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ABSTRACT

DESIGN, SYNTHESIS, AND CHARACTERIZATION OF
POROUS DENDRITIC POLYMERS FOR GAS SENSOR
APPLICATIONS

Polyphenylene dendrimers (PPDs) are macromolecules distinguished by their
highly branched 3D globular structures. PPDs are generally constructed around a central
multi-functional core molecule with branches having phenyl moieties and end groups.
PPDs consist of rigid, shape-persistent phenyl rings offering physicochemically stable
and robust structures. Although these characteristic features make PPDs promising
compounds to be used in many applications such as light harvesting, organic electronics,
and catalysts, their gas and energy storage usage is limited due to their non-porous
structure in the solid state. This thesis aims to take a novel modular approach to
incorporate functional PPDs into porous dendritic polymers (PDendPs), which is
accomplished by polymerizing "shape-persistent dendrimers™ with organic linkers. Using
shape-persistent PPDs as monomers offers a local order in PDendPs, improving the
predictability and controllability of their surface area and porosity. In this regard, this
approach allows precise molecular control over structure and functionality in PDendPs.

This thesis proposed polymerizing three generations of PPDs using a ditopic
linker to prepare three different PDendPs. Therefore, three generations of PPDs having
bromo atoms at the periphery were synthesized, and these PPDs were polymerized using
1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene as linker via SuzukKi
coupling reactions. PDendPs and PPDs have been characterized using various analytical
techniques, including NMR, FT-IR, BET, TGA, XRD, SEM, and EDX. All synthesized
polymers were exposed to ethanol vapor in order to investigate PDendPs’ potential as a
sensing material for chemiresistor sensor applications. Computational simulations were
exploited to reinforce outcomes in wet-lab media.

Keywords: polyphenylene dendrimers, porous dendritic polymers, chemiresistors



OZET

GAZ SENSOR UYGULAMALARI iCIN GOZENEKLI
DENDRITIK POLIMERLERIN TASARIMI, SENTEZI VE
KARAKTERIZASYONU

Polifenilen dendrimerler (PPD'ler), yiiksek oranda dallanmis 3D kiiresel yapilar
ile ayirt edilen makromolekiillerdir. PPD'ler genellikle merkezi ¢ok fonksiyonlu bir
¢ekirdek molekiil etrafinda fenil halkalar1 ve ug gruplara sahip dallarla insa edilir. PPD'ler
fizikokimyasal olarak kararli ve saglam yapilar sunan rijit, sekil degistirmeyen fenil
halkalarindan olusur. Bu karakteristik 6zellikleri PPD'leri 1s1k hasadi, organik elektronik,
katalizorler gibi birgok uygulamada kullanilmak {izere umut verici bilesikler haline
getirse de, kati1 haldeki gozeneksiz yapilar1 nedeniyle gaz ve enerji depolamada
kullanimlar1 sinirhidir. Bu tez, fonksiyonel PPD'leri gozenekli dendritik polimerlere
(PDendP'ler) dahil etmek icin yeni bir modiiler yaklasim benimsemeyi amaclamaktadir;
bu yaklasim, "kalici-sekilli dendrimerleri" organik baglayicilarla polimerize ederek
gerceklestirilmektedir. Sekli bakimindan kalici PPD'lerin monomer olarak kullanilmast,
PDendP'lerde ylizey alanlarinin ve gozenekliliklerinin 6ngdriilebilirligini ve kontrol
edilebilirligini artiran yerel bir diizen sunar. Bu baglamda, bu yaklasim PDendP'lerde yap1
ve islevsellik tizerinde hassas molekiiler kontrol saglar.

Bu tez, ii¢ farkli PDendP hazirlamak i¢in ditopik bir baglayici kullanarak {i¢ nesil
PPD'nin polimerlestirilmesini 6nermistir. Bu nedenle, ylizeyde bromo atomlarina sahip
ti¢ nesil PPD sentezlenmis ve bu PPD'ler Suzuki eslesme reaksiyonlar1 yoluyla baglayici
olarak 1,4-bis(4,4,5,5-tetrametil-1,3,2-dioksaborolan-2-il)benzen kullanilarak
polimerlestirilmistir. PDendP'ler ve PPD'ler NMR, FT-IR, BET, TGA, XRD, SEM ve
EDX dahil olmak tizere gesitli analitik teknikler kullanilarak karakterize edilmistir.
Sentezlenen tiim polimerler, PDendP'lerin kemorezistér sensor uygulamalar: ic¢in bir
algilama malzemesi olarak potansiyelini arastirmak amaciyla etanol buharina maruz
birakilmistir. Islak laboratuvar ortamindaki sonuclar1 giiclendirmek i¢in hesaplamali
simiilasyonlardan yararlanilmistir.

Anahtar Kelimeler: polifenilen dendrimerler, gézenekli dendritik polimerler, kimyasal

direng sensorleri
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CHAPTER 1

INTRODUCTION

1.1.An Overview

Polyphenylene dendrimers (PPDs) are densely branched, monodisperse
macromolecules with a shape-consistent backbone typically composed of derived
benzene rings.}® Due to the rigid phenyl backbones, these dendrimers are exceedingly
stable and robust, which enables site-specific functionalization.® In general, PPDs are
divided into three components: core, scaffold, and surface, with functionalities that can
be synthetically tailored at each phase, as shown in Figure 1.1.° PPDs are highly
sophisticated macromolecules that have been integrated into organic electronics, utilized
as poorly regulating anions and cations, and even mimicked biologically important
proteins like human serum albumin (HSA), along with many other feasible application

areas. 1011

Backbone

Figure 1.1. Schematic illustration of three main units of polyphenylene dendrimers
(PPDs).'2



This thesis aims to polymerize first, second, and third-generation PPDs (G1: A3
building block, G2: A6 building block, G3: Al12 building block) with 1,4-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (B2) building block as linkingae unit using
Suzuki-Miyaura coupling reactions. The Sger surface area results of the corresponding
polymers, namely P1DendP, P2DendP, and P3DendP, were 266 m? g, 779 m? g%, and
179 m? g*t, respectively. The synthesized polymers (PDendPs) were tested as
chemiresistor and were subjected to ethanol vapor as a volatile organic compound.

Computational simulations were carried out to understand the mechanism of sensing.

1.2.Structure and Synthesis of PPDs
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Figure 1.2. Molecular structures for a rigid second-generation PPD, and flexible second-
generation PPl and PAMAM dendrimer.®

The rigid and shape-persistent character of PPDs is among the essential features
that distinguish the PPDs from other conventional dendrimers.® PPD has a phenylene-
based rigid backbone, whereas PAMAM and PPI have repeating chains in their flexible
backbones, as shown in Figure 1.2.° Compared with other dendrimers, PPDs can perform
structural changes resulting in a structural balance of where chemical activities are
situated, this disparity in backbone rigidity illustrates why PPDs are shape-persistent and
hence can be produced with nanosite accuracy.® Limiting the conformational flexibility

makes PPDs suitable for modification from the core to the scaffold and surface in a site-



specific manner; as a result, it is possible to predict not just their exact structures but also
the macromolecules' desired properties.’®**1* As a result of the lack of the ability to bend
the dendron arms backward, the surface groups always seem to be on the exterior of the
dendrimers —not engulfed within the structure's interior.® Patchy dendrimers with distinct
inner cavities and pores are appropriately categorized as surface-dense PPDs.1°1¢ The
surface-bound phenylene groups become densely arranged with increasing generations,
resulting in a shape-persistent and globular morphology, which has been examined using

AFM, TEM, computer simulations, and solid-state NMR spectroscopy.®
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Figure 1.3. Simple representation for the synthesis of PPDs.®

PPDs are comprised of a core, whose design determines the number of arms and
morphology of the dendrimer, and building blocks, which govern the chemical
derivatization of the scaffold and surface, along with dendrimer generation.*62° There are
two approaches to synthesizing PPDs: convergent and divergent.® As convergent
approaches typically employ the metal-catalyzed coupling reactions between the aromatic
core bearing halide and boronate-functionalized dendrons, these routes are not generally
reproducible.® Therefore, the most commonly used method to synthesize PPDs is a
divergent growth mechanism in which to form the dendrimer from the inside out, a [4+2]
Diels-Alder cycloaddition process takes place between a core bearing ethynyl moieties
and building components containing cyclopentadienone units as seen in Figure 1.3.1620-

22 This is essential in terms of creating monodisperse macromolecules and concerning the



reaction’s lone prerequisite: a stable diene and dienophile at high temperatures (i.e.,~ 135-
170 °C).® The synthetic adaptability allows for the site-specific inclusion of a wide range
of chemical functions at the core, scaffold, and surface of PPDs.° The Diels-Alder
reaction is also quantitative, with permanent transformations, implying that the molecule

is stable.?%2°

Diels-Alder
Cycloaddition

Figure 1.4. Polyphenylenes can be converted into graphene nanoribbons precursors.®

Furthermore, PPDs in the 3-D globular form can be transformed into 2-D
nanographene derivatives.® This unique method lays the foundation for the molecularly
demanded graphenes with outstanding electrical and mechanical capabilities.”*® The
usage of polyphenylene dendrimers, which were produced employing successive Diels-
Alder cycloaddition polymerization methodologies, is one of the earliest known synthetic
methodologies to fabricate unfolded precise nanographenes through bottom-up
approach.?® Following the dendritic ribbon synthesis, a cyclodehydrogenation process
was applied to it along with FeCls as the oxidizing agent, leading to a 2-D graphene

nanoribbon, which was analyzed as graphene analogs depicted in Figure 1.4,11:1323:26-27

1.3.Applications of PPDs

Polyphenylene dendrimers' functionality in synthesis, coupled with their
inherent monodisperse, shape-persistent, and stable structures, allows hitherto unique
usage areas.® The bulk characteristics of distinct PPDs are regulated by complicated
syntheses of their core, scaffold, and surface with a linkage of their changes.’
Hypothetically, an emerging era of cutting-edge dendrimer syntheses has paved the way
for innovative applications such as organic electronic devices, synthetic nanographene
with desired functionalities, biomimicking biological molecules, therapeutics, drug

nanocarriers, and more.®



Figure 1.5. Synthesis of molecular propellers through a PPD precursor.?

Figure 1.6. Computer assisted simulations for 3-D molecular structures of (a) PPD, (b)

propeller holding triphenylbenzene core unit, and (c) benzene core

molecule.?®

offered a synthetic strategy for polyaromatic hydrocarbons

Simpson et al.

which are precursors of molecularly defined graphite model compounds. Their

(PAHs)

strategy uses the oxidative cyclodehydrogenation (CDH) process to planarize three-

dimensional, dendritic oligophenylenes that could be rendered in their 2D projection

without overlapping phenyl rings. Figure 1.5 shows the computer-based visualization of



the 3D structure of a dendrimer and propeller-shaped PAHs. These PAHs were
characterized by UV/vis, fluorescence, Raman spectroscopy, and MALDI-TOF mass
spectrometry, thereby establishing the efficiency of the cyclodehydrogenation reaction.
Its determination is crucial for estimating CDH process efficacy in polymer synthesis.
Furthermore, adding alkyl chain substituents on the periphery may convert
macromolecular structures into more soluble and processable ones. Finally, these novel
3D nanopropeller molecules are important for investigations in hydrogen storage and

their unique electronic structures (Figure 1.6).%
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Figure 1.7. Processable graphene nanoribbons from polyphenylene precursors.?®

The recent progress in the synthesis of graphene nanoribbons (GNRSs) via PPDs
as precursors includes the addition of solubilizing chain moieties, thereby allowing
solution process and handling on the edge structure. This invention simplifies processing
and transforms the linear PPD into one of the biggest GNRs synthesized along with
thicknesses ~ 1.0 nm and lengths as long as 600 nm. The innovative bottom-up solution-
synthesis method Narita and co-workers provided herein, which utilizes Diels-Alder
cycloaddition polymerization, is compatible with a wide range of AB-type monomers and
consequently offers a potential tailor-made synthesis of lengthy liquid phase adaptable
and exactly known GNRs that have diverse dimensions (Figure 1.7). The synthesized
polymers showed improved charge transport mobility values and electrical characteristics
compared to semiconducting polymers, with a band gap of around 1.88 eV. Because
graphene lacks a natural band gap, it requires geometrical constriction to generate one,
which is highly critical for future nanoelectronics applications that involve switching on

and off gadgets.?®



Figure 1.8. Structures of the dendrimers employed in this research.®

Maus et al. synthesized four first-generation PPDs bearing tetraphenylmethane
core and decorated with varying numbers of peryleneimide chromophores on the surfaces
in order to determine their photophysical properties and the excitation energy transfer
(EET) method using steady-state and time-resolved fluorescence spectroscopy (Figure
1.8) The model dendrimer holding a single PI chromophore exhibited a 4.2 ns decay
time. However, in multichromophoric dendrimers, an extra lengthy decay time of 7.4 ns
was discovered as an "excimer-like" phenomenon, and its impact rises with the increasing
number of chromophores. The analysis for the time-resolved polarization revealed a
nanosecond-long relaxation factor caused by the rotary motion of the whole dendritic
macromolecule. On the contrary, molecules with many chromophores have a faster
anisotropic decay time of 100-200 ps, indicating Forster type EET of the chromophores.
These findings for dendrimers are extremely promising for their usage in areas like
optoelectronics, OLED devices, and fundamental photosynthetic light-harvesting antenna

devices.3°
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Figure 1.10. Synthesis of light harvester system employing three dyads. a) Diels-Alder
reaction conditions; b) Diels-Alder reaction conditions; c) Diels-Alder
reaction conditions; 2) deprotection process; d) Diels-Alder reaction

conditions. TIPS=triisopropylsilyl.3!



