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Biodegradable natural polymers and macromolecules for transient electronics have great potential to
reduce the environmental footprint and provide opportunities to create emerging and environmentally
sustainable technologies. Creating complex electronic devices from biodegradable materials requires
exploring their chemical design pathways to use them as substrates, dielectric insulators, conductors,
and semiconductors. While most research exploration has been conducted using natural polymers as
substrates for electronic devices, a very few natural polymers have been explored as dielectric insulators,
but they possess high dielectric constants. Herein, for the first time, we have demonstrated a natural
polyphenol-based nanomaterial, derived from tannic acid as a low-« dielectric material by introducing
a highly nanoporous framework with a silsesquioxane core structure. Utilizing natural tannic acid, porous
“raspberry-like” nanoparticles (TA-NPs) are prepared by a sol-gel polymerization method, starting from
reactive silane unit-functionalized tannic acid. Particle composition, thermal stability, porosity
distribution, and morphology are analyzed, confirming the mesoporous nature of the nanoparticles with
an average pore diameter ranging from 19 to 23 nm, pore volume of 0.032 cm® g~* and thermal stability
up to 350 °C. The dielectric properties of the TA-NPs, silane functionalized tannic acid precursor, and
tannic acid are evaluated and compared by fabricating thin film capacitors under ambient conditions.
The dielectric constants (k) are found to be 2.98, 2.84, and 2.69 (+0.02) for tannic acid, tannic acid-
silane, and TA-NPs, respectively. The unique chemical design approach developed in this work provides
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Introduction

Biodegradable, abundant natural macromolecules and poly-
mers have the ability to reduce the environmental footprint of
electronic devices, enabling technologies to interact with nature
without leaving long half-life toxic pollutants. They offer a path
to mitigate the growth of electronic waste (e-waste) and address
the growing demand for flexible electronics.”™ Biomass poly-
mers can act as a natural bridge between electronic and soft
materials for conducting, semiconducting, and dielectric
substrates and offer a vast chemical design space for tunability
of electronic, mechanical, and transient properties.>® The
tunability of natural soft materials' intrinsic properties is
beneficial for the development of complex biodegradable elec-
tronics, which have a major impact on the biomedical field,
especially in basic research, therapeutics, advanced health
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monitoring, and drug delivery.>'® For such transience devices,
numerous biodegradable natural materials have been explored
and exhibit practicable electronic properties as substrates,
dielectrics, and semiconductors.>'*** However, to overcome
their challenges in device compatibility and processing, mate-
rials design approaches to natural degradable materials for
electronic components, particularly use in semiconductors,
electrodes, and dielectrics are required.

Among a wide variety of biodegradable materials and engi-
neered processing methods, natural polymers such as cellulose,
lignin, and sugars like glucose and lactose are widely research
as promising biodegradable dielectrics.>">** However, their
bulk form exhibits high dielectric constants (), ranging from
6.5 to 17.”™* With continuous scaling down of field-effect
transistors (FETs), the demand for low-x dielectric materials
have grown with the increased need in faster integrated-circuits
(ICs). Increasing transistor speed, reducing transistor size, and
packing more transistors onto a single chip improve the ICs
performance."'® For FETs, biodegradable dielectric with low-
dielectric constant (low-«) is desired to obtain a lower capaci-
tance per area, thereby enabling lower operation voltage and
reducing power consumption.” Capacitance per area is directly
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proportional to « and inversely proportional to the insulator
thickness of a defect-free film. Thus, intrinsic material proper-
ties and processing methods are essential to select a proper
dielectric material. In order to use in capacitors and FETs,
natural dielectric materials should exhibit polarizable proper-
ties by an electric field, as k depends on the number of polar-
izable groups in a material and density of the material.® A low-«
dielectric materials should possess weak polarization when
subjected to an externally applied electric field whereas high-«
materials should exhibit strong polarizable properties.

One way to design low-x dielectric materials is to choose
materials with chemical bonds of lower polarizability than Si-O.
However, most natural polymers are rich in free hydroxyl
groups, contributing to high polarity, resulting in high-« values.
Thus, to design low-« biodegradable dielectric materials from
biomass products, either it is necessary to select natural poly-
mers with virtually non-polar bonds such as C-C or C-H or
modify hydroxyl groups to weaken the polarity or create a highly
porous structure that can result in lower effective «'s, contrib-
uting the « of the air, which is equal to unity. By introducing
porosity, also one can manage to increase the free volume and
as a result it decreases the density of a material.

