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DEVELOPMENT OF NOVEL THERMAL CONDUCTIVE POLYMER
NANOCOMPOSITES

SUMMARY

Developments in semiconductor industry have revealed thermal management
problems causing shrinkage of the components and increased power densities. This
tendency in technology has rendered the development of materials, for thermal
management, having excellent thermal conductivity, high electrical resistance and low
density important. Especially, materials that are light, cost-effective, easily handled
and suitable component design with desired thermal and electrical properties, namely
polymeric matrix nanocomposites, are regarded as new generation materials for
electronic/microelectronic technology components.

Among many nano-filling materials used to prepare thermally conductive polymeric
nanocomposites, the dielectric ceramic particle, S-phase (hexagonal) silicon nitride (5-
Si3Ns) (SN), has high thermal conductivity as well as high mechanical strength and
high electrical insulating properties where carbon nanotube and graphene cannot
provide. Therefore, it attracts attention as a strategic material for electric/electronic
applications. In the literature, SN-containing polymeric composite/nanocomposite
preparation includes many methods, as SN is added into a commercial thermoplastic
polymeric matrix or into thermoset pre-polymer cured lated and shaped by operations
such as extrusion or injection molding. Although there are improvements in the
thermal conductivity of the material with current methods, especially SN-containing
polymeric composites have limitations and problems in their practical applications.
One of them is that the advanced handling of the polymer nanocomposite, caused by
thermoset matrix and strong filling-filling interactions. The other is the low interaction
between filling material and polymeric matrix and low performance caused by the
interface. Therefore, for electronic/microelectronic technology, effective surface
modification methods and new composite preparing trends providing improvements
in electrical, thermal and mechanical properties of the nanocomposite and
determination of the microelectronic component performance are important.

In the design of thermal conductive nanocomposite, the SN, which was prepared in the
nanosheet morphology, was not added as a polymer matrix additive, the covalent bond
between the modified SNnanosheet and the end-functional polymer matrices were
formed and the problems preventing the further processing of the material such as
filling-filling interaction in nanocomposite production were eliminated. The other
unique value of the silicon nitride filled thermal conductive polymer nanocomposites
is that they were produced by a synthetic approach that provides structure-property
control in the material. In other words, the molecular weight, molecular weight
distribution, end-group functionality of the polymer structure to be grown onto the
surface of SNNSs can be controlled.

In the synthetic approach proposed in this work, in order to increase the interphase
interactions between the polymer and the nanoparticle and to provide a homogeneous
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distribution of the nanofiller in the matrix, the “grafting to” method was implemented.
Click chemistry was used as an essential tool to form covalent bond between the filler
and matrix. A new polymer nanocomposites consisting of silicon nitride (SizNa)
nanoparticle as a conductive filler and poly(methyl methacrylate) (PMMA),
polysulfone (PSU) and poly(ether ether ketone) (PEEK) as a polymer matrices were
fabricated using “click” chemistry. The synthesis of these three nanocomposites is a
five-step procedure including (i) the preparation of silicon nitride nanosheet (SNNS)
by mechanical exfoliation, (ii) the modification of SNNS with successive chemical
modification processes, (iii) the synthesizing of polymer matrices with end-
funtionality, iv) the modification of these end-groups to compatible with click reaction,
V) the performing Copper Catalyzed Azide-Alkyne Click reaction (CuAAC) between
alkyne functionalized polymer matrices (PMMA-Alkyne, PSU-Alkyne and PEEK-
Alkyne) and azide functional SNNS (SNNS-Nz). Characterization results confirmed
the functionalization of SNNS surface and the successful “grafting to” method using
click reaction. The average crystallite sizes of f-SisNs and SNNSs obtained from
mechanical exfoliation process were calculated using the X-ray diffractometry
analysis (XRD) results according to the Debye Scherrer equation. The particle size
distribution of SN and SNNSs was investigated by photon correlation spectroscopy
(PCS) using Zetasizer. The main-chain structures and end-functionalities of polymer
matrices were confirmed by proton nuclear magnetic resonance spectroscopy (*H-
NMR). The chemical structres of all nanocomposites, also their precursors and the
success of click chemistry were verified by Fourier transform infrared spectroscopy
(FT-IR). The molecular weights and polydispersities of polymer matrices were
calculated using gel permeation chromatography (GPC). The glass-transition
temperatures (Tg’s) of polymers and nanocomposites were determined by differential
scanning calorimetry (DSC). Thermal stabilities and char yield values of
nanocomposites and their precursors were performed on thermogravimetric analyzer
(TGA). The surface morphologies and crystal structures of pristine SN and ball-milled
SN (SNNS) and the dispersion of SNNSs within the polymer matrices were
investigated by scanning electron microscopy (SEM). Electrical resistivities (volume
resistivities) of nanocomposites were measured using electrometer. Viscoelastic
behaviours of polymer matrices and nanocomposites were analysed by a dynamic
mechanic analyzer (DMA).

The novel thermal conductive polymer nanocomposites were formulated as a thermal
interface material (TIM) and their performance as a TIM material was investigated by
Thermal Conductivity Analysis (DTC). It has been found that the thermal conductivity
of the chemically modified nanocomposites (PMMA-SNNS, PSU-SNNS and PEEK-
SNNS) based TIM is considerably higher than that of TIM prepared with physically
blended nanocomposites (PMMA+SNNS, PSU+SNNS and PEEK+SNNS) having the
same composition.
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YENI NESIL TERMAL iLETKEN POLIMER NANOKOMPOZITLERIN
GELISTIRILMESI

OZET

Bilgisayar ve elektronik endiistrisindeki minyatiirizasyon egilimi asir1 1sinmay1 en
onemli problem haline getirmistir. Asir1 1Istnma sebebiyle sistemlerin performansinin,
giiclinlin ve giivenilirliginin arttiritlmasi ve daha kii¢iik hacimlerde sistem tasarlamak
zorlagmaktadir. Elektronik sistemlerde artan 1s1 yiikleri, bilgi teknolojileri, iletisim,
enerji dagitim, depolama ve aydinlatma sistemlerinde etkin elektronik sogumanin daha
kritik bir konu olmasina sebep olmaktadir. Teknolojideki bu egilim, mitkkemmel termal
iletkenlige, yliksek elektriksel dirence ve diisikk yogunluga sahip ¢ok fonksiyonlu
malzemelerin gelistirilmesini 6nemli hale getirmistir.

Elektronik sistemlerin tek parcali olmamasi, metal, polimer, seramik ve yariiletken
gibi malzemelerden olusuyor olmasi, termal arayiiz malzemesi kullanimini kaginilmaz
kilmistir. Yiiksek 1s1 atan elemanlarla bu elemanlari1 sogutan yapilar arasindaki temas
alan1 mikro diizeydeki diizlemsellik farklarindan dolay1 %3’e kadar diisebilmektedir.
Termal arayliz malzemesi kullanilarak bu temas yiizey alaninin arttirilarak termal
kontakt direncinin azaltilmasi ve bdylece arayilizden 1s1 transferinin artmasi
beklenmektedir. Dogru termal arayliz malzemesinin se¢imi, elektronik cihazin
veriminin belirlenmesinde 6nem kazanmaktadir.