Figure 1.11. Light harvesting triad of three different chromophores.®

Weil et al. synthesized rigid-shaped fluorescent polyphenylene dyads using a
variety of diads and even triads to visualize the notion of controlled energy transmission
between precisely arranged chromophores in macromolecules. The dendritic triad
macromolecule composed of the dyes naphthalenedicarboximide (NMI),
perylenedicarboximide (PMI), and terrylenetetracarboxdiimide (TDI) exhibited a
progressive vectorial flow of energy from NMI at the surface through PMI to TDI in the
core (Figure 1.9 and Figure 1.10). Placing chromophores at specific locations creates an
effective light-harvesting system that absorbs across the visible wavelengths. These
innovative functionally clearly defined polyphenylene multichromophores, which
contain two or three distinct chromophores in the dendrimer's core, scaffold, and surface
and have exceptional photochemical stability, show significant potential for
optoelectronic device design (Figure 1.11).3!
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Figure 1.12. Synthetic procedure for PPDs with patchy surfaces.®?
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Figure 1.13. PPDs with patchy surfaces.

Hammer et al. synthesized monodisperse and shape-persistent PPDs with features
bearing patchy surfaces on the macromolecules modified with polar and non-polar
moieties to provide unique lipophilic regions for binding (Figure 1.12 and Figure 1.13).
Although these compounds have demonstrated the ability to combine physiologically
important molecules, exhibit significant penetration into cells in multiple cell lines, and
cause minimal to no toxic effects, little is known about the underlying mechanisms. This
study presented if dendrimers' responses to the biological medium are more influenced
by their chemical functions, comparative constituent amounts, or “patched” surface
structure. Changing the polar group from sulfonic to carboxylic to phosphonic acids
resulted in equivalent cellular absorption and low toxicity when combined with propyl
groups in 1:1 molar proportions. Shifting the lipophilic equilibrium to a greater polarity
and charge-negative balance through raising the molecular proportion of polar to
nonpolar moieties resulted in substantial declines within dendrimer cell penetration
efficacies. This phenomenon was probably a result of repellent interactions among the
PPDs and the membrane's surface. The current research found that the ideal lipophilic
shell over improved absorption by cells through minimal toxic effects comes from an
intricate equilibrium between the polar and nonpolar parts of the dendrimers' exterior

rather than unique chemical elements upon the periphery.®?
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PPD 4 HO)E O <) 8

Figure 1.14. Synthetic illustration for the amphiphilic PPD precursors. i) Diels-Alder

reaction conditions with molecule 7: CP building block, ii) Diels-Alder
reaction conditions with CP building block, iii) acid-catalyzed deprotection
process for sulfonic acid protecting group: neopentyl ester (R), iv)
deprotection process for acetylene protecting group: TIPS=
triisopropylsilyl.®
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Figure 1.15. Synthesis scheme of PPD?2. i) Diels-Alder reaction conditions with molecule
13: CP building block, ii) acid-catalyzed deprotection process for sulfonic

acid protecting group: neopentyl ester (R).3

d=28nm

Figure 1.16. PPDs with potential for drug delivery and protein mimicry.%

Stangenberg et al. reported the concept and production of a polyphenylene
dendrimer (PPD 3) with separate receptors to hydrophilic molecule guests and distinct
surface motifs (Figure 1.14, Figure 1.15 ). Its semi-stability and the exact placement of
lipophilic and hydrophobic moieties at the surface results in a sophisticated design with
hydrophilic interaction sites that may retain particular quantities of medically essential
guest compounds like lipids or medication like doxorubicin (Figure 1.16). Its diameter,
design, and surface characteristics enable this macromolecule to permeate through brain
endothelial cells, a crucial part of the highly impermeable blood-brain barrier.

Furthermore, in vivo investigations with embryos from zebrafish have shown little to no

14



adverse effects. The unique features of the PPD structure enable the precise arrangement
of functional regions in a particular milieu and provide a general framework for

developing drug delivery systems that firmly mimic various protein properties.

2
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Figure 1.17. Synthesis for one of the dendritic site of PPD with amphiphilic surface

groups at exterior. a) Condensation reaction conditions for imine formation;
b) Sonogashira coupling reaction conditions; c) deprotection process for
acetylene protecting group: TIPS=triisopropylsilyl; d) Diels-Alder reaction
conditions with molecule 1: CP building block; c) deprotection process; e)
Diels-Alder reaction conditions with molecule 2: CP building block; f) acid-
catalyzed deprotection process for primary amine protecting group:
benzophenone; g) Condensation reaction conditions for amide formation;
h) deprotection process for sulfonic acid protecting group: neopentyl ester;

i) Click reaction conditions.3*
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Figure 1.18. The molecular model of an amphiphilic polyphenylene dendron from

amphiphilic PPD and its interaction with adenovirus 5 (Ad5).34

Amphiphilic moieties on the surface serve a critical function in several biological
mechanisms. Wagner et al. described the synthesis of amphiphilic polyphenylene
dendrimer dendrons with changing hydrophobic and hydrophilic groups on the exterior
and the ethynyl group in the core, which are open-for-click reactions (Figure 1.17). The
amphiphilic groups on the surface function just like biorecognition components, binding
to the outermost layer of adenovirus 5 (Ad5), a popular vector in the field of gene therapy
(Figure 1.18). In cells that lack the coxsackie-adenovirus receptor (CAR), the
Adb5/dendron conjugates demonstrated excellent gene propagation rates. Furthermore, the
branches allow for the introduction of additional functionalities within the dendron center
via in situ postmodifications despite being coupled to the Ad5 surface. The surfaces
covered by such branches were tested over blood protein interaction capability, which is
required for forecasting how they function in the circulatory system. A recently developed
approach for adding biologically active moieties across the Ad5 membrane while not

chemically altering viral particles is shown in this research.®*
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Figure 1.19. The graphical abstract for the research. The absorption of amphiphilic PPDs
was found to be predominantly facilitated by nerve and vascular cells. By
combining with AB (1-42) peptide, their antiamyloidogenic actions in vivo
and in vitro were investigated. The formation of filaments was suppressed,

and the generated Ap fibrils disintegrated.®

Random fibrillation of amyloid-beta (AB) deposits neurologically hazardous
plaques made of amyloid and has been linked to dementia and Alzheimer's disease. The
blockage of A monomer folding and dispersion of produced filaments has been deemed

a viable method for therapy. In 2021, Xiang et al. found that amphiphilic polyphenylene
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dendrons (APDs) disrupt AB aggregation and decrease AB-cell contacts. APDs, with
successive adversely polarized sulfonic acid and hydrophobic n-propyl exterior pairs,
attach to the backbone of AB agglomerates, preventing fibrillation and disassembling pre-
formed fibrils (Figure 1.19). APDs show vascular cell absorption on the endosomes
compatible with endothelium and nerve cells and considerable reduction in Ap-
stimulated neuronal apoptosis in vitro. Furthermore, molecules are carried throughout the
brain and effectively pass the blood-brain barrier following systematic therapy in mice,
demonstrating their strong ability to block A fibrillation in vivo. This might be crucial

in designing treatment options against Alzheimer's disorder.*

1.4.Porosity in PPDs

Although many PPD derivatives have been synthesized, most showed limited
porosity and a low Sget-specific surface area- due to dense branching and strong n-7t
interaction, which cause a dense packing of dendrimers in the solid state.

In the research in 2018, Serenko and colleagues employed polyphenylene
dendrimers with different macromolecular structures within the main parts: first- and
second-generation dendrimers constructed around tetrakis(4-ethynylphen-1-yl)methane
(G1-tand G2-t) (Figure 1.22). On the other hand, the researchers utilized first- and third-
generation dendrimers derived from 1,3,5-triethynylbenzene (G1-b and G3-b) (Figure
1.23).%

Figure 1.20. Synthesis of G1-t: &) o-xylene, 170 °C.%¢
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Figure 1.21. Synthesis of G2-t: a) o-xylene, 170 °C; b) TBAF, THF, R.T., 2 h.%
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Figure 1.22. The structure of PPDs: G1-t and G2-1.%

Figure 1.23. The structure of PPDs: G1-b and G3-b.3¢

20



Table 1.1. Adsorption characteristics of the dendrimers.3®

Pore
Dendrimer| volume, Specific surface area™, ml,#g
cm /g
Gl-t 0.133 28 26 30
G2-t 0.128 33 27 36
Gl-b 0.229 105 40 69
G3-b 0.622 167 sl 85
*Calculated from the sorption isotherms using the BET, BIH,
and t-Plot methods.

Table 1.1 shows that the dendrimers have a limited specific surface area. G3-b
possesses the largest specific surface area (167 m?/g), whereas G1-t encompasses the
smallest (28 m?/g). This t-plot analysis based on sorption results demonstrated that G1-t
and G2-t polymers lack of microporosity. The G1-b and G3-b dendrimers contain 0.030
and 0.033 cm®/g micropore volumes with pore diameters of 0.35-1.50 nm, accounting for
13% and 5% for the entire pore volume, respectively. The existence of micropores results
in a greater specific surface area for G1-b and G3-b compared to G1-t and G2-t, indicating
less dense molecular packing. Nevertheless, the minimal micropore percentage found in
both compounds leads to small specific surface area outcomes (108 and 167 m?/g).%¢

Consequently, in highly branched first- to third-generation dendrimers with
stretched spatial structures, self-assembly into nano- and microsized fragments with
distinct forms and a minimal specific surface area becomes comparable and independent
of the dendrimer's chemical arrangement. Dendrimeric macromolecules' microporous
organization is dictated through the macromolecule's stereometry. The micropores are not
present in first- and second-generation polyphenylene dendrimers as well as
polypyridylphenylene dendrimers composed of tetrakis(4-ethynylphen-1-yl)methane.
However, micropores are present in first- and third-generation dendrimers based on 1,3,5-

triethynylbenzene, accounting for 13% and 5% of the overall pore volume, respectively.*®
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Figure 1.24. Synthesis of second generation pyridylphenylene dendrimer: a) o-xylene,

170 °C; b) TBAF, THF, R.T., 2 h.%
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Figure 1.25. The structure of second generation pyridylphenylene dendrimer.%’
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In 2017, Serenko et al. conducted a sorption and surface characteristics
investigation using the three generations of pyridyl fragmented polyphenylene
dendrimers (Figure 1.24 and Figure 1.25). A BET investigation of N
adsorption/desorption isotherms at 77 K produced specific surface area measurements
that were not more than 100 m? g?, although mathematical estimations projected
significant volumes of pores and surface areas. Molecular dynamics simulations indicated
that the discrepancy stemmed from the compact arrangement of dendrimers within the
bulk.’