Polyphenols serve as versatile building blocks for the prepa-
ration of various functional materials, including porous struc-
tures by coordinating to metal ions and tailored polarizable
substrates by functionalization of hydroxyl groups with non-polar
moieties. Owing to these fascinating structural processability and
properties, natural polyphenols show the potential of utilizing as
versatile platforms for designing environmentally benign engi-
neered dielectric soft materials and surface functionalized
substrates. They can also circumvent the need to use complex
architectures and patterns to achieve desired properties for
electronic devices due to their high-density functionality and
selective chemical reactivity. Besides polyphenols' research
advancements as capsules, antibacterial and antioxidant films,
micro/nanostructures, membranes, components in FETs and
energy storage materials, hydrogels, and cell encapsulants,'’-*>
a very little research has been conducted on exploring poly-
phenols as dielectric platforms to use in ICs.*

To develop polyphenol-based low-« dielectric materials, it is
necessary to: (1) weaken the polarity by modifying the hydroxyl
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functionality, (2) introduce porosity into the structure, (3)
impart adequate thermal, mechanical, and electrical charac-
teristics, and (4) improve compatibility with the inorganic
counterparts of the interconnect structure. Complying with
these prerequisites, herein we create a highly nanoporous
biodegradable low-x dielectric nanomaterial from natural
tannic acid. Its five pyrogallol and five catechol groups provide
multiple bonding sites with diverse interactions, including
hydrogen bonds, ionic bonds, coordination bonds, and hydro-
phobic interactions as well as rich in oxygen sites for selective
metal ion binding.'”***>"*® In our studies, the porous and robust
framework is introduced by randomly functionalizing tannic
acid's hydroxyl group (pyrogallol units) with silica network
(SiO, 5) followed by sol-gel polymerization to produce spherical
nanoparticles. The dielectric properties of nanoparticles are
reported by fabricating thin film capacitors. The design
approach developed in this work to create low-« biodegradable
dielectric nanomaterials can be broadly applied to other types
of polyphenols to produce low-« dielectric natural soft materials
on a larger scale. Despite the utilization of tannic acid in
components of FETs and energy storage devices,**>>**3* this
work is the first demonstration of creating nanoporous low-«
dielectric nanomaterials from tannic acid.

Results and discussion

In this work, base-catalyzed sol-gel process® is applied to create
nanoporous tannic acid nanoparticles (TA-NPs). Tannic acid's
pyrogallol units can be easily modified with an alkyl halide silane
precursor to introduce sol-gel reactive sites. The chemistry of
making TA-NPs is depicted in Scheme 1. Starting from the silane
precursor of tannic acid, nanoporous particles with silsesquiox-
ane core structure of tannic acid was prepared by augmenting
a sol-gel polymerization method.*® The synthesis, particle
composition, thermal stability, and morphology analysis were
performed. The thin film capacitors were fabricated to evaluate
dielectric properties of biodegradable nanoparticles and
compared with the dielectric properties of tannic acid, tannic
acid-silane, and other literature published biodegradable natural
polymers, such as cellulose, glucose, and lactose.

ocH
H,CO—81-OCH

HyC0-§17

OCH,

Ho. o A A A om
OH HO' P. A9 0NN Ethyl alcohol
i & GRS & ™
0 A OH Hco” ook, 28% NH,OH
° No O° “oH
» < oo
Ho i (R T Base Catalyzed sol-
o7 Ton Y gel Polymerization
Ho_ oH o
NS o OH
oY od
J o
ock
weo ™y
TA-silane

Scheme 1 Chemistry of making nanoporous tannic acid derived nanoparticles (TA-NPs).