Termal arayiiz malzemesinin gelistirilmesine yonelik ¢alismalar ile karmasik sogutma
teknolojilerinin arastirilmasina alternatif ¢oziimler bulunabilmesinin miimkiin oldugu
degerlendirilmektedir. En uygun termal arayiliz malzemesinin se¢imiyle sistemin
toplam maliyeti, s1vi sogutma sistemlerine duyulan gereksinim, sogutma sistemine ait
enerji thtiyact azalmakta ve liriiniin 6mrii uzayabilmektedir.

Kompozit malzemeler geleneksel olarak yapisal malzeme kullanimina gore
tasarlanmaktadir. Elektronik endiistrisinin hizli gelisimi, kompozit malzemelerin
elektronik uygulamalarda daha fazla yer bulmasini saglamistir. Yapisal ve elektronik
kompozitlerin 6zellik gereksinimleri arasindaki fark ¢ok biiyiik oldugundan, bu iki
kompozit grubu arasindaki tasarim kistaslart farklidir. Yapisal kompozitlerde yiiksek
dayanim ve yliksek modiil 6nemli olurken, elektronik kompozitlerde ise belirli
elektronik uygulamalara bagli olarak yiiksek termal iletkenlik, diisiik termal uzama,
disiik dielektrik  sabiti, diistik/yiiksek elektrik iletkenligi, diisiik/yiiksek
elektromanyetik girisim kalkanlama (EMI shielding) etkinligi 6nemli olmaktadir.
Yapisal kompozitlerin panel gibi biiyiik pargalara islenebilirligi onemli olurken,
elektronik kompozitlerin tek basma film ve kaplama gibi kiiglik parcalara
islenebilirligi  6n  plana  ¢ikmaktadir.  Polimer  matris  kompozitlerin
elektronik/mikrolektronikteki uygulamalar1 genel olarak; baski devre kartlari, devre
altliklari, elektronik ambalaj, elektronik kapsiil, 1s1 havuzu, elektrik kontak ve termal
ara yiizey malzemelerini icermektedir.

Termal kontak direng, birbiriyle temas eden iki yiizeyde 1sinin bir yiizeyden digerine
olan iletiminin ne kadar iyi oldugunun gostergesidir. Islemci ile islemciye temas eden
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sogutucu plaka arasindaki termal kontak direng, islemci iist yiizey sicakligi ile
sogutucu taban sicakligi arasindaki farkin toplam 1s1 akisina olan orami olarak
tanimlanmaktadir.

Termal kontak direncin azaltilmasi i¢in baslica iki metot Onerilmistir. Yiizeyler
arasindaki basicin artirilmasi veya yiizeylerin pliriizliliiglintin diisiiriilmesiyle temas
alanmin arttirilmasi veya termal arayliz malzemesi kullanilmasi. Ancak elektronik
komponentler {izerindeki temas basincinin arttiritlmast bu komponentlere zarar
verebilecegi i¢in ve diisiik piirtizliiliikte malzeme iiretiminin ¢ok pahali olmasi
sebebiyle temas alaninin bu sekilde arttirilmasi tercih edilen bir yontem olmamustir.
Bu sebeple iki ylizey arasimni doldurabilen ve termal iletkenligi havanin termal
iletkenliginden yiiksek olan malzeme kullaniminin kontak direnci diisiirme agisindan
daha uygun bir yontem olacagi degerlendirilmektedir.

Bu calismada ideal termal arayliz malzemesinin sahip olmasi gereken o6zellikler su
sekilde siralanmistir; yiiksek termal iletkenlik, diisiik basing altinda kolayca deforme
olarak iki temas yiizeyinin de piirlizli bolgelerini doldurabilme ve kontak direnci
minimize etme, minimum kalinlik, arayiizden disar1 akma yapmamasi, uzun émiirlii
olmasi, toksin icermemesi, kolay uygulanabilir ve sokiilebilir olmasi.

Termal iletken nanokompozit tasariminda, nano tabaka morfolojisinde hazirlanan
silikon nitriir (SN), bir polimer matris katkisi olarak eklenmemis, modifiye edilmis
silikon nitriir nantabaka (SNNS-R) ve ug-islevsel polimer matrisler arasinda kovalent
bag olusturulmus, ve nanokompozit iretiminde dolgu-dolgu etkilesimi gibi,
malzemenin daha sonraki islenebilirligini olumsuz etkileyebilecek problemlerin de
ontine gecilmis oldu. Silikon nitriir dolgulu termal iletken polimer nanokompozitlerin
bir diger benzersiz 6zelligi, malzemede yapi-6zellik kontrolii saglayan sentetik bir
yaklasimla iiretilmis olmalaridir. Baska bir deyisle, silikon nitriir nano tabaka
yiizeyinden baglanan polimer yapisinin molekiiler agirligi, molekiiler agirlik dagilimi
ve ug grup islevselligi kontrol edilebilir 6zelliktedir.

Bu ¢aligmada Onerilen sentetik yaklasimda, polimer ve nanopargacik arasindaki ara-
ylizey etkilesimini artirmak ve nanodolgu maddesinin matris iginde homojen
dagilimmi saglamak i¢in “grafting to” yontemi uygulanmistir. Dolgu ve matris
arasinda kovalent bag olusumunu saglamak i¢in modiiler bir sentetik yaklasim olan
Klik Kimyas1 kullanilmistir.

Iletken dolgu maddesi olarak silikon nitriir (SisNs) nanopargacik iceren
nanokompozitler, ti¢ farkli termoplastik matris kullanilarak tiretilmistir. Bunlardan ilki
bir mithendislik polimeri olan, amorf poli(metilmetakrilat) (PMMA), diger ikisi de
yiiksek performans polimerlerinden amorf polisiilfon (PSU) ve yari-kristalin poli(eter
eter keton) (PEEK)dur. Nanokompozitlerdeki silicon nitriir orani, termal iletkenlikler
ve boyutsal kararliliklar géz oniinde bulundurularak, her polimer matrisi i¢in yapilan
formulasyon ¢alismalar1 sonucunda belirlenmistir. Bu ii¢ nanokompozitin sentezi, bes
asamal1 bir prosediirii kapsamaktadir. Bu prosediir; (1) mekanik eksfoliasyon yoluyla
silikon nitriir nano tabakalarin hazirlanmasi (SNNS), (ii) SNNS'in ardisik kimyasal
fonksiyonlandirma prosesleriyle modifikasyonu, (iii)) u¢ fonksiyonel polimer
matrislerin sentezi, iv) bu u¢ gruplarin klik reaksiyonu ile uyumlu olacak sekilde
modifikasyonu, v) alkin ug-fonksiyonel polimer matrisler (PMMA-AIKin, PSU-AIKin
ve PEEK-AIKin) ile azid fonksiyonel SNNS (SNNS-N3) arasinda Bakir Katalizli Azid-
Alkin Click reaksiyonu (CuAAC) gergeklestirilmesi asamalarini icermektedir.