1.5. Porous Materials

Porous materials are solids that hold specific linked voids or pores throughout the
material's framework.® The passage, exchange, adsorption, physisorption, and
chemisorption properties of certain liquids or gases through the material are directly
facilitated by these voids or pores.®® These voids, regarded as pores, possess a variety of
sizes, shapes, and distributions, and these properties play a vital role in defining the
characteristics and potential application areas of porous materials.®® Porous materials
have many subcategories, including zeolites, silicates, activated carbons, porous
polymers and metal-organic frameworks (MOFs).%® These materials are categorized into
three types according to the different sizes of pores.®® Pore diameters are classified as
follows: macropores have pore sizes larger than 50 nm, mesopores between 2 and 50 nm,
and micropores less than 2 nm.% The configuration of void sizes, shapes, and volumes is
directly related to the ability of porous materials to perform the specified function in a
particular application.® The specific surface areas of porous materials can be measured
using a technique called gas adsorption measurement.®® N2 gas is used mainly for this
purpose. Using this approach, N2> "adsorption-desorption isotherm™ can be collected at
77 K. The isotherm includes the concentration of adsorbed/desorbed gas on the x-axis
and relative pressure on the y-axis. Afterward, the surface area is determined by
calculating the quantity of gas absorbed at monolayer and multilayer, according to the
Langmuir and Brunauer-Emmett-Teller (BET) theories, respectively. Additionally, the
adsorption/desorption isotherms make it possible to characterize the aperture, size,

volume and shape of the pores using DFT calculations.*°
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Figure 1.26. The typical isotherms to characterize pore size and shape in porous

materials.*°

Six different isotherm types that are common for particular pore types and
geometries are shown in Figure 1.16. Microporous solids, particularly MOFs, exhibit high
absorption at low-pressure range where micropores are filled, as shown by Type |
isotherms. The two types of microporous materials that are classified under this kind of
isotherm are type I(a), which consists of predominantly small pores, and type I(b), which
consists of broader micropores combined with thin mesopores. Type Ill isotherms
characterize non-porous or macroporous materials, whereas type Il isotherms are linked
to non-porous or micro/meso-porous materials. Moreover, mesoporous structures can be
recognized by employing type IV isotherms. Next, in cases where the surface of a
microporous or mesoporous material is hydrophobic, the type V isotherm is frequently
observed. Last, the type VI isotherm represents the homogenous non-porous structure

with layer-by-layer adsorption.*
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1.6 Conjugated Microporous Polymers (CMPS)

There are two types of porous organic polymers: the first is made up of covalent
organic frameworks (COFs) and covalent triazine frameworks (CTFs), which possess
significant reversible properties within forming bonds and thus exhibit long-range order
(crystalline structure); the second type is amorphous porous organic polymers, and these
polymers can be constructed using the chemistry that provides rapid and irreversible bond
growth, such as conjugated microporous polymers (CMPs), hyper-crosslinked polymers
(HCPs), and porous aromatic frameworks (PAFs) (Figure 1.27).** Among many other
(POPs), in this thesis, CMPs were chosen and synthesized dendrimer-based amorphous

porous polymers via Suzuki polycondensation.

i Porous Organic Polymers l

Covalent Organic Fr B Hypercrosslinked Polymers Covalent Triazine Frameworks Porous Aromatic Frameworks ~ Conjugated Microporous Polymers
(COFs) (HCPs) (CTFs) (PAFs) (Cmps)

Figure 1.27. Porous organic polymer framework categories and the processes forming

these molecules.*!
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Figure 1.28. Suzuki coupling reaction to synthesize Py-PP, a CMP hosting pyrene.*

As a result of their rapid and irreversible bond synthesis, conjugated microporous
polymers (CMPs) are one of the well-known family of POPs and do not have long-range
order. Their distinct -conjugated structure offers robust micropores, as well as their easy
structural modification via the design of monomers and the versatile synthetic strategies
like the Suzuki coupling reaction, Sonogashira-Hagihara reaction, Yamamoto reaction,
and phenazine ring integration to connect the building blocks have all drawn significant
attention and make CMPs as promising materials for a variety of application. CMPs have
a large surface area, high electrical conductivity, and thermal stability as a result of their
intrinsic properties, which allow them for a range of uses, such as sensing, clean energy
applications, separation, photovoltaic devices, light-harvesting, photocatalysis, and
catalysts.** Poly tetraphenyl pyrene (Py-PP) was synthesized using a Suzuki coupling
reaction, showing a BET surface area of 1070 m? g (Figure 1.28). Due to its
hydrophobic properties, the identical network also demonstrated a substantial absorption
of diesel (1200 wt%) from water.*? Understanding CMP is crucial for our synthetic
polymerization strategy, which was adapted for synthesizing porous dendritic polymers
(PDendPs) through the Suzuki coupling reaction.
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CHAPTER 2

CHEMIRESISTORS FOR VOLATILE ORGANIC
COMPOUNDS

2.1. An Overview

Because of the abundance of poisonous, flammable, and dangerous gases in the
environment, industry, and even homes, there is a growing interest in developing high-
performance gas sensors.*® To meet this demand, a variety of chemical sensors have been
developed and built to detect and monitor these gases.** Colorless and poisonous gases
not only have the potential to irritate the human respiratory system, but they may also
constitute a substantial hazard to the environment, especially at high concentrations.*
Because of their wide variety of applications, including manufacturing, purification, and
refrigeration, these gases have received a lot of attention in the literature.*® Gas sensors
are often made from sophisticated functional materials such as metal oxides, composites,
polymers, and carbon-based materials like CNTs and graphene.** Conventional sensor
technologies usually lack sensitivity and selectivity, have long reaction times, poor
recovery, and need high operating temperatures.*’ Recognizing and minimizing these
constraints is critical for increasing the efficacy and utility of the sensors.*’
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2.2 Literature Study

Sensing Material
Electrical Contacts

Electrical Contacts

Substrate

Resistivity

Measurement

Figure 2.1. Schematic for a simple chemiresistor.*8

Chemiresistive gas sensors run depending on the changes in electrical resistance
of a sensing material in response to the presence of a target volatile organic compound in
the atmosphere.*® Such sensors are often employed to monitor and detect volatile organic
compounds (VOCs) in a variety of applications, including environmental surveillance,
safety in industries, and ventilation control.*® These are especially outstanding for
detecting VOCs consisting of benzene, toluene, xylene, and formaldehyde, which could
lurk in various industrial and household products and adversely affect human well-
being.>® Chemiresistive gas sensors are often made of two electrodes and a sensing
material like metal oxides, conductive polymers, and carbon-based materials such as
CNTs and graphene.®® The commonly used sensing materials for chemiresistors are
inorganic, organic, and organic-inorganic composites (Figure 2.1).43%® The types of
functional materials can be considered as noble metals, metal oxides or sulfides, carbon
nanotubes, graphene and graphene oxide, conducting polymers, organic-inorganic
composites.*> Among metal oxides, SnO2, TiOz, 1203, WO3, ZnO, Fe;0s, CuO, of
carbon-based materials, graphene and graphene oxide carbon nanotubes have been
frequently used.*® Polyaniline, polypyrrole, poly(3,4-ethylenedioxythiophene) (PEDOT)

are the most preferred conducting polymers.*
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Once volatile organic molecules can be found in the air, they interact with the
sensing material, creating a shift in electrical resistance, which may then be quantified
and linked to the quantity of the volatile organic chemical in the air.>* Chemiresistors have
many advantages, including low-cost, shrinkable, and fast-response.*’ Furthermore,
chemiresistive gas sensors are noted for their remarkable selectivity, allowing them to
detect and differentiate between many volatile organic molecules.>? These additionally
have the advantage of being extremely sensitive, detecting even minute levels of VOCs

in the air.%?
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Figure 2.2. The MOS-based sensing approach for n-type and p-type chemiresistors.*®

Chemiresistors are in high demand in chemistry and materials science for
detecting and measuring changes in chemical composition or concentration.*® These
sensors are categorized into two types, including n-type and p-type chemiresistors
regarding the sensing materials employed in the applications (Figure 2.2).*® The electrical
working principles of n-type and p-type materials differ due to the effective charge
carriers responsible for conductivity.*® To explain in detail, the excess of electrons plays
a vital role as the effective charge carrier in the n-type semiconductor systems, thereby
allowing them to transport electricity via the flow of electrons.® In reverse, the

overabundance of holes is the predominant charge carrier in the p-type chemiresistors,
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which results in the conduction of electricity via holes.® To put it simply, n-type sensing
systems employ numerous negatively charged electrons, whereas p-type chemiresistors
have excess positively charged holes.> The comprehension of this variation in electrical
characteristics and major charge carriers is critical for the effective operation of
chemiresistor systems.® The interaction of chemical vapours shows a distinction between
n-type and p-type sensing materials used in chemiresistors.*® In the n-type gas sensors,
the electrical resistance decreases with their interaction with reducing gases because these
systems are more receptive to these volatile compounds due to their plethora of electrons
that facilitate simple contact with them.*® In contrast, the electrical resistance increases
when subjected to oxidizing gases.*® Comparatively, p-type chemiresistors experience the
opposite output.*® Figure 2.2 provides a graphical illustration of this phenomenon.*® In
general, the electrical behavior, effective charge carrier, and receptivity to different target
gases of n-type and p-type chemiresistor systems determine their main differences.*®

2.3. Sensing Materials

Advances in material research have had a significant influence on the fabrication
of sensors, notably chemiresistors.*® These breakthroughs have resulted in the discovery
and application of nanomaterials such as noble metals, silicon, and metal oxide
nanoparticles, conducting polymers, carbon nanotubes, and metal nanowires.*® These
nanostructures possess distinct physical and chemical characteristics, making them
perfect options for chemiresistors.*® Their increased chemical response, even at ambient
temperature, enables sensitive recognition of target analytes or gases.*® These
nanomaterials may be produced and tailored for sensing efficiency.>* Moreover, research
on gas sensors has demonstrated the promise of nanomaterials in sensing applications.>
In summary, the utilization of nanomaterials in chemiresistors has enormous promise for
creating high-performance sensors.*® Herein, many examples of literature on sensing
materials were provided in this section for further understanding of the structure-
properties relationship.

A summary of the sensing materials commonly used for chemiresistor
applications was provided in Table 2.1. As understood from the table, metal oxides have
a general drawback, like high operating temperature, which makes their applicability

stringent as a chemically-resistant tool. On the other hand, carbon-based materials such
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as graphene, RGO, GQDs, and conjugated polymers like PPy and PANI operate at room
temperature and possess higher sensitivity in the trace amount of target gases. These
findings motivated us to work on carbon-based PDendPs as active materials for

chemiresistive gas sensing.

Table 2.1. Sensing material commonly used for chemiresistor applications.>®

Sensing material Operating temp.  Response (%)
Graphene RT 1.87 (1 ppm)
Ni/Ce-SnO 215°C 87 (100 ppm)
Ce-Sn0 250 °C 84 (100 pmm)
ZnO 500 °C 71 (100 ppm)
Zr02 RT 50 (10 ppm)
La1xSrxCoOs3 RT 10 (10 ppm)
PPy/PANI RT 1.19 (2983 ppm)
Sn0-RGO RT 2.19 (10 ppm)
PANI/Ni-Pc RT 50 (150 ppm)
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2.3.1. Noble Metals, Metal Oxides, or Sulfides for VOCs sensing

Green led ON when Red led ON when
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Figure 2.3. Pd-anchored device prototype connected with 10T platform.>®

Kumar et al. have recently invented a new manufacturing process for H>S gas
sensing models that employ a noble metal-containing metal oxide semiconductor (MOS)
strategy. CuCrOz-recognizing thin films were grown on SiO,/Si surfaces adopting the RF
blasting technique. Pd nanoparticles, recognized for their outstanding gas-sensing
catalytic characteristics, were subsequently fabricated onto CuCrO- coatings by applying
DC deposition with various sputtering periods of 3, 6, 9, and 12 seconds. The obtained
nanorice shape improves the uptake of gases and captures more target analytes. Sputtering
Pd through 9 seconds significantly increased H>S detection compared with other gases.
Pd-coated CuCrO> surface experienced the greatest 72.3% response after exposure to 50
ppm H>S, with a detection limit of 0.5 ppm. These findings were obtained at the high
operating temperature of 150 °C. The technology was transferred to construct a sensor
component for the working model that includes integration into the Internet of Things.
The prototype hyperlinks to Wi-Fi and then to a smartphone via a hotspot on the phone.
Therefore, the findings from this study will assist to speed the deployment of loT-enabled
sensors, paving the path towards an environmentally friendly future platform (Figure
2.3).5
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Figure 2.4. A visual representation illustrates the underlying idea of metal-based SnO>

sensor's in-situ measurement supported by NAP-XPS analysis.®’