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 16698-16705 | 16699


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01513c

Open Access Article. Published on 06 May 2021. Downloaded on 3/14/2026 4:51:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

TA-silane and TA-NPs syntheses and composition analysis

The sol-gel reactive sites were introduced randomly into the
tannic acid backbone upon alkylating hydroxyl groups of pyro-
gallol units with the organosilane precursor using Williamson
ether synthesis (Scheme 1). The crude product, tannic acid-
silane precursor, (TA-silane) collected by concentrating under
vacuum was purified by washing with ethanol followed by de-
ionized water to remove unreacted tannic acid and other
products. The FTIR analysis was conducted to confirm the
successful incorporation of silane units into the tannic acid
structure. As depicted in Fig. 1(a), the FTIR spectrum of TA-
silane shows a weak broadening in the range of 3000-
3500 cm ™', confirming the modification of hydroxyl groups
with silane units. The presence of characteristics bands for Si-O
(1120-1025 em™") and Si-C (1207 cm™") further confirms the
chemical attachment of silane moieties. The ester carbonyls
and aromatic C-C stretching vibrations are observed at 1692
and 1602-1511 cm ™', respectively, confirming the intact struc-
ture of tannic acid. The shift in the carbonyl stretching of TA-
silane from 1708 cm * to 1691 cm ™ * compared to tannic acid
also evidences the successful incorporation of alkoxy silane
units into the tannic acid structure.

The UV-vis absorption spectrum collected for TA-silane in
ethanol is depicted in Fig. 1(b) along with the UV-vis absorption
traces of tannic acid and TA-NPs. In general, the tannic acid's
absorption spectrum exhibits two absorption maxima at 212 nm
and 277 nm with a weak shoulder peak at 240 nm. In compar-
ison to tannic acid absorption, in the TA-silane absorption
spectrum, the maximum absorption at 212 nm is disappeared.
It also exhibits a growth in the absorption peak at 246 nm,
which is ~6 nm red shifted compared to the shoulder peak of
tannic acid at 240 nm. While the absorption at 277 nm was less
pronounced compared to that of in tannic acid, the additional
absorption peak at 344 nm in TA-silane confirms the func-
tionalization of pyrogallol hydroxy groups with benzyl units of
organoalkoxy silanes.

The elemental composition analysis along with the XPS
survey spectrum of TA-silane depicted in Fig. 2(a) confirms the
incorporation of silane units without disrupting the tannic acid
glucose core structure. The atomic ratio between Si*" to tannic
acid is found to be 6:1, indexing the TA-silane empirical
formula to C;36H;36064Sis. Fig. 2(b)-(d) shows the binding
energy spectra for C 1s, O 1s, and Si 2p, respectively. As shown in
Fig. 2(b), the presence of well-resolved three characteristics
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Fig. 1 (a) FTIR spectra and (b) UV-visible spectra of tannic acid (TA),
TA-silane, and TA-NPs.
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Fig. 2 (a) XPS survey spectrum and binding energy spectra of TA-
silane for: (b) C 1s, (c) O 1s, and (d) Si 2p.

binding energy peaks for C 1s at 284.86 eV, 286.58 eV, and
288.88 eV, which correspond to C-C, C-O-C, and O-C=0
bonding, confirms the modified tannic acid structure. In the O
1s spectrum in Fig. 2(c), C=0, Si-O, and C-O bonds are
confirmed from a poorly resolved broad peak with two shoulder
peaks at 531.61, 532.54, and 533.22 eV. The FWHM is 4.29 eV,
which further supports the oxygen chemical bonding state of
0. The binding energies of 531.61 eV and 533.22 eV, which
correspond to sp> C=0 and sp’ C-O confirm the presence of
tannic acid core. The binding energy spectrum of Si 2p, depicted
in Fig. 2(d), exhibits one major peak at 102.22 eV along with
a weakly resolved shoulder peak at 103.58 eV, which are char-
acteristic to the binding energy for Si-C (organic) and Si-O,
respectively, confirming alkoxy silyl units.

Utilizing the previous developed modified Stober method by
our group,* TA-NPs were prepared from the base-catalysed
direct hydrolysis and condensation of the TA-silane with
absence of silica sols as nucleation seeds. In a typical procedure,
the silane precursor was added slowly dropwise into a solution
of 28% NH,OH in an anhydrous ethanol. The drop-wise addi-
tion is needed to maintain the homogeneity of the particles’
formation. The addition of precursors plays a crucial role in
maintaining the uniformity of the size and shape of nano-
particles. After 24 hours of reaction time, particles were
collected by centrifugation and repeated washing with water
and ethanol to yield a brownish solid. A series of controlled
experiments were conducted to adjust the reaction parameters,
such as base concentration, solvent volume, and reaction time.