Bu kapsamda tezin ilk asamasinda, polimer ve nanopargaciklar arasindaki yiizeyler
arast etkilesimleri arttirmak, polimer matris iginde nanoparcaciklarin homojen
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dagilimimi saglamak ve yiizey fonksiyonelligini kolaylastirmak i¢in silikon nitriir
nanopargaciklart nano tabaka morfolojisinde modifiye edilmistir. Kimyasal
modifikasyon islemini kolaylastirmak igin, mekanik eksfoliyasyon yontemi ile
partikiil boyutu kii¢iiltiilmiis ve katmanli formda silikon nitriir nano tabakalar (SNNSs)
elde edilmistir. Belirlenen kosullar altinda gergeklestirilen eksfoliyasyon islemleri
sonucunda izole edilen 6rneklerin kristalit boyutundaki degisim x-ray kristolografi
(XRD) ile takip edilmistir. Ham silikon nitriir (SN) ve mekanik eksfoliasyon ile nano
tabaka haline getirilmis SN'lerin (SNNSs) yiizey morfolojileri ve kristal yapilari,
Taramali Elektron Mikroskobu (SEM) ile aragtirilmistir. SN ve SNNS’lerin partikiil
biyiikliigii dagilimi Zetasizer kullanarak, foton korelasyon spektroskopisi (ing.
Photon correlation spectroscopy) (PCS) ile aragtirilmistir.

Tezin ikinci asamasinda, eksfoliye edilmis silikon nitriir nano tabakalar (SNNS),
nanodolgu yiizeyinde, klik reaksiyonu sirasinda yiizeyler arasi etkilesimi arttirmada
etkili olan, aktif baslatic1 bolgeler olusturmak i¢in kimyasal modifikasyon iglemlerine
tabii tutulmustur. Bu islemler sirasiyla, aminasyon, bromo-amidasyon ve azidasyon
reaksiyonlaridir.

Tezin {iglincli asamasinda ise, SNNS ile ii¢ farkli polimer matrisin kimyasal baglanmaa
yoluyla nanokompozit iiretimi gerceklestirilmistir. Poli(metil metakrilat) (PMMA),
polisiilfon (PSU) ve poli(eter eter keton) (PEEK) gibi polimer fazlar1 ile termal iletken
dolgu maddesi olarak silikon nitriir nano tabakalarini igeren polimer nanokompozitler
tez kapsaminda sentezlenmis ve fonksiyonel hale getirilmis, farkli morfolojileri ve
yapilart aydmnlatilmistir. Her bir polimer matris i¢in, klik kimyasi ve fiziksel
harmanlama olmak iizere iki farkli nanokompozit hazirlama yontemi kullanilmis ve
her bir nanokompozit iirliniin yapisal analizi karsilastirilmistir. Bu nedenle
nanokompozitlerin karakterizasyon sonuglar1 bu iki yontemin karsilastirmalarini
icermektedir. Bu iki teknik arasindaki farklar, kimyasal etkilesim yaklagimiyla termal
iletken polimer nanokompozit iiretiminin Ustiinliigiinii gostermek i¢in her boliimde
ayrintili olarak rapor edilmistir.

Poli(metil metakrilat) (PMMA) matrisleri ile termal iletken nanokompozitlerin
(PMMA//ISNNS ve PMMS-SNNS)’in hazirlanmasinda iki sentetik yaklasim
kullanilmustir: {1k yaklasimda, yiizey baslatmali atom transfer radikal polimerizasyon
(ing. Surface initiated atom transfer radical polymerization, SI-ATRP) kullanilmstir.
Bu yontemde, metil metakrilatin (MMA) kontrollii polimerizasyonu igin, bir ATRP
baslaticis1 olarak davranabilen, SNNS’nin kimyasal modifikasyonu ile elde edilen
brom sonlu silikon nitriir (SNNS-Br) kullanilmistir. Bu sayede, PMMA zincirleri,
direk SNNS vyiizeyinden biiyiitiilmiistiir. Ikinci yaklasimda, metil metakrilatin
(MMA)’in ATRP ile kontrollii polimerizasyonunda, alkin fonksiyonel baslatici
kullanilmis ve polimer matris direk alkin ug-fonksiyonel olarak (PMMA-AIkin) elde
edilebilmistir. Sonrasinda, klik reaksiyon ajami olarak kullanilabilen, SNNS’nin
kimyasal modifikasyon prosesler sonucu elde edilen azid sonlu silikon nitriir (SNNS-
N3), PMMA-AIkin ile klik reaskiyonuna tabii tutulmustur.

Polisiilfon matrisli nanokompozitleri (PSU-SNNS) hazirlamak i¢in iki asamali
polisiilfon sentez prosediirii gergeklestirilmistir. Sentez prosediiriiniin ilk asamasi,
yogunlastirma polimerizasyonu ile ii¢ farkli molekiiler agirligina sahip hidroksil ug-
fonksiyonel polisiilfon sentezini (PSU-OH), ardindan bu u¢ gruplarmn klik
reaksiyonunda kullanilmak iizere, esterifikasyon reaksiyonu ile (Steglich
Esterifikasyonu) alkin  fonksiyonuna (PSU-Alkin) doniistiiriilmesini  igerir.
Nanokompozit hazirlama agsamasinda PSU matris olarak, en iyi termal davranisi veren
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9,000 g/mol molekiil agirlikli PSU-OH (PSU-OH-9000) kullanilmistir. Nanokompozit
hazirlama metodu ve polimer matrisin molekiiler agirliginin nanokompozitin termal
davranisi iizerindeki etkisi, karakterizasyon ¢aligmalari ile incelenmistir.

Poli(eter eter keton) matrisli nanokompozitleri (PEEK-SNNS) hazirlamak i¢in iKi
asamali poli(eter eter Kketon) sentez prosediiri gerceklestirilmistir. Sentez
prosediiriiniin ilk asamasi, yogunlastirma polimerizasyonu ile hidroksil u¢-fonksiyonel
poli(eter eter keton) sentezini (PEEK-OH), ardindan bu ug¢ gruplarin klik
reaksiyonunda kullanilmak {iizere, esterifikasyon reaksiyonu ile (Steglich
Esterifikasyonu) alkin fonksiyonuna (PEEK-Alkin) donistiiriilmesini igerir.
Nanokompozit hazirlama metodu ve polimer matrisin molekiiler agirliginin
nanokompozitin termal davranisi iizerindeki etkisi, karakterizasyon calismalari ile
incelenmistir.