Vorokhta and colleagues provided the findings of a research study through the
chemical reactions occurring around the exterior of a SnO2-based chemiresistor in various
atmospheres at relatively high operating temperatures (450 and 573 K). The fundamental
approach for nanoscale investigation was Near Ambient Pressure X-ray Photoelectron
Spectroscopy (Figure 2.4). The capacitance and DC sensitivities of the SnO» layer were
measured in situ, giving information regarding macroscale activities for gas detection.
The shift monitored in sensor conductivity along with ethanol exposure indicates the
chemisorption process between the sensor's surface and ethanol molecule. This
phenomenon was proved by the temporary absence of the band stretching result and the
discovery of various carbon based moieties from the sensor's exterior within the XPS
analysis. Moreover, the NAP-XPS spectra revealed that the nanostructured material tin
oxide undergoes a partial reduction even when subjected to clean oxygen at 573 K. The
combined exposure of the sensor to O./EtOH could not substantially enhance the surface
reduction which is most likely caused by the slow rate of the ethanol reduction procedure
and the quick oxygen reoxidation kinetics. Nevertheless, the data confirms that the

periphery of chemiresistor is progressively polluted with carbon accumulation.®’
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CuO nanoparticle

MoS, sheet

Figure 2.5. The principle of MoS2-CuO nanocomposite chemiresistor for sensing acetone

vapor is schematized in this image.®

In 2022, Roy and colleagues established the chemiresistor to sense acetone vapor
at ambient temperature using molybdenum disulfide (MoSz)-copper oxide (CuO)
composites (Figure 2.5). The topological and physical properties of the crystalline
structure and adhesion of CuO nanoparticles to MoS; nanosheets were studied utilizing
conventional material characterization methods. The recognition capabilities were
thoroughly tested by subjecting the MoS2-CuO chemiresistor system to changing levels
of acetone vapor. The sensor device, which has significant sensitivity, rapid response,
recovery time, and a detection limit of 93 ppb, demonstrated an outstanding sensing
performance toward acetone. Finally, the device demonstrated excellent reliability,
consistency, and stability, indicating significant potential application areas for acetone

gas detection in medical care, nature, and industry.>®
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2.3.2. Carbon-based materials for VOCs sensing
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Figure 2.6. The scheme demonstrates MeOH/EtOH detection capacities of chemiresistors
SLG, BLG and MLG which are formed in three distinct morphologies.>®

Along with identical molecular composition and functional groups, primary
alcohol is particularly challenging to sense in chemiresistor applications. To overcome
this problem, Inanc et al. have prepared single-layer, bi-layer, and multi-layer graphenes
with different morphologies to investigate the differential methanol—ethanol features
(Figure 2.6). Chemiresistive gas sensors composed of three graphene topologies show
distinct MeOH-EtOH reactions due to distinct intercalation of MeOH inside layers of
graphene morphologies vs. EtOH. Density functional theory simulations confirm that
EtOH molecules adsorb more efficiently on graphene surfaces than MeOH molecules,
preventing intercalation in multilayer graphene structures. Increasing the number of
graphene layers leads to more MeOH intercalation, resulting in various MeOH-EtOH
reactions. The findings from this study imply that selective and sensitive MeOH tests may
be developed employing multiple graphene patterns using a multifunctional sensor array

configuration.>®
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Figure 2.7. The detection strategy to alcohol gases with low molecular weight by a

nanocomposite consisting of MWCNT-OH connected electrospun nylon 6,6
nanofibers.°

Choi and co-workers generated MWCNT-OH adsorbed electrospun nylon 6,6
nanofibers using the electrospinning and dip coating approach in this study (Figure 2.7).
The pristine electrically spun nylon 6,6 nanofibers received 0.056 wt% of MWCNT-OH
with an electrical conductivity of 5.24x107® S cm™. The sensing characteristics of this
chemiresistor were examined regarding its response to small molecular weight alcohol
vapors, including methanol, ethanol, 1-propanol, and 1-butanol. This sensor's electrical
impedance changed due to weak hydrogen bonding between alcohols, hydroxyl groups
upon MWCNT-OH, and amide clusters in nylon 6,6. The constructed sensor

demonstrated significant reversibility and repeatability throughout the trials.®
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2.3.3. Conducting polymers for VOCs sensing

Figure 2.8. A chemiresistor system composed of conjugated polymer complex or
composite (PEDOT:PSS) doped with Methyl Red (MR) fluorescent

molecule to sense ethanol vapor.®*

Dos Reis et al. in 2010 coated the conducting mix of poly (3,4-ethylene
dioxythiophene) and polystyrene sulfonated acid (PEDOT-PSS) polymers using Methyl
Red (MR) dye in the acidic version and acted as the active material of a chemiresistor to
sense ethanol vapor (Figure 2.8). Chemical vapor deposition and spin-coating methods
were used to produce this Au-Polymers-dye combination for the device. The metal
electrodes were deposited onto the surface of the glass initially, followed by the
fabrication of an organic thin film with an active surface of around 1.0 mm?. This sensor
operates based on electrical resistivity with atmospheres including ethanol vapor
transported by N2 gas and vapor. It possesses a sensitivity of 1.15 for a detection limit of
26.25 ppm analyte operating at room temperature. Also, it is reversible with a minimal
electrical consumption of 20 uW. Atomic Force Microscopy (AFM) investigated the thin
film shape of ~200 nm thickness, revealing a granulometric interface conducive to
adsorption. This method of combining PEDOT-PSS doped with MR dye to make a blend

film performs well as a chemiresistor.5!
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Figure 2.9. PANI and PANI/AC blends for methanol vapor detection mechanism.®2

Kumar et al. in 2023, towards the production of an innovative chemiresistor
operating at room temperature to sense methanol, polyaniline (PANI), and activated
charcoal (AC) composites with changing concentrations of activated carbon from 5-10 to
15-20 wt. % prepared for these applications (Figure 2.9). FT-IR analysis was employed
for pure and PANI nanocomposites to verify the targeted materials' synthesis. The semi-
crystalline structure of PANI nanocomposites was also established by XRD spectra.
Moreover, in the changing methanol concentrations in ppm scales, the prepared samples
have been applied as a chemoresistive sensor. The concentration of carbon black as an
additive in the PANI matrix increases, the sensing material’'s response increases in terms
of the ppm value. The composite of PANI/AC (20 wt.%) had the highest sensitivity to
methanol with 42.54% resistivity change, at 200 ppm level. Furthermore, age and
humidity did not significantly affect AC-PANI composites' detecting capacities, making
it an extremely favorable sensor. Finally, these materials are environmentally friendly,
cheap, selective, sensitive, and robust for methanol vapor sensing. Therefore, these
features make them a promising choice for the fabrication of industrial methanol

sensors.52

38



2.3.4. PPD for VOCs sensing
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Figure 2.10. A) PPDs utilized for layer-by-layer gold nanoparticle coating B) A graphical
illustration of the gold nanoparticle/dendrimer layer framework, as well as

the electrode structure utilized to electronically access the film.®3

Vossmeyer et al. in 2002 applied disulfide-functionalized PPDs on gold
nanoparticles to fabricate layer-by-layer composite films (Figure 2.10). Dendrimers
crosslinked particles through film accumulation allowed for step-by-step production of
dynamically fortified films with exact thickness control. In chemiresistive sensor
application device, this film demonstrated significant sensitivity towards toluene and
trichloroethylene, which are highly toxic vapors. The material's quick reaction times,
great sensitivity to VOCs, and low susceptibility to moisture make them an ideal

candidate for applications in sensor technology.®®
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2.4. Target Gases

This part provides descriptions and lists of some significant gases in
environmental pollution monitoring, welfare, and the manufacturing sector.
Chemiresistor devices for every type of target gas have been explored and employed in
many areas.® In this thesis, studies based on combustible solvent EtOH as a target gas
have been completed using PDendPs as sensing materials.

Volatile organic compounds (VOCs): These substances include carbon-derived
organic molecules such as halogenated compounds, aldehydes, alcohols, ketones,
aromatic compounds, etc. VOCs are an essential ingredient to air contamination, and their
releases from both external and internal sources are escalating as a result of expanding
economic growth and urbanization. Excessive amounts of VOCs could lead to health
problems or severe illnesses like cancer.®*

Hydrogen (H2): The colorless, combustible gas produces exploding combinations
with the atmosphere. It is the most plentiful element in the cosmos; if not, it is very
uncommon in the Earth's surrounding environment. It can be considered mainly an
artificial product that serves as an additive in the chemical sector, gasoline, a power
source, and a chiller in electrical power plants.®®

Ammonia (NHs): The irritating gas that has an unpleasant odor is utilized in
fertilization for intensive cultivation, sanitary goods, textile manufacturing, and
refrigeration gas. In excessive amounts, it has the potential to pollute the atmosphere,
land, and water, as well as cause serious adverse effects on human health.5®

Water vapor (H20): The planet's major greenhouse gas absorbs greater amounts
of heat than carbon dioxide, and its quantification and regulation are critical in many
fields, including weather science, health care, business, and farming. However, water
vapor is important since it interferes with many gases that may be identified, whether they
are contaminants or not. Therefore, the comprehension of humidity is the critical element
that defines how moisture affects the sensor's reaction.®’

Oxygen (O2): Oxygen is the primary gas required for existence and one of the
three principal elements of the planet's atmosphere, along with nitrogen and argon,
accounting for around 21% of the total volume. In enclosed places, O2 concentrations can

drop significantly, posing a considerable health risk. It is employed to cure physiological
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disorders, industrial and combustion procedures, and the automobile industry; when
combined with gasoline, it provides better performance and lowers fuel usage.®®

Ozone (0O3): This is an atmospheric gas featuring an appealing smell that may
cause irritation and damage humans. It is abundant in the ozone layer and screens the
sun's ultraviolet radiation, potentially harming life on Earth. In the ground-level
atmosphere, it is an indoor contaminant that promotes respiratory malfunction and
exacerbates breathing problems.®°

Carbon monoxide (CO): The combustible gas is produced by burning
hydrocarbon-based fuels. Because its propensity for hemoglobin is greater than that of
oxygen, since CO levels in the atmosphere exceed, it clings to hemoglobin, impeding O
transport in the metabolism. The effects include oxygen deprivation, tissue damage, heart
disease, and fatality.”

Carbon dioxide (CO.): The colorless gas is employed as a reagent in
photosynthesis by plants to produce oxygen and glucose, and it is formed throughout
inhalation in living organisms. Moreover, this can also be generated within the
combustion cycle reaction. This is a primary gas causing the formation of greenhouse
gases.”®

Hydrogen sulfide (H2S): The combustible gas with an unpleasant odor is formed
via volcanic activity, organic substance degradation, and fossil fuel burning. Many
industrial processes, from food manufacturing to leather tanning and oil refinery, also
yield hydrogen sulfide as a by-product. It may cause physiological implications like lung
disorders as well as the nervous, heart, kidneys, liver, and hematological systems.”

Sulfur dioxide (SO2): The gas with a suffocating odor represents one of the most
significant atmospheric contaminants. Its interactions with various compounds have a
broad spectrum of detrimental medical and ecological effects, including pulmonary
ailments, eye disabilities, and acid rain. Prolonged SO- intake can harm the eyes, lungs,
and throat.”

Nitric oxide (NO): The poisonous gas can be considered a by-product of the
burning of fossil fuels. This gas constitutes one of the most significant contaminants in
the air. Its excessive amounts act as a biomarker in a person's respiration, thereby
indicating pulmonary inflammation.”

Nitrogen dioxide (NO.): Harsh NO2 gas is created during the burning of fossil
fuels and the oxidization of nitrogen. It can be observed in high-traffic areas and is created
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interiors by heating. It is an acidifying contaminant that triggers acid rains and is
potentially harmful at minimal concentrations. The contact with it induces illnesses of the
respiratory tract, which can lead to mortality.’