The effect of base concentration on the shape and size of the
nanoparticles were also investigated by varying the base
concentration with respect to the TA-silane precursor. Table 1
summarizes the particle size distribution with respect to the
three different base concentrations. The lowest base concen-
tration (8.20 mmol) results considerably uniform spherical
particles with the average size of 150 nm. The highest base
concentration is also yielded a mix of smaller particles with
sizes, ranging from 50-300 nm and larger particles with a wider
size distribution from 500 nm to up to ~1 um. The particles

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The effect of base concentration on particles size and shape

View Article Online

RSC Advances

Trail # 28% NH,OH (mmol) Shape and dimension

1 8.20 Spherical raspberry-like particles; size distribution: 50-300 nm; average size —150 nm
16.40 Spherical, raspberry-like particles; size distribution: 100-500 nm; average size —300 nm

3 32.80 Oval and spherical shape particles; size distribution ranged from 50 nm-1 pm

formed with respect to middle base concentration also exhibit
a wider size distribution in the range of 100 nm to 500 nm with
a few larger particles in >500 nm <1 pm size range. The base
concentration dependent studies suggest that there is no
significant effect of the base concentration range that we
selected on the particle size distribution. However, 8.20 mmol
of base amount yields rather uniform particle size distribution
with a considerably smaller size range compared to two higher
base concentrations.

The structural composition of TA-NPs is characterized by
FTIR, UV-vis, and XPS analysis. The respective FTIR spectrum
shown in Fig. 1(a) confirms the presence of characteristics
bands for Si-O-Si (1120-1025 em™") and Si-C (1376-1317 cm ™)
upon the base-catalysed hydrolysis and condensation. The
existence of Si-O-Si bonds evidence the formation of silses-
quioxane network. The aromatic C=C, ester carbonyl (C=0),
and O-H stretching vibrations are observed at 1589, 1693, and
3590 cm ™ respectively. The hydroxyl stretching at 3590 cm ™ is
an indicative of partially condensed residual Si-OH groups,
compared to the weak broader peak at 3000-3500 cm ™' in TA-
silane precursor. The UV-visible spectrum of TA-NPs collected
by dispersing ethanol is depicted in Fig. 1(b) and follows the
similar characteristics peaks as of TA-silane, evidencing that the
tannic acid core structure and silane-ether linkages between
silane units and tannic acid are intact.

The elemental composition obtained from the XPS survey
analysis confirms the partial hydrolysis and condensation of
alkoxy group, yielding silsesquioxane network with suggested
empirical formula of C;,5H;109064Si¢. The XPS survey graph and
binding energy graphs, depicted in Fig. 3, further reveal the
elemental composition, chemical bonding type, and chemical
environments of modified tannic acid within the TA-NP's core
structure. The binding energies for C 1s and O 1s spectra follow
the same trend as the TA-silane precursor, confirming the intact
tannic acid core structure. The binding energy spectrum for Si
2p exhibits a slight peak shift with broadening for Si-C bonding
environment to higher binding energy, confirming the changes
in the chemical environment due to the formation of Si-O-Si
network.

In order to utilize TA-NPs in biodegradable dielectrics, they
need to possess adequate thermal stability. Therefore, we
investigated the thermal stabilities of TA-NPs and the silane
precursor using thermogravimetric analysis (TGA). The TGA
graphs (Fig. S1t) reveal that first significant weight loss for both
TA-NPs and TA-silane take place at 350 °C, suggesting that
nanoparticles and silane precursor are thermally stable up to
350 °C. Compared to the TA-silane's TGA curve, TA-NPs exhibits
multiple small weight losses, evidencing the degradation of

© 2021 The Author(s). Published by the Royal Society of Chemistry

partially hydrolysed alkoxy groups during the polymerization
process. Comparing to the thermal stability of tannic acid,
which is 240 °C,* functionalized tannic acid with silane units
and TA-NPs exhibit better thermal stability due to the intro-
duction of silane units and silsesquioxane network into the
tannic acid structure.