Polimer matrislerin ana zincir yapilar1 ve u¢ grup fonksiyonaliteleri, proton niikleer
manyetik rezonans spektroskopisi (*H-NMR) ile dogrulandi. Tiim nanokompozitlerin
kimyasal yapilari, nanokompozit bilesenleri ve klik kimyasinin basarisi, Fourier
transform kizilotesi spektroskopisi (FT-IR) ile dogrulandi. Polimer matrislerin
molekiil agirliklar: ve molekiil agirlik dagilimlari jel gecirgenlik kromatografisi (GPC)
Kullanilarak hesaplandi. Polimer matrislerin ve nanokompozitlerin camsi gegis
sicakliklart  (Tgq) diferansiyel taramali kalorimetre (DSC) ile belirlendi.
Nanokompozitlerin ve Onciillerinin termal kararliliklar1 ve kdmiir verim degerleri,
termogravimetrik analiz (TGA) ile gerceklestirilmisti. Ham SN ve mekanik
eksfoliasyona tabii tutulmus SN'nin (SNNS) yiizey morfolojileri ve kristal yapilari, ve
SNNS'lerin polimer matrisleri icindeki dagilimi, taramali elektron mikroskobu (SEM)
ile arastirildi. Nanokompozitlerin elektriksel direngleri (hacim direngleri),
elektrometre kullanilarak 6lciildii. Polimer matrislerin ve nanokompozitlerin
viskoelastik davraniglar1 dinamik mekanik analiz (DMA) ile analiz edildi.

Yeni termal iletken polimer nanokompozitler, bir termal arayiiz malzemesi (TIM)
olarak formiile edildi ve bir TIM malzemesi olarak performanslari, Termal iletkenlik
Analizi (DTC) ile arastirildi. Kimyasal olarak modifiye edilmis nanokompozit
(PMMA-SNNS, PSU-SNNS ve PEEK-SNNS) bazli TIM'lerin termal iletkenliginin,
fiziksel olarak harmanlanmis ayni bilesime sahip nanokompozitler (PMMA-+SNNS,
PSU+SNNS ve PEEK+SNNS) ile hazirlanan TIM'lerden oldukga yiiksek oldugu
bulunmustur.
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1. INTRODUCTION

Thermal conductive polymer composites for their excellent thermal properties, easily
forming, flexibility and low density features have a wide range of application areas
such as electronic packaging, printed circuit boards, phase change materials, and
thermal interface materials (TIM) [1]. TIMs are extensively used as thermal
conductive material to remove excess heat generated by computer processors from the
system by heat dissipation [2]. Therefore, the material to be used as TIM must have
high thermal conductivity as well as low electrical conductivity [3].

Thermal conductivity of nanocomposites depends on the numerous factors. For
example, enhancing the thermal conductivity of polymer nanocomposites is directly
associated with the heat transfer at interface between the filler and matrix. One of the
essential parameter affecting the heat transfer is the thermal interface resistance [4]
caused by defects and impurities in the lattice, boundary scattering or phonon-phonon
scattering [5]. In order to enhance the thermal conductivity, these phonon scatterings
derived from the flaws in the filler-matrix interface must be reduced [6]. It is therefore,
to overcome this problem and ensure better compatibility at interface, the interaction

type between the filler and matrix should be considered [7, 8].

Many interphase properties depend on the interaction type of interaction between filler
and matrix and so optimizing the filler-matrix interface is an important strategy in
tailoring nanocomposite properties. Establishing chemical bonds between filler and
matrix reduces the thermal interfacial resistance and minimizes flaws such as voids.
This phenomenon suppresses phonon scattering and improves effective heat
dissipation [9, 10]. By means of functionalizing the filler, the chemical bond formation
between filler and matrix can be realized; thereby the higher interface compatibility
between the two can be achieved [11, 12].

Another critical parameter governing the thermal conductivity of nanocomposites is
the dispersion of the filler in polymer matrix. Since, the uniform and homogeneous

dispersion of nanoparticles in polymer matrix is one of the major problem encountered



in polymer nanocomposite fabrication. In order to achieve nanocomposites with
enhanced properties, nano-sized particles should be dispersed in matrix material
properly, otherwise there will be agglomeration of the particles and the properties of
nanocomposites will deteriorate. There are several fabrication methods to control the
dispersion of nanofillers in the polymer matrix. One of them is mechanic exfoliation
via ball milling that enables the increase in surface area of nanofillers, as well as
offering a uniform dispersion in polymer matrices [4, 13, 14]. This method also leads
to alteration of the nanofiller morphology allowing the nanofiller to be compatible with
the polymer matrix. Therefore, SNs were exposed to mechanic exfoliation process as
the first stage of the process to serve easy way for chemical surface functionalization

steps.

As it mentioned before that the thermal interface resistance generally arises from the
incompatibility between filler and matrix caused by imperfect interfacial adhesion [15,
16]. It is therefore strong C-C covalent bonds should be involved between filler and
matrix by means of chemical surface modifications of nano-filler [12, 17, 18]. This
covalent interaction leads the enhanced interfacial adhesion suppresses the phonon
scattering and increase the heat conduction through interfaces of substances [11].
Silane coupling agents are being extensively used to modify the ceramic filler surfaces
[7, 15]. They act as a linkage between the inorganic filler and the polymer matrix
through their bifunctional structure [19]. One end reacts with the hydroxyl groups on
filler surface, forms covalent bond; the other end yields another covalent bond with
the end-functional polymer matrix [18].

In this study, beta phase silicon nitride nanoparticles were converted to nanosheet
morphology via mechanical exfoliation technique and their surfaces were modified
through chemical processes. SNNS modified with three distinct polymer matrices
reported in the thesis proposal, thermal conductive polymer nanocomposites were
synthesized by establishing covalent bonds by means of click chemistry, which is a
modular synthetic approach. A thermal interface material (T1M) formulation study has
been carried out using a series of polymer nanocomposites with optimized silicon
nitride ratio, thermal conductivity and dimensional stability. The physical properties
(thermal, electrical, mechanical) of polymer nanocomposites containing SNNS and the
morphology of Polymer-SNNS nanocomposites, investigation of the physical

properties of the material and the structure/morphology relationship have been studied.



2. THEORETICAL PART

2.1 Thermal Management and Electronic Packaging

Progresses in the area of microelectronics have ended up with the substantial escalation
in density integration, clock rates and so the requirement of minimization of electronic
components. As the necessities for the miniaturization of electronic components, low
cost and high performance increase, electronic packaging industry will maintain its
developments in the product technologies and the new generation of electronics [20].
It is therefore thermal management of microelectronics have become significant issue

and it is highly critical for electronic industry.

The semiconductor industry has been making an effort for a long time to minimize the
size of the devices. The growth in power density is expected to more increase in
forthcoming years due to the diminishment in size of electronic components and the
enhancement of power dissipation [21].

The reduction in size of electronic components causes the component density to
increase, which requires more power the device to run. This increased power density
generates greater heat, leading to hardware failures, graphical errors, chip
malfunctions and even permanent damages on mainboard. To put it another way, the
developments in this area is stringently depend on the novel solutions in the heat
elimination [22]. The enhancements in heat elimination have been launched and will
proceed with the design of changes requiring advanced technology in electronic

packaging comprising innovative thermal management solutions.