Methane (CH4): The combustible gas occurs via the breakdown of several organic
substances in the absence of oxygen. The gas is recovered from subsurface mines and is
frequently mixed with various hydrocarbons. It can be defined as a type of greenhouse
gas emitted mainly by waste dumps degradation, fossil fuel processing, and livestock
digestion.”™

Ethylene (C2H4): This opaque gas is used as a chemical sector starting material to
manufacture other VOCs and other plastics, such as polyethylene. Additionally, it aids in
the maturation of tropical fruits. Ethylene may be considered an indicator hormone that
initiates the maturation process of fruits, as well as a cue for the maturity of fruits.*®

Acetone (C3HsO): The transparent, combustible liquid is primarily applied as a
solvent in industry. It is a physiological indicator linked to certain biochemical illnesses,
such as hyperglycemia.*?

Ethanol (C2HsOH): The combustible gas with low cytotoxicity serves as a
different fuel, cleaner, and solvent used for resins and paintings. The ethanol can be
processed in the human body, with just a tiny quantity excreted via urine, perspiration,
and inhaled air. This indicates a biological indicator associated with alcohol intake.”®

Formaldehyde (CH20): The transparent, poisonous gas can cause cancer.
Moreover, it is primarily employed in the creation of polymers as well as other chemicals
used to construct manual labor, coverings, and isolating foams, all of which emit
molecules of formaldehyde into the surroundings over time.””

Chlorine (Cl2): A gaseous form possesses a powerful odor and is exceedingly
hazardous. Chlorine has applications in the chemical and medical sectors to purify water
and household cleaning goods. The excess amount of this gas may have a high level of
toxicity and irritation.”®

Benzene (CeHs) and Toluene (C7Hg): These substances are transparent,
poisonous, and cancerous chemicals with a distinctive smell that are inherently contained
in petroleum-based goods and are then discharged into the surrounding environment after
partial combustion in transportation. Chemicals are employed in the manufacturing sector

as solvents for pigments, gums, and sealants.>°
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Liquefied petroleum gas (LPG): This fossil fuel, made mostly of gaseous
hydrocarbons, is widely used in home and industrial settings to create electricity and
operate heaters. This also has applications as a vehicle fuel. This is a highly explosive

gas.”
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CHAPTER 3

EXPERIMENTAL METHODS

3.1. General Methods

All reagents were purchased from commercial suppliers (Sigma-Aldrich,
Fluorochem, and Merck) and used without further purification unless otherwise noted.
All dendrimers were synthesized according to literature procedures and isolated by
column chromatography using common organic solvents as eluent and precipitation in
different solvent or solvent mixtures.®® Nitrogen (N2) sorption isotherms were measured
at 77 K using a Micromrititcs 3flex gas sorption analyzer. Before measurement, the
samples were degassed under vacuum at 130 °C for 12 h. The Brunauer-Emmett-Teller
(BET) method was used to calculate the specific surface areas. TGA analysis was done
on a Perkin Elmer Diomand TG/DTA. H NMR spectra were collected using a
MERCURYplus-AS 400 and a Varian NMR 400 MHz Nuclear Magnetic Resonance
Spectrometer. Chemical shifts were calibrated using residual solvents signals (CDCls: 6
(H)=7.26) or TMS. FT-IR spectra were recorded using a Perkin—Elmer Spectrum 100 at
R.T. All samples were prepared as KBr pellets. SEM images were collected using FEI
QUANTA 250 FEG scanning electron microscope. EDX analysis was performed using
ZEISS EVO010. XRD measurements were performed on a Bruker D8 Advance.
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3.2. Synthetic Methods

3.2.1. Synthesis of 1,3,5-tris-(1-trimethylsilylethynyl)benzene:
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Figure 3.1. Synthesis of 1,3,5-tris-(1-trimethylsilylethynyl)benzene.

Synthesized according to the reported procedure in the literature.8° 1,3,5-
tribromobenzene (3.0 g, 9.53 mmol), bis(triphenylphosphine)palladium chloride (0.20 g,
0.29 mmol), and copper(l)iodide (011 g, 0.57 mmol) were dried and degassed into a 100
ml Schlenk tube and dissolved in a mixture of THF:NEts (15 ml: 10 ml) under argon
atmosphere. Upon heating the reaction mixture to 60 °C, trimethylsilylacetylene (4.6 mL,
3.27 g, 33.4 mmol) was added. The resulting mixture was then heated to 80 °C and stirred
at this constant temperature for 24 hours. After the reaction had cooled to room
temperature, the volatile components were removed under reduced pressure. The
resulting light yellow solid product was purified via column chromatography using

hexane eluent as eluent and was subsequently used in the following step.

3.2.2. Synthesis of 1,3,5-Triethynylbenzene:
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Figure 3.2. Synthesis of 1,3,5-triethinylbenzene.
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In a 100 ml round bottom flask, the obtained 1,3,5-tris-(1-
trimethylsilylethinyl)benzene was added and dissolved in a mixture of THF (15 mL) and
methanol (15 mL). Potassium carbonate (7.71 g, 55.8 mmol) was added to the reaction
mixture and stirred at room temperature for 2 hours. The resulting reaction mixture was
concentrated under reduced pressure and then extracted with water and ethyl acetate. The
organic phase was collected and dried with sodium sulfate, and the volatiles were
removed under reduced pressure. The final product was isolated as a light yellow solid
after purification via silica gel column chromatography, yielding 0.92 g, which affords a
total yield of 58% obtained after two steps.®

3.2.3. Synthesis of 4,4'-bis(tri isopropyl silylethynyl) benzyl:
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Figure 3.3. Synthesis of 4,4'-bis(tri isopropy! silylethynyl) benzyl.

Synthesized following the common procedure in the literature.8! 1,2-bis(4-
bromophenyl)ethane-1,2-dione (0.49 g, 1.32 mmol), bis(triphenylphosphine)palladium
chloride (0.11 g, 0.15 mmol) and copper(l)iodide (0.06 g, 0.30 mmol) were dissolved into
a 100 ml Schlenk tube with dry and degassed toluene: NEts (10 ml: 10 ml) under argon
atmosphere. After heating the reaction mixture to 80 °C, triisopropylsilylacetylene (0.94
mL, 0.65 g, 6.60 mmol) was added. The final mixture was maintained at 80 °C and stirred
for a period of 24 hours. After the reaction was cooled down to room temperature, the
volatiles were removed under reduced pressure. The resulting product was purified using

silica gel column chromatography to afford a light yellow solid (0.60 g, 55%).
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3.2.4. Synthesis of 2,5-diphenyl-3,4-bis(4-
((triisopropylsilyl)ethynyl)phenyl)cyclopenta-2,4-dien-1-one:
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Figure 3.4. Synthesis of 2,5-diphenyl-3,4-bis(4-((tri isopropylsilyl) ethynyl) phenyl)
cyclopenta-2,4-dien-1-one.

The synthesis was performed following a modified version of the reported
procedure in the literature.®2 To a round-bottomed flask, 4,4'-bis(triisopropylsilylethinyl)
benzyl (660 mg, 1.16 mmol) and 1,3-diphenylpropan-2-one (220 mg, 1.05 mmol) were
dissolved in t-BuOH (5 mL) and heated to 80 °C. 300 ul of 40% TBAH solution (in
MeOH: commercial product) -diluted with 1 ml of t-BuOH- was added dropwise and
stirred at this temperature for 30 minutes. The reaction was quenched with 5 ml MeOH
and the mixture was allowed to precipitate at 4°C overnight. The precipitate was purified
by filtration and washed with cold MeOH. After removing the residual solvent under
reduced pressure, the product was obtained as a purple-red solid (0.6 g, 76%).
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3.2.5. Synthesis of GNRD-Glap:

o-xylene, reflux >7Y
- > Si—=
A

170 °C

GNRD-G1ap

Figure 3.5. Synthesis of GNRD-G1ap.

The synthesis was performed following a modified version of the reported
procedure in the literature.?® In a round-bottomed flask, 2,5-diphenyl-3,4-bis(4-
((triisopropylsilyl)ethynyl)phenyl) cyclopenta-2,4-diene-1-one (625 mg, 0.84 mmol)
dissolved in o-xylene (20 mL) was evacuated and filled with argon gas three times and
then heated to 100 °C. To this mixture, a solution of 1,3,5-triethynylbenzene (35 mg, 0.23
mmol) in 3 ml of 0-xylene was added dropwise, the temperature was then increased up to
170 °C. After the overnight reaction, o-Xylene was evaporated under reduced pressure,
and the remaining mixture was purified by column chromatography in a hexane-DCM
system. The remaining solid was dissolved with DCM and precipitated with MeOH. The
product was then afforded as a yellow-white solid (0.33 g, 62%).
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3.2.6. Synthesis of GNRD-Gla:

GNRD-G1ap GNRD-G1a

Figure 3.6. Synthesis of GNRD-G1a.

The synthesis was performed following a modified version of the reported
procedure in the literature.®® To a round-bottomed flask, GNRD-G1ap (300 mg, 0.13
mmol) was dissolved in THF (5 ml). BusNF (2.35 ml, 2.35 mmol from 1M BusNF
solution in THF) was added to this solution. After 2 h stirring at room temperature, the
reaction was quenched with ~5 ml DCM, and the organic phase was washed with water
and dried over Na>SOg4. After evaporating the solvent under reduced pressure, the crude
product was washed with DCM and purified by reprecipitation in MeOH. The product
was then afforded as a yellow-white solid (150 mg, 86%).
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3.2.7. Synthesis of GNRD-G2ap:
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GNRD-G1a GNRD-G2ap
Figure 3.7. Synthesis of GNRD-G2ap.

Modified according to the reported methodology in the literature.® In a round-
bottomed flask, 2,5-diphenyl-3,4-bis(4-((triisopropylsilyl) ethynyl)phenyl) cyclopenta-
2,4-diene-1-one (675 mg, 0.90 mmol) dissolved in 0-xylene (20 mL) was evacuated and
filled with argon gas three times and then heated to 100 °C. To this mixture, a solution of
GNRD-Gla (150 mg, 0.11 mmol) in 3 ml of o-xylene was added dropwise, the
temperature was then increased up to 170 °C. After the overnight reaction, o-xylene was
evaporated under reduced pressure; the remaining mixture was purified by column
chromatography in the hexane-DCM system. The remaining solid was dissolved with
DCM and precipitated with MeOH. The product was then afforded as a yellow-white
solid (0.2 g, 32%).
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3.2.8. Synthesis of GNRD-G2a:

GNRD-G2ap GNRD-G2a
Figure 3.8. Synthesis of GNRD-G2a.

Modified in accordance with the reported methodology in the literature.® To a
round-bottomed flask, GNRD-G2ap (200 mg, 0.04 mmol) was dissolved in THF (5 ml).
To this solution, BusNF (1.27 ml, 1.27 mmol from 1M BusNF solution in THF) was
added. After 2 h stirring at room temperature, the reaction was quenched with ~5 ml
DCM, and the organic phase was washed with water and dried over Na;SOa.. After
evaporating the solvent under reduced pressure, the crude product was washed with DCM
and purified by reprecipitation in MeOH. The product was then afforded as a yellow-
white solid (0.1 g, 75%).
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3.2.9. Synthesis of CP-Br:

X
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Figure 3.9. Synthesis of CP-Br.

Modified in accordance with the reported methodology in the literature.®? To a
round-bottomed flask, 1-(4-bromophenyl)-2-phenylethane-1,2-dione (720 mg, 2.49
mmol) and 1,3-diphenylpropan-2-one (480 mg, 2.29 mmol) were dissolved in t-BuOH
(5 mL) and heated to 80 °C with reflux. 640 pl of 40% TBAH solution (in MeOH:
commercial product) -diluted with 1 ml of t-BuOH- was added dropwise and stirred at
this temperature for 1 hour. The reaction was quenched with 5 ml MeOH and precipitated
at 4 °C overnight. The precipitate was purified by filtration with cold MeOH. The product

was obtained as a purple-red solid after drying under vacuum (0.9 g, 86%).

3.2.10. Synthesis of G1:
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Figure 3.10. Synthesis of G1.

In a round-bottomed flask, CP-Br (300 mg, 0.65 mmol) dissolved in o-xylene (20
mL) was evacuated and filled with argon gas three times and then heated to 100 °C. To

this mixture, a solution of 1,3,5-triethynylbenzene (16.2 mg, 0.11 mmol) in 3 ml of o-
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xylene was added dropwise, the temperature was then increased up to 170 °C. After the
overnight reaction, o-xylene was evaporated under reduced pressure, the remaining
mixture was purified by column chromatogtaphy in DCM system. The remaining solid
was dissolved with DCM and precipitated with MeOH. The product was then afforded as
a white solid (0.15 g, 97%).