Morphology and porosity analysis of TA-NPs

Morphologies of TA-NPs prepared by varying the base concen-
trations were visualized using SEM and are depicted in Fig. 4. At
lower base concentration, particles are uniform and spherical in
shape with a raspberry-like surface morphology (Fig. 4(a)). The
particles formed at the medium base concentration are also
somewhat spherical but average particle diameter is larger than
the lowest and the highest base concentration (Fig. 4(b)). At the
highest base concentration, both significantly larger and
somewhat oval in shape particles were formed and exhibit also
a raspberry-like surface. TEM images of TA-NPs in Fig. 5(a)
reveal the condensed silsesquioxane core structure (dark core)
and interparticle large pores, creating mesoporous microstruc-
tures. The selective area electron diffraction (SAED) pattern
(Fig. 5(b)) evidences the crystallinity of particles, confirming the
packing of phenyl rings of tannic acid in the framework. The
pore size distribution and pore volume, obtained from the N,-
adsorption isotherm using Barrett-Joyner-Halenda (BJH) anal-
ysis, particles are mesoporous, having average diameter of pores
ranged from 19 to 23 nm and pore volume of 0.032 cm® g~ . The
TEM images shown in Fig. 5(c) and (d) further supports the
mesoporous structures within and in-between particles along
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Fig. 3 (a) XPS survey spectrum and binding energy spectra of TA-NPs
for: (b) C 1s, (c) O 1s, and (d) Si 2p.
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200 nm

Fig. 4 SEM images of TA-NPs prepared with respect to different base concentrations; (a) At 8.20 mmol, (b) 16.40 mmol, and (c) 32.80 mmol.

Fig. 5
images of TA-NPs showing mesoporous structure.

with a textural nanoporosity within the particle's framework.
The isotherms of TA-NPs (Fig. S21) exhibit hysteresis between
adsorption/desorption curves that resemble isotherm type IV,
indicating that the capillary condensation takes place, resem-
bling to mesoporous materials.

Evaluation of dielectric properties of tannic acid, TA-silane
and TA-NPs

We hypothesize that creating biodegradable porous framework
with silsesquioxane structure may lower the dielectric constant
of tannic acid, yielding low-«x bio-based nanomaterials. To test
our hypothesis, dielectric properties of tannic acid, TA-silane,
and TA-NPs were analyzed and compared each other by fabri-
cating thin film capacitors from material. The dielectric
constants were calculated from the test capacitor devices,
having the active device area of 4.75 cm” and film thickness
ranged from 850 nm to 880 nm (Fig. S3t). The detailed experi-
mental procedure for the device fabrication is described in the
Experimental section. A representative device schematic is
shown in the inset of Fig. 6. The dielectric constants were
calculated using the eqn (1). Repetitive capacitance was
measured for each sample at more than 8 to 12 points with high
consistency, confirming the film uniformity and continuity
throughout the active area of the thin films. Fig. 6 represents
comparison graphs of average dielectric constants calculated
for tannic acid, TA-silane, and TA-NPs. The average dielectric
constant for tannic acid was found to be 2.98 + 0.02, which is
significantly lower than the dielectric constants of cellulose,
glucose, and lactose, which range from 6.5 to 17.>*>** Also, this
is the first time of reporting the dielectric constant for tannic

16702 | RSC Adv, 2021, 11, 16698-16705

(@) A TEM image of TA-NPs with large interparticle pores; (b) The SAED pattern of TA-NPs evidencing crystallinity; and (c) and (d) TEM

acid. Comparing to tannic acid's k, TA-silane yields a slightly
lower k (k = 2.84 £ 0.02). As we expected, the k of TA-NPs is
much lower (k = 2.69 + 0.02). Previously, we have demonstrated
that the silsesquioxane framework can result mesoporous low-x
polymeric nanomaterials.*® Similarly, in this work, the silses-
quioxane framework and mesoporosity have affected to lower
the dielectric constant of tannic acid by creating porous sil-
sesquioxane framework of tannic acid.

