation is now a widely adopted nano-mechanical charac-
terization technique, thus it was applied on the insulating NIPU:Ms1 and
NIPU:Ms2 prototypes and, the system DGEBA/IPDA/Silylated mica, as
control. Fig. 8 represents a typical loading and unloading curve from
indentation experiments.

Curves from Fig. 8 represent the maximum displacement (h;q,) of
the indenter corresponding to the maximum load applied (Pmax) during
the indentation. The nature of the unloading curve is governed by elastic
properties of the material and provides information regarding the
elastic, viscoelastic and plastic behavior [88]. According to Oliver and
Pharr [63], the behavior of both prototypes is typical of an elastoplastic
material.

Table 4
Thermal data of NIPU samples under N».
Samples Thermal TGA Tai0%s DTG Mass Char
Event Temperature (°Q) Peak loss yield*
Range (°C) (%) (W%)
Q9]
NIPU: Io 57-250 198 96 11 -
M1 and145
NIPU: 56-264 309 108 7 -
Msl
NIPU: 55-233 285 96 and 7 -
Ms2 145
NIPU: I 250-470 - 384 37 -
M1
NIPU: 240-438 - 369 38 -
Msl
NIPU: 232-462 - 357 39 -
Ms2
NIPU: 111, 473-734 - 538 10 45.6
M1
NIPU: 475-615 - 541 5 52.4
Msl
NIPU: 468-604 - 523 14 39.2
Ms2
# At 600 °C.
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Fig. 8. Indentation load as a function of displacement for NIPU:Msl and
NIPU:Ms2.

The maximum penetration depth hy,q, at higher load was observed
for the prototypes containing silylated mica between 33 nm and 34 nm.
Regarding the mechanical properties, such as hardness and elastic
modulus, was found for the system NIPU:Ms2 the highest hardness
value, 0.41 GPa. When the molar ratio CCGEBA:IPDA was 1:1, the
hardness dropped 68% probably due to the smaller crosslinking degree
generating a softer surface. The elastic modulus for the prototypes NIPU:
Msl and NIPU:Ms2 were 2.75 GPa and 5.04 GPa, respectively. The
elastic component provided by the urethane linkage on those samples
contributed to a low elastic modulus.

3.13. Dielectric response

Values of the dielectric breakdown voltage measured for the hybrid
NIPUs are shown in Table 5. These reveal consistent with values ex-
pected for mica-based compounds, sizing normally towards the
20-200 kv.mm! range [88]. Moreover, the real part of capacitance
estimated from the impedance data measured in these materials, to-
wards the explored 0.1-100 kHz frequency region, showed values in the
101! - 1012 F magnitude order, which is typical of bulk (i.e, volume
instead of interface) polarization response. For an appropriate compar-
ison between samples, Table 5 includes a summary of the measured data
in terms of dielectric constant (¢). A decrease trend of this intrinsic
property is observed with increasing frequency, reproducing well the
dispersion scenario usually found in materials [89,90]. This is because
some polarizable units are supposed to become frozen-like when facing
the high speed of the applied alternating electric field. From 1 kHz to
above, the changes revealed indeed relatively unimportant, making
much realistic comparison between the materials. At 1 kHz, for instance,
the dielectric constant values were 8.5, 10.4 and 17.9 for the NIPU:M1,
NIPU:Msl and NIPU:Ms2, respectively. The lower value of &€ = 8.5
processed for NIPU:M1 is coherent with the range of values normally
found for mica samples: € = 5-9 [91,92]. Microscopic features related to
phases distribution along the silylated mica component, as for NIPU:Ms1
and NIPU:Ms2, is to be here considered as responsible for an enhance-
ment in dielectric constant. The same trend applied when CCGEBA was
increased in the formulation, as verified for NIPU:Ms2 (when compared,
for instance, to NIPU:Ms1). The dissipation factors, at identical condi-
tions of frequency (1 kHz) and temperature (25 "C), were 0.28, 0.12 and
0.47 for the NIPU:M1, NIPU:Ms1 and NIPU:Ms2, respectively (Table 5).
While the best result, say lower dissipation value, was found for NIPU:
Msl, adding CCGEBA excess appears to have a deleterious effect, as
measured for NIPU:Ms2. This is in line with the lower dielectric break-
down voltage finally observed for this material, which, according to
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Table 5
Values of dielectric strength and dielectric constant measured for the hybrid
NIPUs at room temperature (25 °C).

Material Dielectric strength (kV. Dielectric constant (g)
1
mm) 01kHz 1kHz 10kHz 100kHz

NIPU:M1 19,0 13.0 8.5 6.9 6.0
NIPU: 20,2 12.5 10.4 9.2 8.4

Msl
NIPU: 16,5 31.4 17.9 12.6 10.2

Ms2

water absorption, gel content and solvent swelling tests, reveals a higher
porous nature. In other words, this material shows a relatively higher
propensity to absorb water molecules (including from moisture), ex-
pected to traduce into an increase in free space-charge carriers
contributing to direct current conductivity and, hence, modulating the
overall dissipation factor.

4. Conclusions

New hybrid Bisphenol A hydroxyurethane-silylated mica powder for
insulation applications were prepared in this work, presenting dielectric
strength of 20.2 kV/mm and dielectric constant around 10.4 (1 kHz),
that qualify this material as a potential candidate for insulating usage,
where the mechanical request is inferior. Infrared and '*C MAS NMR
proof the formation of the hydroxyurethane, as well as 2°Si MAS NMR
was paramount on demonstrating the preserved structure of the
muscovite inside the Bisphenol A hydroxyurethane-mica powder hybrid.
An equimolar ratio between isophorone diamine and bis-cyclocarbonate
of bisphenol A presented the best performance according to swelling
index, gel content, water absorption, nanoindentation and thermal sta-
bility. Thus, it has been demonstrated the preparation of non-toxic
hybrid materials by CO; fixation and non-isocyanate hydroxyurethane
for replacing epoxy-mica paper hybrid system as insulating material.
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