3.2.11. Synthesis of G2:

O Y 170 °C

GNRD-G1a

Figure 3.11. Synthesis of G2.

In a round-bottomed flask, CP-BR (250 mg, 0.54 mmol) dissolved in o-xylene (20
mL) was evacuated and filled with argon gas three times and then heated to 100 °C. To
this mixture, a solution of GNRD-G1a (96 mg, 0.07 mmol) in 3 ml of o-xylene was added
dropwise, the temperature was then increased up to 170 °C. After the overnight reaction,
0-xylene was evaporated under reduced pressure, the remaining mixture was purified by
column chromatogtaphy in DCM system. The remaining solid was dissolved with DCM
and precipitated with MeOH. The product was then afforded as a yellow-white solid (0.16
g, 58%).
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3.2.12. Synthesis of G3:
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Figure 3.12. Synthesis of G3.

In a round-bottomed flask, CP-BR (247 mg, 0.53 mmol) dissolved in o-xylene (20

mL) was evacuated and filled with argon gas three times and then heated to 100 °C. To

this mixture, a solution of GNRD-G2a (67 mg, 0.02 mmol) in 3 ml of o-xylene was added

dropwise, the temperature was then increased up to 170 °C. After the overnight reaction,

0-xylene was evaporated under reduced pressure, the remaining mixture was purified by

column chromatogtaphy in DCM system. The remaining solid was dissolved with DCM

and precipitated with MeOH.

g, 65%).

The product was then afforded as a yellow-white solid (0.1
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2,5-diphenyl-3,4-bis(4-((triisopropylsilyl)ethynyl)phenyl) CP-Br
cyclopenta-2,4-dien-1-one

Figure 3.13. All synthesized reactants.
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Figure 3.14. All synthesized dendrimers.
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3.3. General Method for the Synthesis of PDendPs via Suzuki

polycondensation

3.3.1. Polymer synthesis

The mixture of PPD, 1,4-bis(4,4,55-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzene, and Pd(PPhs)s was evacuated and filled with argon gas three times. The pre-
degassed DMF (and o-xylene), and an aqueous solution of K>COz were added to the
reaction mixture, respectively, and then gradually heated to 150 °C for 4 days. After
washing PDendPs with appropriate solvents, the polymers were obtained as a grey
powder.
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3.3.2. G1 Polymerization- P1DendP:
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Figure 3.15. Synthesis of P1DendP.

In a Schlenk tube, G1 (80 mg, 0.055 mmol), 1,4-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzene (27 mg, 0.082 mmol) and Pd(PPhs)s (20 mg, 0.017 mmol)
was evacuated and filled with argon gas three times. To the reaction mixture, pre-
degassed 3 ml DMF, 3 ml o-xylene and K>COs (2M/H20, 1.1 mL, 2.2 mmol) was added
and then, heated to 150 °C for 4 days. The reaction mixture was washed with DMF,
distilled water, THF, acetone, 1M HCI, and MeOH, respectively. The product was then
afforded as a grey powder (64 mg, 83%).
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3.3.3. G2 Polymerization- P2DendP:
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Figure 3.16. Synthesis of P2DendP.
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In a Schlenk tube, G2 (85 mg, 0.021 mmol), 1,4-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzene (21 mg, 0.064 mmol) and Pd(PPhs)s4 (20 mg, 0.017 mmol)
was evacuated and filled with argon gas three times. To the reaction mixture, pre-
degassed 6 ml DMF and K>COz (2M/H20, 1.1 mL, 2.2 mmol) were added and then
heated to 150 °C for 4 days. The reaction mixture was washed with DMF, distilled water,
THF, acetone, 1M HCI and MeOH, respectively. The product was then afforded as a grey
powder (66 mg, 79%).
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3.3.4. G3 Polymerization- P3DendP:
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Figure 3.17. Synthesis of P3DendP.
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In a Schlenk tube, G3 (50 mg, 0.00555 mmol), 1,4-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzene (15 mg, 0.09 mmol) and Pd(PPhs)4 (20 mg, 0.017 mmol) was
evacuated and filled with argon gas three times. To the reaction mixture, pre-degassed 6
ml DMF and K>COs (2M/H20, 1.1 mL, 2.2 mmol) were added and then heated to 150
°C for 4 days. The reaction mixture was washed with DMF, distilled water, THF, acetone,
1M HCI, and MeOH. The product was then afforded as a grey powder (40 mg, 79%).
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Figure 3.18. Synthesized dendritic polymers: P1DendP, P2DendP, P3DendP.
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3.4. Characterization Data for Synthesized Compounds

All synthesized reactants and dendrimers were characterized by 'H NMR
spectroscopy. Below are the NMR data for all reactants and dendrimers synthesized.

N\

4

Figure 3.19. 1,3,5-triethynylbenzene.

1,3,5-Triethynylbenzene: *H NMR (300 MHz CDCls) § 7.54 (s, 3H), 3.08 (s,
3H).
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Figure 3.20. 4,4"-bis(tri isopropyl silylethynyl) benzyl.

4,4'-bis(tri isopropyl silylethynyl) benzyl: *H NMR (300 MHz, CDCls) & 7.92
(d, J =8.6 Hz, 4H), 7.60 (d, J = 8.6 Hz, 4H), 1.15 (m, 42H).
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Figure 3.21. 2,5-diphenyl-3,4-bis(4-((triisopropylsilyl)ethynyl)phenyl)cyclopenta-2,4-

dien-1-one.
2,5-diphenyl-3,4-bis(4-((triisopropylsilyl)ethynyl)phenyl)cyclopenta-2,4-

dien-1-one: *H NMR (400 MHz CDCls3) § 7.37-7.26 (m, 9 H), 7.19-7.15 (m, 5 H), 6.85
(d, J=8.4 Hz, 4 H), 1.10-1.09 (m, 42 H).
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Figure 3.22. CP-Br.

CP-Br: *H NMR (400 MHz CDCls) § 7.30-7.25 (m, 4 H), 7.24 (d, J=2.0 Hz, 2
H), 7.23-7.17 (m, 9 H), 6.91 (d, J = 7.2 Hz, 2 H), 6.78 (d, J = 8.8 Hz, 2 H).
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Figure 3.23. GNRD-G1ap.

GNRD-G1lap: 'H NMR (400 MHz CDCls) & 7.16-7.09 (m, 12H, arom.), 7.06-
6.95 (m, 18H, arom.), 6.88-6.74 (m, 12H, arom.), 6.71-6.69 (m, 6H, arom.), 6.66-6.55
(m, 12H, arom.), 1.06-1.05 (m, 126 H, aliphatic).

Figure 3.24. GNRD-Gla.
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GNRD-G1la: 'H NMR (400 MHz CDCls3) § 7.16-7.14 (m, 9H, arom.), 7.03-7.00
(m, 12H, arom.), 6.95 (d, J=8.4 Hz, 6H, arom.), 6.82-6.76 (m, 12H, arom.), 6.72-6.68
(m, 9H, arom.), 6.60 (d, J=8.4 Hz, 6H, arom.), 6.54 (d, J=8.4 Hz, 6H, arom.), 2.95 (s, 3H,
C=C-H), 2.92 (s, 3H, C=C-H).
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Figure 3.25. GNRD- G2ap.

GNRD-G2ap: 'H NMR (400 MHz CDClIz) & 7.40 (s, 3H, arom.), 7.37 (s, 3H,
arom.), 7.18-7.11 (m, 24H, arom.), 7.10-7.02 (m, 30H, arom.), 7.00-6.62 (m, 114H,
arom.), 1.06-1.06 (m, 252H, aliphatic).

66



\ /
\ X0,
O OO0
OO QO O
(o QO XX —=

O X000 O O O
() O O OA O A

/ OO WO
=) =

OXORUES

/ \

Figure 3.26. GNRD- G2a.

GNRD-G2a: 'H NMR (400 MHz CDCls) & 7.44 (s, 3H, arom.), 7.40 (s, 3H,
arom.), 7.19-7.13 (m, 24H, arom.), 7.10-7.05 (m, 24H, arom.), 7.01-6.97 (m, 18H, arom.),
6.89-6.80 (m, 24H, arom.), 6.78-6.72 (m, 18H, arom.), 6.70-6.62 (m, 33H, arom.), 6.60-
6.55 (m, 12H, arom.), 6.47 (d, J=8.8 Hz, 9H, arom.), 6.36 (d, J=7.2 Hz, 6H, arom.), 2.97
(s, 6H, C=C-H), 2.95 (s, 6H, C=C-H).
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Figure 3.27. G1.

G1: 'H NMR (400 MHz CDCls3) § 7.20-7.12 (m, 9H, arom.), 7.08-6.99 (m, 9H,
arom.), 6.96-6.90 (m, 6H, arom.), 6.86-6.75 (m, 21H, arom.), 6.71 (s, 3H, arom.), 6.66
(d, J=8.4 Hz, 6 H), 6.60-6.53 (m, 9 H).
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Figure 3.28. G2.

G2: 'H NMR (400 MHz CDCl3) 6 7.42 (dd, J=16.4 Hz, 6H, arom.), 7.18-7.10 (m,
42H, arom.), 7.05-6.92 (m, 36H, arom.), 6.88-6.78 (m, 42H, arom.), 6.72-6.66 (m, 30H,
arom.), 6.61-6.57 (m, 12 H, arom.), 6.48 (d, J=7.2 Hz, 6 H, arom.), 6.37 (d, J=8 Hz, 6 H,

arom.).
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Figure 3.29. G3.

G3: 'H NMR (400 MHz CDCl3) & 7.49-7.30 (m, 15H, arom.), 7.24-7.07 (m, 78H,
arom.), 7.07-7.00 (m, 30H, arom.), 7.00-6.91 (m, 45H, arom.), 6.91-6.76 (m, 96H, arom.),

6.75-6.65 (m, 60H, arom.), 6.64-6.54 (m, 45H, arom.), 6.53-6.30 (m, 45 H, arom.)
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3.5. The Brunauer-Emmett-Teller (BET) Calculations for the Specific

Surface Areas

BET equation needs a linear plot of 1/[Q(P/Po)-1] vs. relative pressure (P/Po).

Slope(s) and intercept(i) are used to calculate W value (weight of monolayer), which is

equal to i St (total surface area) will be derivated as; Si=or-Acs

, Where N =

Avogadro's number (6.023x10%%), M = Molecular weight of Adsorbate, Acs = Adsorbate

cross-sectional area (16.2A2 for Nitrogen). S (specific surface area) is calculated with

S:%, where w is the sample weight.

3.6. Gas Sensing Properties of Porous Dendritic Polymers

3.6.1. Device Fabrication

USE Commection

Figure 3.30. (a) 2D Printer, (b) Connection point of 2D printer.

A 2D printer was used to produce the device geometry, displayed in Figure 3.30,
to prepare the sensor device. Paper substrate was our preferred option due to its plentiful
raw material, physical flexibility, biodegradability, biocompatibility, and economical
disposable qualities. The substrates for the chemiresistors were made by coating graphite
electrodes over paper substrate utilizing a 2D printer. The conductivity in the
chemiresistor was provided by electrode pairs found in all devices. It is common
knowledge that 2D printers are frequently used to produce electrical gadgets.?*#" As seen

in Figure 3.30, a 2D printer of the "VG-4X" type from the VigoTec firm was utilized to
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generate uniform sensor devices. The printer in the picture can move left and right with
motors and belts. The springs in the pen holder control the pen's height relative to the

surface.

3.6.2. Gas Sensing Measurements

a) l MFCH
- A Sensor Stand
-
- . | ov 4
Multimeter
VOC Chamber
b) c)

Figure 3.31 (a) Illustrated gas sensing setup, (b) sensing device, (c) measurement stand.