Experimental
Materials

Tannic acid (C,¢H5,046; molar mass = 1701.19 g mol ),
potassium carbonate, tetrahydrofuran (THF), 28% ammonium
hydroxide, and anhydrous ethanol (200 proof) were obtained

from  Sigma-Aldrich.  para-(Chloromethyl)  phenylethyl
3.05
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Fig. 6 The comparison graph for average dielectric constants calcu-
lated for tannic acid, TA-silane, and TA-NPs; inset — a schematic
diagram of the capacitance device.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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trimethoxy silane were obtained from Gelest Inc. All chemicals
were used as received.

Characterization

The chemical composition and functional groups were analyzed
using Fourier transform infrared spectroscopy (FTIR-Varian
670-IR spectrometer). The morphology and the particle size of
nanostructures were analysed using transmission electron
microscopy (TEM Carl Zeiss Libra 120 and JEOL2100PLUS HR-
TEM with STEM/EDS) at 120 keV and 200 keV, respectively,
and scanning electron microscopy (Zeiss Auriga FIB/FESEM).
The thermal stability of microstructures was analyzed using
the thermogravimetric analyzer Q500. Samples were heated up
to 700 °C at the increment of 10°C min~ " in nitrogen gas flow.
The elemental composition was obtained from an elemental
composition analyzer and X-ray photon spectroscopy (XPS-
Escalab Xi'-Thermo Scientific) respectively. Brunner-Emmett-
Teller (BET) method was used to determine the pore size and
the pore volume density distribution of the products. The UV-
visible spectra were obtained using the UV-visible spectrom-
eter (Varian Cary 6000i). E-beam evaporation (Kurt Lesker PVD
75 e-beam evaporator) was used to deposit the Cu layer with
a thickness of 100 nm. Thin films were prepared by spin coating
the colloidal solution of nanomaterials and the silane precursor
in ethanol onto ozone/UV treated substrates of either quartz
plates or ITO coated glass substrates. Ozone/UV treatment was
performed using the Bio Force UV/Ozone Pro Cleaner.

Synthesis of sol-gel reactive site functionalized tannic acid
(TA-silane)

To a 100 mL round-bottom flask, tannic acid (500 mg, 0.294
mmol) and potassium carbonate (203 mg, 1.47 mmol) were
added with tetrahydrofuran (50 mL). The beige (greyish yellow)
colour mixture was stirred for 2 hours under ambient condi-
tions. Then para-(chloromethyl)-phenylethyltrimethoxy silane
(0.318 mL, 1.47 mmol) was added to the stirring mixture and the
colour was turning to brown slowly. Then it was stirred for 24
hours under ambient conditions. The resulted suspension was
concentrated in a rotary evaporator while maintaining the
temperature of the water bath at 54 °C. The brown, dry, crude
product collected in this manner was washed with hexane (~40
mL) followed by deionized water. The precipitate was collected
and dried for 24 hours to yield brown colour solid (600 mg,
80%). FTIR stretching (em™"): 1025 (Si-0), 1207 (Si-C), 1673
(aromatic C=C), and 1712 (ester C=O0); elemental analysis
(from XPS) for the empirical formula of C;36H;36064Sis: %
experimental - C (61.24), O (33.54), Si (5.22); calculated - C
(55.13), O (34.56), Si (5.69).

Synthesis of tannic acid-silsesquioxane nanostructures by sol-
gel method

In a typical procedure, to a 100 mL round-bottom flask, ethyl
alcohol (140 proof, 6.0 mL) and 28% ammonium hydroxide
solution (2 mL, or 1.0 mL or 0.5 mL) were added with a stir bar
and mixed for 10 min. A solution of TA-silane (98.0 mg) in ethyl
alcohol (140 proof, 4.0 mL) was slowly added to the reaction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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flask and stirred 24 h under room temperature. Particles were
separated by centrifuging the brownish cloudy suspension at
the rate of 10 000 rpm for 30 minutes. Particles were washed
multiple times with ethanol. Particles obtained by final washing
were dried for 24 h, yielding a brownish white solid (50 mg, (w/
w) yield ~50%). FTIR stretching (cm™"): 1120-1025 cm ™" (Si-O-
Si), 1376-1317 em ™! (Si-C), 1589 cm ' (aromatic C=C), and
1693 cm ' (ester C=0); elemental analysis (from XPS) for the
empirical formula of Cy,5H109064Sis — C (58.2.24), O (35.40), Si
(6.76).