Almost every circuit simulation systems depend on the temperature changes affecting
the electrical parameters such as offset, leakage, gain, impedance, open circuit voltage
and short circuit current etc. It can be calculated that the every 10 °C increase in
temperature doubles the circuit leakage currents. Furthermore, the temperature might
reach the values that exceed the manufacturer's specifications and might cause

permanent damage if the heat elimination in the device is not performed properly [23].



Therefore, high performance components need to be used besides heat sinks in order
to run the electronic devices below critical temperature values. Composite materials
are the promising materials that can provide appropriate heat dissipation for entire
packaging of the electronic system as well as electrical insulation, mechanical support,

environmental protection and useful life for the electronic assembly [24].

2.1.1 Materials for thermal management

The need for the high thermal conductivity materials has been enhancing markedly
due to the continuing increment in electronic packaging density. In many practice
regarding compact systems like mobile phones and laptops require low mass-density
materials. Moreover, low cost, mechanical durability, chemical resistivity and
electrical insulation are also the key considerations for electronic packaging
applications, since conventional materials cannot meet all of these necessities. Hence,

novel multifunctional materials need to be developed for this field [25].

The high power density stemmed from high electronic packaging density ends up with
the instant and quick heat generation. In these circumstances, conventional materials
are insufficient to eliminate the heat from the system. For instance, metal-based heat
sinks and heat spreaders have been utilized for a long time to dissipate the excess heat
and preserve the device temperature within the limits [26]. Yet, these traditional
materials such as copper and aluminum alloys do not have involve the properties like
ease of manufacture, low weight and low electrical conductivity for electronic

packaging [27].

In this sense, multifunctional materials with low weight, higher thermal conductivity
than polymers, lower electrical conductivity than metals and comparable thermal
expansion coefficient to metals, have been designed and fabricated for the concept of
electronic packaging system. Furthermore, these materials might also be utilized to
manufacture the whole packaging system as well as heat sinks. They provide
mechanical durability, protection from environmental effects, enhanced heat
dissipation besides contributing the reduced weight of electronic components.
Therefore, a new generation material called thermal conductive filler filled polymer-
matrix composites might be employed for designing the electronic packaging systems
[28].



2.1.2 Thermal interface materials (TIMs)

Most electronic components like processors and transistors produce substantially heat
during use. This heat must be eliminated from the system as it adversely affects the
performance of the electronic components and the device. Heat sinks generally used
to remove the heat from such components through heat dissipation. Due to the
incompatibility of the surfaces of device and the heat sink, air gaps between these two
surfaces can be retained. These gaps, even at the micro level, decrease the efficiency
of the thermal conduction (Figure 2.1) [29]. To overcome this situation, a thermal
conductive material which fills the surface defects must be used between the heat sink
and the device to eliminate surface irregularities and leave no air gaps [2, 30, 31].

Heat sink surface Heat sink surface

Air

Gap 1 <— TIM

Chip surface Chip surface

(a) Direct Contact {b) UsingaTIM

Figure 2.1 : The schematic illustration of the contact area between two solid
surfaces.

Thermal interface materials (TIM) are used as thermal conductive material to remove
excess heat generated by computer processors from the system by heat dissipation [2].
Therefore, the material to be used as TIM must have high thermal conductivity as well
as low electrical conductivity [3]. They are commonly used with the object of
ameliorate thermal conduction for enabling the heat transfer in electronic packaging.
There are two types of TIMs; TIML1 is used between die and heat spreader, while TIM2
is used between heat spreader and heat sink (Figure 2.2). A TIM is generally applied
in the form of grease, paste, gel or pad form to eliminate the surface irregularities that
causes thermal impedance between two solid surfaces. The resilient nature of TIM
provides the surface conformability that helps to reduce thermal boundary resistance

(TBR) arising from air gaps residing between two solid surfaces [32].
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Figure 2.2 : The schematic depiction of a typical chip packaging design.

The thermal barrier between the surfaces is an essential obstacle that TIMs have to
overcome to provide the heat dissipation properly. The effective thermal conductivity
depends on the two main characteristic of TIMs, which are the interfacial heat transfer

coefficient alongside the intrinsic bulk thermal conductivity.

Effective thermal resistance across the interface after the implementation of TIM

between two solid surfaces is demonstrated in Figure 2.3 [32].

Component 1

Distance

Component 2

Temperature

Figure 2.3 : Thermal resistance across the interface of a TIM.

Effective thermal resistance Rtiv, at the interface consist of the bulk resistance Rgulk,
of the TIM arising from its finite thermal conductivity, and the contact resistance R,
between the TIM and two solid surfaces. Hence, thermal resistance calculation can be

formulates as seen in equation (2.1).



BLT
Rt = ——+ Re1 +Re2, (2.1)
kv
Where BLT is the bond-line thickness of TIM, krim is the thermal conductivity of TIM,

and Rc1and R are the contact resistances of the TIM with the two solid surfaces [32].

2.1.3 Material design for thermal interface materials (T1Ms)

Thermal conductivity has an essential role on the heat transfer of any material. The
thermal conductivity of the interface material has a substantial effect on its thermal
behavior. The higher the ability of thermal conduction of a material, the more effective

way to heat elimination from the electronic system is achieved [32].

The design of TIMs requires consideration of many features such as mechanical,
thermal, optical, electrical, surface properties, depending on applications besides the
factors like economic efficiency, easy handling, tensile strength, flexibility etc. For
example, TIMs should display good mechanical conformity and fill well the voids
between two solid surfaces to enhance heat transportation. Furthermore, TIMs must
have high electrical resistivity, high breakdown strength and low dielectric constant
for some electronic applications. Breakdown electric field of a TIM is a significant
factor for handling the design of a material. The electric field distortion stemms from
the differences between the dielectric constants of filler and matrix. In order to obtain
high breakdown strength, filler and matrix materials having closer electrical
conductivities to each other must be chosen. In addition to them, thermal conductivity,
material thickness and contact thermal resistance at the interface are the key factors to
take into consideration for designing TIM. Therefore, thermal contact resistance must
be reduced to enhance thermal conductivity. For this purpose, bond line thickness
(BLT) which causes the thermal contact resistance might be minimized by lowering
the material thickness [33].

The most important factor determines the thermal conductivity of a TIM is the heat
transfer capacity of TIM itself, and so it is anticipated to be high. Generally, typical
TIMs are made up of micro or nano-sized thermal conductive particles filled polymer

matrices.