Figure 3.31 illustrates the sensing system used in the VOC detection tests. The
electrodes of the sensor surface between them are linked in series with the power supply
and multimeter. The sensor setup is concealed in a glass reservoir to protect it from
external effects like wind while permitting it to interact with the air. The N2 gas in the
tank is transported promptly to the sensor device, whereas the organic component ethanol
in the VOC chamber is evaporated by heating and transmitted to the sensor device via
pipelines attached to the chamber utilizing N2 as carrier gas. Figure 3.31a indicates how
the gas flow is regulated by MFC1 (Mass Flow Controller) and MFC2 for N2 and ethanol,
respectively. For ethanol gas detection, the identical measuring system was utilized for
all polymers (P1DendP, P2DendP, and P3DendP).
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3.6.3. HPPM Measurements

n-type p-type
a) b)

Cold Probe A Cold Probe A

Ciraphite _Hot Probe

["‘ﬂ-]]..-'n'l.c‘l' Polyrfier

Figure 3.32. Schematic illustration of the HPPM measurements, (a) n-type, (b) p-type.

The measurement determines the potential difference between two spots on the
surface. The multimeter's (+) probe is hot, while the other probe stays cold. Temperature
causes the dominant charge carriers to migrate on the electrodes where the (+) and (-)
probes touch, resulting in a potential difference between the two sites. The best method
for determining the type of conductivity is to observe at the direction in which current
and charge carrier flow. Since holes are the primary charge carriers in p-type materials,
current flow is directed in the same direction as the direction in which holes move.
Nevertheless, the current will move in the opposite direction of electron migration since
electrons are the primary charge carriers in n-type materials. As a result, current flows in
distinct paths in materials with varying conductivity. A negative voltage value on the
multimeter reveals a p-type character, whereas a positive voltage value suggests an n-

type character.

3.6.4. Computational Methodology

To examine the interaction between ethanol and PDendPs, the Vienna ab initio
Simulation Package (VASP) was used for first-principle calculations. The exchange-
correlation function of the Perdew-Burke-Ernzerhof model has been executed as a
Generalized Gradient Approximation.288° As projector-augmented wave potentials,
single-atom pseudopotentials were employed.®® In the Grimme damping function

technique via the DFT-D2 methodology, the van der Waals adjustment was used to
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estimate the weak dispersion forces.® The Bader charge technique calculated how charge
moves between ethanol and PDendPs. The total energy optimizations used a kinetic
energy cutoff of 500 eV and a convergence threshold of 10 eV. To avoid interactions
between surrounding layers in-plane and out-of-plane, a vacuum separation of 16 A was
chosen. A 1x1x1 k-point mesh was implemented to sample real space for compositional

optimizations and density state computations.
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CHAPTER 4

RESULTS & DISCUSSION

PPDs and PDendPs hold unique physical and chemical properties. However,
reaching specific surface areas of Sger up to 100 m?/g makes it very challenging to
synthesize and derivatize these important materials. Because of this, the development of
a new and straightforward method to obtain various analogs of PPDs and PDendPs with
higher specific surface areas is in high demand. The thesis study's primary motivation is
to construct a new and applicable method for synthesizing PPDs and PDendPs. These
porous dendritic polymers have good potential to be employed as a chemiresistors. For
future perspective, this study commits a novel approach in the bottom-up solution

synthesis of well-defined porous graphene nanoribbons (pGNRS).
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4.1. Synthesis of PPDs and PDendPs
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Figure 4.1. Synthesis of polyphenylene dendrimers: GNRD-G1a, GNRD-G2a, G1, G2,
and G3: a) AB2 building block, o-xylene, 170 °C; b) TBAF, THF, R.T., 2 h;
c) AB building block, o-xylene, 170 °C.

In the divergent method of dendrimer synthesis, the tritopic phenyl core shown in
Figure 4.1 performed two distinct Diels-Alder reactions, yielding GNRD-Gla with
double-sillylated cyclopentadienone (CP-bis-sillyl: AB2 building block) and G1 with
mono-brominated cyclopentadienone (CP-Br: AB building block). Furthermore, by
submitting GNRD-G1a to Diels-Alder reactions with CP-bis-sillyl and CP-Br, two PPDs
were produced: GNRD-G2a and G2. Ultimately, G3 was synthesized from GNRD-G2a

using a Diels-Alder reaction and CP-Br. Monobrominated cyclopentadienone (CP-Br:
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AB building block) was chosen to avoid probable steric issues within polymerization

reactions.
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Figure 4.2. Synthesis of P1DendP, P2DendP, and P3DendP: Suzuki-Miyaura Coupling
1) Pd(PPhs)s, K2CO3, DMF, o-xylene, 150 °C; Suzuki-Miyaura Coupling 2)
Pd(PPhs)s, K.CO3, DMF, 150 °C.

The Suzuki-Miyaura coupling reaction on three distinct PPD generations was used
to synthesize P1DendP, P2DendP, and P3DendP, as demonstrated in Figure 4.2. The
isolated yields for P1DendP, P2DendP, and P3DendP were 83, 79, and 79%, respectively.
Some challenges were faced with the initial entry for P1DendP synthesis throughout the

polymer synthesis optimizations since G1 was partially miscible in DMF. The isolated

yield in the initial entry for G1 polymerization was poor, highlighting the necessity for
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optimization using an appropriate solvent system, including DMF/o-xylene, which was
illustrated in G1 polymerization. The result of this optimization gave rise to a good,
desired percentage yield. The synthesis of P2DendP was performed without further
optimization to provide effective polymerization since G2 dendrimer was soluble with
numerous typical organic solvents, leading to an adequate isolated yield in the first trial.
Lastly, the synthesis of P3DendP was carried out and isolated with a relatively high yield.
Although three polymers (P1DendP, P2DendP, and P3DendP) showed high
polymerization yield, they showed different porosity in terms of surface area and pore
volume, which will be discussed in detail in the discussion part of this thesis (as shown
in Figure 4.12 and Table 4.1). All produced compounds underwent additional
characterization processes and were discussed in detail - G1a, Glap, G2a, G2ap, G1, G2,
G3, P1DendP, P2DendP, and P3DendP.

4.2. Porous Dendritic Polymers (PDendPs) Characterizations

Firstly, Fourier transform infrared (FT-IR) spectroscopy was used to verify the
successful synthesis of the dendrimers and porous dendritic polymers (PDendPs) (Figure
4.3, 4.4, and 4.5). These spectra revealed the presence of polymeric and dendritic
structures with a glimpse of the increases and decreases in some characteristic stretching

bands of functionalities.
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Figure 4.3. FT-IR spectra for the synthesized triethynylbenzene, CP-bis-sillyl and
GNRD-Gla.

As seen in Figure 4.3, Fourier transform infrared spectroscopy initially confirms
the formation of the dendritic macromolecular structure. The observed characteristic
bands of both the C=C and terminal alkyne (C=C) C-H stretching bands in the regions of
approximately 2100 cm™ and 3200 cm, respectively, verified the successful preparation
of triethynylbenzene molecule. Similarly, the specific (C=0) stretching band of the bis-
sillyl-cyclopentadienone molecule at around 1700 cm™ clearly pointed out
cyclopentadienone structure's presence. Besides the disappearance of the specific (C=0)
stretching band of the bis-sillyl-cyclopentadienone molecule that appeared at around

1700 cmt, the presence of strong aromatic C-H stretching bands around 2800-2900 cm'?
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and aromatic C=C stretching bands around 1400-1600 cm™ also suggested the successful
synthesis of dendrimer GNRD-G1a. In addition, the observed peaks at around 2100 cm™
and 3200 cm™* can be attributed to the C=C and the terminal alkyne (C=C) C-H stretching

bands, respectively, verifying the proposed chemical structure of the Gla dendrimer

further.
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Figure 4.4. FT-IR spectra for the synthesized triethynylbenzene, CP-Br, G1, G2 and G3.

In a similar way, in Figure 4.4, the formation of dendrimers (G1, G2, and G3) to
be used as monomers in the synthesis of dendritic polymers with peripheral bromines was
also characterized using FT-IR spectroscopy. In the FT-IR spectra of G1, G2, and G3
dendrimers, aromatic C-H stretching bands around 3000 cm, aromatic C=C stretching

bands around 1400-1600 cm™, and a specific C-Br stretching band around 600 cm™ were
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readily demonstrated in the spectra.
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Figure 4.5. FT-IR spectra for the resulting phenylene bis-boronic ester, G1, P1DendP,
P2DendP, and P3DendP.

The spectra of phenylene bis-boronic ester revealed the existence of methyl C-H
stretching bands around 2900 cm*, aromatic C=C stretching bands in the 1300-1500 cm"
! region, and C-O stretching bands at 1000-1100 cm™. When the FT-IR spectra of
PDendPs were compared to the spectra of G1, G2, and phenylene bis-boronic ester, a
drastic decrease in the phenylene bis-boronic ester peaks in the 2900 cm™ and 1000-1100
cm! bands, and the specific C-Br stretching peak at about 600 cm™ band was observed
(Figure 4.5). The increase in the aromatic C=C stretching bands around 1600 cm™ also
suggests the successful synthesis of PDendPs. While the FT-IR analysis of the PDendPs
confirmed an effective polymerization via the Suzuki-Miyaura coupling reaction, the FT-
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IR spectrum of the P3DendP polymer displayed a moderate reduction for the levels of the
peaks in the 2900 cm™ and 1000-1100 cm™ regions of the phenylene bis-boronic ester
and limited in C-Br stretching region at nearly 600 cm™ compared to the observed
alteration for P1DendP and P2DendP. The FT-IR spectrum suggested that not all the
bromo atoms and phenylene bis-boronic ester cannot undergo a polymerization reaction
due to the large generation of G3 dendrimer, leading to a large number of bromo atoms
with steric hindrance. However, G3 dendrimers underwent polymerization with a ditopic

boronic ester linker to afford the desired polymeric network.
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Figure 4.6. XRD spectrum of P1DendP.
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Figure 4.7. XRD spectrum of P2DendP.
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Figure 4.8. XRD spectrum of P3DendP.
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The structural order of dendritic polymers was investigated using X-ray
diffraction (XRD). Amorphous compounds are deficient in clearly defined
crystallographic planes, resulting in a disordered distribution of atoms. This results in
broad peaks in the collected XRD pattern rather than sharp, intense peaks in long-range
order materials. The broad peaks result from short-range or regional compositional order
in amorphous materials (lack of long-range order). As shown in Figure 4.6, Figure 4.7,
and Figure 4.8, the XRD data collected for the polymers P1DendP, P2DendP, and
P3DendP lack sharp and intense peaks and suggest their amorphous structure without a

long-ranged pattern.
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Figure 4.9. Thermogravimetric analysis (TGA) of P1DendP performed under a nitrogen
atmosphere from 25 °C to 800 °C at a heating rate of 10 °C/min.
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Figure 4.10. Thermogravimetric analysis (TGA) of P2DendP performed under a nitrogen
atmosphere from 25 °C to 800 °C at a heating rate of 10 °C/min.
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Figure 4.11. Thermogravimetric analysis (TGA) of P3DendP performed under a nitrogen
atmosphere from 25 °C to 800 °C at a heating rate of 10 °C/min.
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Thermogravimetric analysis (TGA) was used to assess the thermal stability of all
manufactured dendritic polymers. As shown in Figure 4.9, a percentage-based decrease
in weight of below 100 °C was observed from the TGA of P1DendP, stemming from the
humidity trapped inside the pores of the polymers. Additionally, the P1DendP polymer
showed good thermal stability at up to 250 °C. As observed in the P1DendP polymer, the
TGA measurement of the P2DendP polymer revealed a moisture absorption phenomenon
involving a percentage reduction in weight at around 100 °C. Furthermore, the P2DendP
polymer has shown stability at even 300 °C (Figure 4.10). This condition demonstrated
that P2DendP has a more thermally stable structure than P1DendP polymer due to its
considerably larger branched backbone framework, which contains a thermally stable
benzene-rich skeleton. Based on the TGA thermogram of P3DendP in Figure 4.11, the
humidity uptake of P3DendP was limited compared to the amount of the P1DendP and
P2DendP polymers. Additionally, P3DendP has demonstrated outstanding thermal
stability up to 400 °C. The findings show that P3DendP has a more robust and thermally
stable structure than P1DendP and P2DendP polymers due to the extremely branched
skeleton inside the skeleton, which contains stiff ring structures made of benzene. It is
important to note that the P3DendP showed greater char yield than P1DendP and
P2DendP. Furthermore, because polymers can experience a cyclodehydrogenation
process at elevated temperatures, resulting in the emission of Hz gas, they may trigger
decreases in weight at these locations. Then, as an outcome of the cyclodehydrogenation,
they transform into molecules with greater thermal endurance. Similarly, it is evident that
the P3DendP polymer with the most dendritic components possesses the capacity for a
highly rapid level of cyclodehydrogenation reaction, and the production of broad
nanographene nanostructures proves that it exhibits the best thermal durability and

enhanced char yield throughout the process of transformation.®
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Figure 4.12. N> gas adsorption-desorption isotherms of P1DendP, P2DendP, P3DendP
obtained at 77 K.