N, adsorption-desorption isotherms

Brunner-Emmett-Teller (BET) method was used to determine
the pore size and the pore volume distribution of the nano-
materials. In order to measure pore volume distribution accu-
rately, it is necessary to remove surface adsorbed and pore
occupied guest molecules such as residual solvent molecules
(ethanol and water), prior to degassing the samples. For this
purpose, the samples obtained were activated for BET analysis
by soaking the samples in chloroform for three consecutive days
by replacing with fresh chloroform for every 6 hours. Here we
use dry chloroform instead THF, as chloroform may have
minimal interactions with silsesquioxane network compared to
oxygen rich THF, which can occupy the pores. Before
measurements, the samples were dried under vacuum at 80 °C
for 3 hours followed by degassing of samples at 150 °C for 12
hours. In BET analysis, the surface area is calculated based on
the equation obtained from adsorption isotherm in the relative
pressure range of P/P, = 0.07-0.3. The information about the
pore size distribution is derived from N, desorption isotherms
using Barrett-Joyner-Halenda (BJH) plots. Further, the total
volume of the product per gram is determined from the amount
of N, adsorbed at P/P, = 1.

Device fabrication for dielectric constant measurements

The glass coverslips were cleaned by sonicating in isopropanol
for 15 min followed by the sonication in DI water for 15 min.
Then the substrate was dried with the nitrogen gun. Once dried,
the coverslips were subjected to ozone cleaning for 60 min. The
substrates were then placed in a mask made from the poly
(lactic acid) resin materials and sandwiched before coating
copper (~100 nm thick) using physical vapor deposition (PVD).
This layer acts as the first electrode of the capacitor. Then 1 mg
of sample in 500 pL 70% ethanol was immediately spin-coated
on the copper-coated substrate at a spin rate of 1000 rpm for the
60 s and dried at 100 °C for 15 minutes. The second electrode of
the copper layer was immediately deposited using PVD. The
substrate was sandwiched in the PLA mask and 100 nm of
copper is deposited at a 90° rotation to the first layer. Capaci-
tance was then measured with a CM9610A between the elec-
trodes that form a capacitor area of 4.75 cm?”. Using the
following eqn (1), the dielectric constant (k) of nanomaterials
thin films was calculated:

(C,

= Ske 1)
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where, t is the thickness of the sample, S is the area of the
electrode, and k, is equal to 8.85 x 10"> Fm™".

Thickness measurement

The thickness of the dielectric layer was measured by viewing
the broken side of a device under SEM. After the measurements
of capacitance, devices were broken using liquid nitrogen and
the broken side was mounted on an SEM stub. The stage was
rotated by 60° and the tilt angle was kept at 30°. The tilt
correction was done for imaging the layers using the back-
scattered electron detector. The thickness of the thin films was
consistent throughout each sample and the range of the
thickness of the films was within the range of 850 to 880 nm
(Fig. S3t). Average film thicknesses were 879.6 nm, 870.9 nm,
and 859.0 nm, for tannic acid, TA-silane, and TA-NPs,
respectively.

Conclusions

The work describes herein is the first demonstration of
creating low-x dielectric nanomaterials (TA-NPs) from tannic
acid by modifying tannic acid's pyrogallol units with alkoxy
silane moieties followed by introducing silsesquioxane
via base-catalysed sol-gel polymerization.
Controlling the size and shape of TA-NPs have attempted by
varying the molar ratio between the silane precursor and the
base. The lowest base concentration has yielded spherical
raspberry-like particles with an average diameter of 150 nm.
The porosity distribution, confirmed by the BET analysis
reveals that nanoparticles are mesoporous in nature with
average pore diameter, ranging from 19 to 23 nm and pore
volume of 0.032 cm® g~'. Weakening the polarizability and
introducing a porous framework into the tannic acid structure
allow us to lower the dielectric properties of tannic acid from
its bulk « of 2.98 to 2.69 for the nanomaterials. Thus, the
unique chemical design approach developed in this work
offers a novel and versatile path to create novel low-k biode-
gradable nanomaterials from natural polyphenols. Our future
work will focus on fabricating patterned low-« dielectric plat-
forms using TA-NPs and utilize them in organic field effect
transistors.
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