2.2 Materials Selected for Preparation of TIMs in This Thesis

2.2.1 Filler materials

In thermally conductive interface material applications, polymers are promising
materials. However, their low thermal conductivity between 0.1 and 0.6 Wm 1K™ [34]
restricts their use in this area. In order to increase thermal conductivity of polymers,
several thermal conductive fillers can be used with polymers matrix [35]. Metallic
powders [36, 37], carbon based fillers [15, 38] and ceramic fillers are the most utilized
conductive fillers in the preparation of polymer nanocomposites. Metallic powders
and carbon based fillers have high thermal conductivity, but they do not show optimal
performance as thermal interface materials due to their also high electrical
conductivity [39]. Ceramic fillers have higher thermal conductivity than polymers at
about between 1-300 Wm ™K besides their electrical insulations [35]. Therefore, they
can be used as fillers for the applications of thermal conductivity in electronic devices.
Fillers like silicon carbide (SiC) [40, 41], silicon nitride (SisN4) [42, 43], silicon
dioxide (SiOz) [44, 45], aluminum oxide (Al.0s) [11, 45], aluminum nitride (AIN) [7,
46] and boron nitride (BN) [47, 48] have been frequently utilized for a long time in

the fabrication of polymer nanocomposites with high thermal conductivity.

In recent years, nitride ceramics have received much more attention in the field of
electronics due to their high thermal conductivity, low thermal expansion coefficient
and electrically insulating nature [49]. AIN has been frequently used as a ceramic filler
in power devices due to its high thermal conductivity above 200 W.m K™ [49, 50].
However, AIN suffers from poor mechanical properties (Figure 2.4) [51, 52]. Superior

mechanical properties are essential for the high-power electronic devices.



Figure 2.4 : Thermal conductivity comparisons of commercially available ceramic
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fillers based on their mechanical strength.

2.2.2 Silicon nitride as filler material (SisN4) for TIMs

Silicon nitride is a non-oxide promising ceramic material for used as structural
component in a wide range of applications. It is an inorganic and non-metallic

compound. The first synthetic silicon nitride was developed by Deville and Wohler in

1859 after its first di

scovery in 1857.

nitride was realized in 1950's [53].

Silicon nitride is principally found in two hexagonal polymorphs as a-SizN4 and f-
SizN4 as shown in Figure 2.5, which are generally considered as low temperature and
high temperature crystal forms, respectively [53, 54]. The c axis of a unit cell is just

about twice that of the £ unit cell [55, 56]. #-SizN4 was used as a ceramic filler in this

work due to its high thermal conductivity.

a) 3
.\/. - ,/’ A /.\//‘\ | ‘ '
¥ 1 T a
° o o' \’/ *-e°
\ %" o
\ ‘\ /. ? \ \.‘/‘\
0l-gl-o

Figure 2.5 : Crystal structures of a) a-SisN4 and b) -SisNa.

The first commercial application of silicon



Recently, silicon nitride ceramics with thermal conductivity above 100 W.m K have
been investigated. Although having high thermal conductivity, its mechanical
properties such as high strength, high durability, high wear resistance, as well as its
chemical stability at room and high temperatures makes SN an interesting material for
mechanical applications while its thermal applications remain less explored. With this
thesis, it is aimed to extend the application area of silicon nitride in thermal
applications alongside their very pronounced mechanical applications [54]. Silicon
nitride (SisN4) (SN) has high mechanical strength and high thermal conductivity with
100 W.mK™* as well as high mechanical strength such as high fracture toughness (5-
7 MPa m*?) and a high bending strength (600-1500 MPa) [54, 57]. When considered
of all unique properties of silicon nitride, it has become the most qualified non-oxide
ceramic with wide range of applications even under harsh conditions. Table 2.1 shows

the properties of silicon nitride ceramics with different treatments [58].

Table 2.1 : Material properties of hot-pressed, pressureless sintered and reaction
sintered SizNa.

Hot Pressureless Reaction
Item Pressed Sintered Sintered
SizN4 SizN4 SizN4
Density (kg/m?®) 3.07-3.37 2.8-3.4 2.0-2.8
Thermal Conductivity (W/mK) 29.3 155 2.6-20
Specific Heat (J/kgK) 711.756 711.756 -
Flexural Strength (MPa) (20 °C) 450- (20°C)275- (1400 °C) ~
1200 1000 300
Compressive Strength (MPa) 4500 4000 -
Linear Thermal Expansion (x10°
5°C) at 20-1000 °C 3-39 ~35 2.5-3.1
Young’s Modulus (GPa) at 20 °C 250-320 195-315 100-220
Fracture Toughness (MPa m*?) 2.8-12 3.0-10 ~3.6

2.2.3 Matrix materials

In electronic packages, operating and usage conditions can adversely affect the
properties of TIM material and lead to performance deterioration. In order to avoid
these problems, thermal, mechanical, compression and surface properties of matrix
material and interface compatibility between filler and matrix need to be considered.
Furthermore, the adhesion of TIM to solid electronic surfaces is another essential issue
to consider in the concept of thermal performance of packages. Therefore, the
materials that are easy to form and blend well with filler should be selected as matrix
material of TIM [33].
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Materials used for the thermal management applications have to display high service
temperature. In this sense, thermoset polymers such as epoxies, polyesters,
polyurethanes, silicones etc. might be the good option due to their low cost and their
high thermal stability. However, the criterias like processability and recyclability
should be taken into consideration to determine matrix materials. Therefore,
engineering thermoplastics would be more suitable material selection for TIM
application owing to their excellent thermal and mechanical properties besides their

processability and recyclability [22].

Commonly used thermoplastic polymers matrixes are polycarbonate [59, 60],
polyamide [61, 62], polyvinylchloride [63], polyethylene [64, 65] and polypropylene
[66, 67]. However, considering thermal conductivity, processability, ease of
modification, service temperature and compatibility with silicon nitride; poly (methyl
methacrylate) (PMMA), polsulfone (PSU) and poly (ether ether ketone) (PEEK) were
used as the matrix materials in this thesis.

2.2.3.1 Poly (methyl methacrylate) (PMMA) as matrix material for TIMs

PMMA is a thermoplastic polymer and has been extensively used in the engineering
applications for a long while. It was first commercialized by German Company Rohm
and Haas five years after its discovery in 1928 by W. Chalmers, O. R6hm and W.
Bauer [68]. The first application of PMMA was aircraft windows and bubble canopies
for gun enclosures during World War 1l [69]. PMMA is generally known as acrylic
glass with the trade name Plexiglas or Lucite due to its high impact strength,
lightweight and shatter-resistant nature. It exhibits outstanding properties like easy

processing conditions, scratch and weather resistance [70].

The unique properties of PMMA lead several processing conditions and ease of
implementation. Besides, large pendant groups of MMA unit prevent the chains from
packing intimately in crystalline trend. Hence, this structural arrangement (Figure 2.6)
leads MMA monomer to polymerize with amorphous morphology. As a result, PMMA
is a brittle and rigid material with high glass transition temperature around 105 °C and

low shrinkage in molding conditions [69, 70].
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Figure 2.6 : Schematic representation for the synthesis of PMMA via ATRP.