Table 4.1. Porosity analysis of P1DendP, P2DendP, P3DendP.

B ET[a] Smicro[b] Sext Vtotal[c] Vmicro[d] Vext[e]

Polymers  megty (m2gh) (mg?) (cmigl) (emgl) (emigh

P1DendP 266 208 58 0.26 0.08 0.18

P2DendP 779 450 329 0.22 0.19 0.03

P3DendP 179 4 175 0.04 0.02 0.02

[a] BET surface area calculated using the relative pressure range (P/Po) of 0.01-0.11. [b] Micropore surface area
calculated using the t-plot method. [c] Total pore volume obtained at P/Po=0.99. [d] Micropore volume calculated using

the t-plot method. [e] Vexternai=Vtotal-Vmicro.
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Figure 4.12 shows that P2DendP outperforms the other two polymers in terms of
gas adsorption properties. Furthermore, using the relative pressure (P/Po) vs 1/[Q(P/P, -
1)] graphs used in the Brunauer-Emmett-Teller theory, the Sget surface area results for
the synthesized polymers were easily calculated; P1DendP, P2DendP, and P3DendP were
266 m? gt, 779 m? g1, and 179 m? g%, respectively (Table 4.1). P3DendP exhibited lower
porosity and surface area compared to other polymers. The primary reason for this
occurrence is that more branching and a more significant number of phenylene rings result
in the closure of pore openings. Furthermore, a microporosity study of the polymers
revealed that the generated P1DendP and P2DendP polymers had an elevated micropore
surface area and volume, as calculated using the t-plot technique. However, the P3DendP
polymer has a 50% micropore volume while maintaining a modest micropore surface

area.

P3DendP P2DendP P1DendP

Figure 4.13. SEM images a) P1DendP b) P2DendP c) P3DendP d) SEM images and EDX
elemental mapping of P1DendP, P2DendP and P3DendP for the elements of
carbon (C), oxygen (O), bromine (Br).
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The particle morphology of P1DendP (Figure 4.13.a), P2DendP (Figure 4.13.b),
and P3DendP (Figure 4.13.c) was investigated utilizing scanning electron microscopy
(SEM). Three porous dendritic polymers showed globular particle morphology. Energy
dispersive X-ray spectroscopy (EDX) showed a homogenous distribution of carbon (C)
across the polymers (Figure 4.13.d); furthermore, in the EDX investigation done for the
potential elements oxygen (O), and bromine (Br), as well. The polymers-P1DendP,
P2DendP, and P3DendP-were showed some residual bromine (Br) atoms that did not
undergo polymerization reaction and oxygen (O) atoms mainly stemming from the

humidity trapped inside the pores.

4.3.Gas Sensing Applications for PDendPs
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Figure 4.14. The sensor measurements for target gas of EtOH (a) activated carbon (%90
activated carbon and %10 PTFE), (b) P1DendP (%60 P1DendP, %30
activated carbon and %10 PTFE).

89



C) P2DendP - EtOH d) P3DendP - EtOH

7.5 Ay ! 1 9.0 i '
| \ ] , |
~7.01 (‘M M T80 N Aol N,
< S VJ f JI ' 1 < W e 1 )Y
3—6,'6 :“‘vqn‘ | r’ 270 A ')
- 6. - | | { — ! ! "y ) (
§§5 ! T T;l T 5 6.01! ;T; :T f T
5001 1 %19 Mwn%32) %46, B o[ %75 ) 1%55 %66
'\J 50- : !m r :'v”‘ o/ 50 :h ( : ﬁy : “A )
! o = 1y ""' = 1 "vﬂxl“-j - \‘:‘ ) W= |
4500 180 18 M8 4o RY 8 N8 S
8 I 2 3 4 5 & 0 1 2 3 4 5 6
Time (min)
e’
QO QO

o0 o0
QOQOO808
OO OO0 ¢

S o0d D KLE
o0 oS0 a%a%0%a!
o aYaYeoloXa

OO0 0 00O
OO0 OQOOPO

OO OO0 § 00420
& o0 Llow
QOO O30 Q

o oo LU
SOQ0 2
o

Figure 4.15. The sensor measurements for target gas of EtOH (c) P2DendP (%60
P2DendP, %30 activated carbon and %10 PTFE), (d) P3DendP (%60
P3DendP, %30 activated carbon and %10 PTFE).

A blend of PDendPs, polytetrafluoroethylene (PTFE), and activated carbon is
used to test the sensing materials for sensor applications. While PTFE works as a binder,
the activated carbon contributes to electrical conductivity. To test the effect of the
presence of activated carbon, a control experiment was conducted using activated carbon
as the only active material. The prepared activated carbon surface did not demonstrate
any current change when N2 and EtOH gases existed on the chemiresistor.

The activated carbon ratio and the binder (PTFE) were held constant at 30% and
10% for each gas sensing test of PDendPs. As seen in Figure 4.14 and Figure 4.15, the
total amount of activated carbon did not alter; instead, the current increase variation
demonstrated the polymers' sensitivity to ethanol vapor. The sizes are arranged by
P3DendP>P2DendP>P1DendP in that order for three polymers, and a pattern was
discovered in line with those sizes. As anticipated, P3DendP, having a greater number of

branching, can come into contact with more ethanol molecules and cause the current to
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grow further, thereby allowing the largest P3DendP polymer in this situation to increase
in current. The outcomes for sensor tests are well correlated with these expectations. The
primary cause of this pattern is the varying encapsulation capabilities and cavities of the
three dendrimers, which are highly branched dendritic macromolecules. A dendrimer's
encapsulation capability correlates precisely with the number of molecules it can interact.
Therefore, a dendrimer’s capacity is highest when it has the most branching units on the
macromolecular structure. P3DendP>P2DendP>P1DendP is the quantity of dendrimer
interaction with ethanol. The red benzene rings show the linkage sites in the schematized
dendrimers.

The HPPM measurement is helpful for understanding whether materials have an
n-type or p-type character. A negative voltage value means that the material has a p-type
character, while a positive value means that the material has an n-type character. HPPM
investigations have revealed the p-type nature of the sensing material, which was found
to have a voltage value of -0.4mV for P1DendP. Finally, it was concluded that P1DendP
has a p-type character.

In chemiresistor applications, the electrical charge transmission between the
sensing material and the analyte gas is critical. This situation makes the conductivity type
of device more crucial. Holes are the predominant charge carriers on p-type materials.
More charge carriers are on the surface due to the p-type feature increasing due to a p-
type device's contact with a p-dopant molecule. Once the sensor is measured, the current
increases due to a boost of charge carriers over its surface.

According to computational studies, these three dendritic polymers were p-doped
by ethanol. Thus, since ethanol gas was dropped upon the surface, it was observed that
the current increased in ethanol gas sensing measurements utilizing P1DendP, P2DendP,
and P3DendP as the sensing material. The literature places a great deal of importance on
the ability of N2 gas to remove contaminants from the surface. Prior to the ethanol
adsorption, the surface was cleared of O2 and other air adsorbates that had accumulated
over it by one minute of exposure to nitrogen gas. Put another way, nitrogen gas removes
molecules from the surface that contribute to p-type doping, like electron-accepting
molecules oxygen and water, and the total amount of holes on the surface decreases,
thereby substantially decreasing the p-type characteristic of the surface. As seen by our
sensor observations in Figure 4.14, and Figure 4.15, this circumstance results in a

decrease in current.

91



Schematic representation of dendritic polymer, one of its dendronic sites, and
charge transfer between dendrimer and ethanol was demonstrated in Figure 4.16.a, Figure
4.16.b, and Figure 4.16.c, successively. The calculations indicated that each dendronic
site donates 0.02 e"to one p-dopant ethanol molecule, thereby significantly enhancing the
p-type behavior of the surface in the sensing material of chemiresistor. The increased
dendronic sites through generations cause elevated electron donation, holes, and percent
response. Furthermore, the binding energy between polymer and ethanol was calculated
as Ep = 347 meV, proving the weak Van der Waals interaction. In this manner, the
calculation applied to PDendPs correlates well with the experimental findings, which
reveal the increased current change or percent response with higher degrees of dendritic

sites.

Dendrimer *

Figure 4.16. (a) Schematic illustration of PDendP, (b) computer illustration of its
dendronic site, (c) charge transfer between dendrimer and ethanol

molecule.
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CHAPTER 5

CONCLUSION

The highly branched, rigid, porous dendritic polymers P1DendP, P2DendP, and
P3DendP containing fully carbon atoms were presented as three novel materials for
chemiresistor sensor applications. The Suzuki-Miyaura coupling reaction conditions were
employed to synthesize P1DendP, P2DendP, and P3DendP with good yields of 83, 79,
and 79%, respectively. Among the dendritic polymers, the thermal stability reaches up to
400 °C for P3DendP, and the largest Sget surface area results is 779 m?/g for P2DendP.
Then, the XRD spectrum unambiguously demonstrated amorphous structures for all
polymers and SEM images explicitly demonstrate globular-shaped structures along with
EDX elemental mapping, highlighting a homogeneous dispersion of carbon atoms
throughout the polymers.

Moreover, in gas-sensing applications, the outcomes regarding these porous
dendritic polymers put forward highly branched P3DendP could be effectively employed
for the detection of protic solvents such as ethanol. Then, theoretical calculations indicate
that ethanol acts as a p-dopant for these three polymers. Consequently, during ethanol gas
sensing measurements using P1DendP, P2DendP, and P3DendP as sensing materials, an
increase in current is observed when ethanol gas is sent to the surface. Finally, this
research paves the way not only to design carbon-based materials for sensing hazardous

gases but also to develop a novel approach for the bottom-up solution synthesis of GNRs.
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Figure 5.1. Summary of synthesized dendrimers.
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Figure 5.2. Summary of synthesized polymers.
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APPENDIX A

'H-NMR SPECTRA OF COMPOUNDS
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Figure A.1. *H NMR spectrum of 1,3,5-triethynylbenzene in CDCl; at R.T.
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Figure A.2. *H NMR spectrum of 4,4'-bis(tri isopropyl silylethynyl) benzil in CDCl; at
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Figure A.3.

ethynyl)phenyl)cyclopenta-2,4-dien-1-one in CDClz at R.T.
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Figure A.4. *H NMR spectrum of GNRD-G1ap in CDClz at R.T.
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Figure A.5. *H NMR spectrum of GNRD
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Figure A.6. *H NMR spectrum of GNRD-G2ap in CDCls at R.T.
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Figure A.7. *H NMR spectrum of GNRD-G2a in CDClz at R.T.
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Figure A.8. 'H NMR spectrum of CP-Br in CDClz at R.T
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Figure A.9. *H NMR spectrum of G1 in CDClz at R.T.
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Figure A.10. *H NMR spectrum of G2 in CDCls at R.T.
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Figure A.11. *H NMR spectrum of G3 in CDCls at R.T.
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APPENDIX B

IR SPECTRA OF COMPOUNDS
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Figure B.1. IR spectrum of 1,3,5-triethynylbenzene.
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Figure B.2. IR spectrum  of  2,5-diphenyl-3,4-bis(4-((triisopropylsilyl)
ethynyl)phenyl)cyclopenta-2,4-dien-1-one.
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Figure B.3. IR spectrum of GNRD-G1a.
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Figure B.4. IR spectrum of GNRD-G2a.
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Figure B.5. IR spectrum of CP-Br.
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Figure B.6. IR spectrum of phenylene bis-boronic ester.
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Figure B.7. IR spectrum of G1.
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Figure B.8. IR spectrum of G2.
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Figure B.9. IR spectrum of G3.
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Figure B.10. IR spectrum of P1DendP.

128



Transmittance (%)

—— P2DendP

4000

!
3500

! ' ! ' ! ' ! ' ! ' !
3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure B.11. IR spectrum of P2DendP.
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Figure B.12. IR spectrum of P3DendP.
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