PMMA can be synthesized with different methods such as solution polymerization,
bulk polymerization, emulsion polymerization, anionic polymerization and free
radical polymerization. Krzysztof Matyjaszewski discovered a new technique called
Atom Transfer Radical Polymerization (ATRP), a kind of living polymerization
technique, which enables [71] to synthesize PMMA with even higher molecular
weight at almost 100,000 g/mol with over 80 % conversion and ~ 1.1 — 1.3
polydispersity range [72]. ATRP (Atom Transfer Radical Polymerization) is the most
commonly utilized and effective technique with controlled functionalities and

compositions providing well-defined polymers [73].

PMMA is a well-recognized and widely studied polymer having significant dielectric
properties in electronic industry. The advantages of utilizing PMMA in electronic
industry is its ease of processability, preparation and application alongside its stability
[74, 75]. It is therefore the compatibility of nanoparticles with PMMA matrix results
in substantial outcomes due to the rigid nature of PMMA comparing to other
conventional polymers [73, 76]. It is a hard thermoplastic for instance with high
modulus, high strength and low elongation at break together with its higher scratch
resistance than other traditional polymers like polycarbonate (PC). Moreover, PMMA
is an economical substitute of other polymers [69]. The outstanding characteristics of
PMMA for a wide range of applications are listed in Table 2.2 [77].

PMMA was selected as one of the matrix material in this thesis owing to its low cost
and ease of synthesis conditions besides having excellent thermal and mechanical

properties for TIM application.
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Table 2.2 : Main properties of PMMA.

Properties Value
Density 1.18-1.20 g/cm3

Water Absorption 0.3-2%

Transmission, Visible ~92 %
Young’s Modulus 1.8-3.2 GPa
Tensile Strength 47-79 MPa
Compression Strength 70-120 MPa
Electrical Resistivity ~ 10" Q.cm
Thermal Conductivity ~ 0.2 W/mK

Glass Transition Temperature ~105°C

Softening Point ~115°C

Melting Point ~ 160 °C

2.2.3.2 Polysulfone (PSU) as matrix material for TIMs

Aromatic polysulfones are commercially available amorphous high-performance
engineering thermoplastics including several superior characteristics such as its
outstanding strength and flexibility even at higher temperatures, high glass transition
temperature, chemical and thermal stability, high resistance to hydrolysis and
chemicals, dimensional stability as well as good film forming properties [78]. In
addition, polysulfone is the one of engineering thermoplastic with highest service
temperature. The heat resistance capability leads PSU to be used as a flame retardant
material even in the applications need high stiffness [79]. Therefore, polsulfones
(PSU) haven been utilized for a long time in the fields of engineering applications,
material sciences, polymer and biology sciences, medical equipments, automotive
parts, food processing chains and electronic industry owing to these excellent

properties [80].

The first synthesis of PSU was realized by Kreuchunas in 1958 [81]. Then, Johnson
and coworkers discovered high molecular weight polysulfones. The various types of
polysulfones like polysulfone (PSU), polyphenylsulfone (PPSF) and polyethersulfone
(PES) have been commercialized with the trade names of UDEL® PSU, Radel® PPSF
and Victrex® PES since 1965 (Table 2.3) [78].
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Table 2.3 : Commercially available polysulfones.

Structure Trade Name Company Year
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Polysulfone is known for having diphenylene sulfone repeating units in its structure.
The inflexible and immobile -SO2- groups give mechanical stability to PSU.
Furthermore, the phenylene rings in repeating units generate dimensional stability,
high rigidity and strength, creep resistance and high heat deflection temperature. The
ether linkages provide to PSU resilient and stiff but strong structure. What is more,
phenyl ether and phenyl sulfone groups allow PSU long-term availability and high
temperature, oxidative and PH stability during use [80, 82]. Due to these structural
characteristics (Table 2.4), PSUs are extensively applied in the wide range of industrial
areas [83].

Table 2.4 : Main properties of PSU.

Properties Value
Density 1.24 g/mL
Water Absorption at Equilibrium 0.5%
Glass Transition Temperature 185 °C
Tensile Strength 70 MPa
Elongation at Break 50-100 %
Flexural Modulus 2.7 GPa
Impact Strength, notched, 23 °C 50-70 j/m
Processing Temperature 330-385 °C
Volume Resistivity ~5x10° Q.cm
Coefficient of Thermal Expansion 56x10° Kt
Thermal Conductivity 0.22-0.26 W/mK

Polysulfones have been employed extensively in numerous application areas such as
composites [84, 85], thin film technology [86], fuel cells [87-89], coatings [90, 91],
biomaterial [92] and microelectronic devices [93, 94] due to their excellent mechanical
and thermal properties. Also, polysulfones are generally used as ion-exchange

membranes in electrodialysis and polymer electrolyte membrane electrolysis [80, 95].
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In the preparation of PMMA grafted silicon nitride (PMMA-SNNS) nanocomposite,
synthesis of PMMA was achieved with alkyne-end functionality via ATRP in
accordance with click reaction. The polymers synthesized by polycondensation
reaction, need to be functionalized to be used in click reaction. Therefore, polysulfones
with hydroxyl-end functionality synthesized via polyetherification route were
subjected to alkynylation reaction of terminal groups in order to be utilized in click
reaction. The modification of polysulfones can be performed also to obtain several
properties desired like processability and reactionability, besides alkynylation of
polysulfones to carry out click reaction. For this purpose, two different approaches can
be applied to functionalize polysulfone, which are post-polymerization of polymers
synthesized and direct copolymerization of already functionalized monomers. Post-

polymerization technique was applied to functionalize polysulfone in this thesis.

PSU was selected as one of the matrix material in this thesis because of being
amorphous engineering thermoplastic allowing ease of processing at low temperatures
and having functionalized end groups to modify the structure to adapt click reaction

besides having excellent thermal and mechanical properties for TIM application.

2.2.3.3 Poly (ether ether ketone) (PEEK) as matrix material for TIMs

Poly (ether ether ketone) (PEEK) is a semi-crystalline high-performance engineering
thermoplastic having excellent thermomechanical properties [96, 97]. Amongst
traditional engineering thermoplastics, PEEKSs show outstanding characteristics (Table
2.5) like high working temperature and high glass transition temperature, outstanding
thermal stability, superior mechanical strength and excellent resistance towards high
boiling point organic solvents, making them unique candidate for the developing of
structural components in leading industries like aerospace and automotive industry
[98]. Furthermore, they are also utilized in medical applications such as implants and

sterilizable surgical instruments due to its biocompatible nature [99, 100].
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Table 2.5 : Main properties of PEEK.

Properties Values
Density 1.3-1.35 g/mL
Continuous Working Temperature 250 °C
Dielectric Constant 3.1
Volume Resistivity >101°
Tensile Strength 95 MPa
Elongation 25 %
Compressive Strength 120 MPa
Tensile Strength 90-100 MPa
Elastic (Young’s) Modulus 3.5-4.1 GPa
Flexural Modulus 3650 MPa
Toughness (Notched Izod Impact at RT) 80 - 94 J/m
Melting Point 334°C
Glass Transition Temperature 143 °C
Thermal Conductivity 0.25-0.29 W/mK
Specific Heat Capacity (at 20 °C) 2100-2200 J/kgK

Poly (ether ether ketone) (PEEK) is a member of Poly (aryl ether ketone) (PAEK)
family. It is a light weight, biocompatible thermoplastic with aesthetic appearance and
good strength. It was first developed by the US aerospace industry in 1970 and first
produced by Victrex PLC and later by Imperial Chemical Industries (ICI) in 1980. It
was also started to be used for dental applications by 1992 [99]. Some commercially
available PAEKS are seen in Table 2.6 [101, 102].

Table 2.6 : Commercially available poly (aryl ether ketone)s (PAEK)s.

Structure Trade Name Company

0]
1]
{OOO—O—C—Q—} VICTREX (PEEK) ICI
n
0
%O—Q—C—Q%— STILAN (PEK) Raychem
A Corporation
i i I
fo—@—c—@—o—@—c—@—c—@a— ULTRAPEK (PEKEKK) BASF
n

The diphenylene ketone groups provide the high thermal stability to PEEK structures
besides ensuring high strength and high resistance to oxidation, yet give rigidity to
polymer. In addition, ether linkages procure flexibility alongside thermal stability.
PAEKS preserve their high degree mechanical properties even at close to their melting

temperature owing to semi-crystalline nature they have. Also, their creep resistance
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and wear properties which can be maintained over a wide range of temperature degrees
also excellent [100, 103].

As in the manner of preparing PSU matrix nanocomposite, by means of nucleophilic
aromatic substitution (NAS) reaction, poly (ether ether ketone)s (PEEK)s with
hydroxyl-end functionality were synthesized and then alkynylation of terminal groups
was achieved successfully so as to obtain TIM through click reaction.

PEEK was selected as one of the matrix material in this thesis to demonstrate the effect
of the differences between amorphous polymers and semi-crystalline polymers on
thermal conductivity besides asserting excellent thermal and mechanical properties of
PEEKS for TIM application.

2.3 Thermal Conductive Polymer Nanocomposites

The require for polymer composites with high thermal conductivity emanates from
the demand for heat management and heat dissipation in electronic packaging as a
result of miniaturization of electronic components [104]. Therefore, effective thermal
management is crucial to control the performance and dependability of these
components. In this sense, it is of great importance to produce and develop novel
thermal conductive materials with effective characteristics in order to manage these
problems [105].

2.3.1 Thermal conductivity theory

In thermal conductivity theory, thermal dissipation proceeds throughout several media
by means of convection, conduction or radiation processes. Heat conduction refers to
the transportation of vibrational energy of particles to the neighboring particles [106].
When two pieces having different temperatures contact with each other, heat energy
conveys from the piece with high temperature to the one with low temperature. In other
words, the heat conduction process signifies the energy transportation process in the
same time, denoted as thermal conduction phenomenon [107]. Thereby, heat is an
indicator of how much and how fast this energy transferred from which direction to
which direction, while temperature is an indicator of how many particles are vibrating.

Figure 2.7 illustrates the thermal conduction phenomenon in a solid matter [4].
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Figure 2.7 : The illustration of a thermal conduction in a matter via collision of
particles.

In compliance with the thermal conductivity phenomenon, heat is transferred by free
electrons, phonons (lattice vibration waves) or photons (electromagnetic radiation) in
solids [108]. The thermal conduction mechanism of solids is a complex phenomenon
hinges on several significant parameters such as morphology of materials, type,
thickness and proportions [109]. For example, when evaluated in size and proportion
aspect, a thicker material conveys the heat from one face to opposite face in a longer
time according to thinner material [110]. Also, crystalline materials have invariably
higher thermal conductivity in comparison with amorphous materials when assessed

in the morphological aspect [111].

The thermal conductivity mechanism of perfect crystalline filler-based
nanocomposites is easily predictable [112]. When the phonon transfer through a
crystalline structure is evaluated in the vibrational and wavelike aspects, thermal

conductivity can be appraised as follows with the Debye equation (2.2) [107, 113]:
A=Cpl/3 (2.2)
Where A is the thermal conductivity of solid, v is the average phonon velocity, | is the

mean free path of the phonon and C, is the specific heat capacity per unit volume.

Another extensively employed parameter relevant to thermal conductivity is also

thermal diffusivity. It can be evaluated as follows with this equation (2.3) [107]:
a=>A/dc (2.3)

Where a is the value of thermal diffusivity, d is the density of a material, ¢ is the
specific heat capacity and A is the thermal conductivity. Thermal diffusivity is related
to the concept of transient heat conduction which is a process including heat transfer
and so temperature change and indicates the temperature change rate [114, 115]. When
temperature change through the entire body of sample is low, the thermal diffusivity

will be great under equivalent heating and cooling conditions. Overall, the thermal
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diffusivity substitutes for the speed of the heat transfer in a material, while thermal
conductivity symbolizes the heat conducting capacity of a material. To put in a
different way, thermal diffusivity can be considered as an indicator of the speed of heat
transportation between two faces of a material [4, 116, 117]. Hence, in the processes
of calculating the heat retention time of a material in heat treatments, thermal
conductivity is always a significant parameter [107].

2.3.2 Thermal conductivity in polymer nanocomposites

Over the past two decades, thermal conductivity of polymers has become a critical
parameter for numerous applications. Typically, the characteristic features of polymers
like the high molecular vibrations, crystal structure, comparatively low atomic density
and intrinsically weak chemical interactions and bonding, give rise to the polymers
display poor thermal conductivity [105, 118]. The lower intrinsic thermal
conductivities of polymers than metals and ceramic materials provide them become of
a good candidate for the thermal insulation applications such as electronic packaging
which includes chemical and moisture resistances, excellent processability,

lightweight and electrical insulation as well [105, 119].

The intrinsic thermal conductivity of polymers is typically low approximately within
the range of 0.1-0.5 W/mK due to the complexity of polymer chain morphology [120,

121]. Table 2.7 shows the thermal conductivity values of few important polymers.

The long-chain molecular nature of polymers ranges from highly ordered crystalline
structures to random amorphous structures. Also, the imperfections of polymers such
as voids, impurities, random orientation, chains entanglements and dangling chain
ends, bring about to phonon scatterings and substantial diminishment in phonon's
mean free path. These results contribute to thermal resistance in thermal conduction of
polymers [105, 122].

The heat dissipation in polymers realizes by the phonon transfer that occurs because
of the heat transportation generated by the collision of particles with each other and
with subatomic particles throughout the polymer. Furthermore, the morphology of
polymers has a great effect on the thermal conductivity of polymers. For example,
amorphous polymers cannot oriented into single direction, therefore contribute to
thermal resistance, and hence lead to decrease in thermal conduction [123-125]. On

the other hand, the high degree crystalline polymers can transfer the heat quickly
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throughout the structure. In other words, heat conduction is managed by the
interconnected vibrations of well-oriented molecular chains in the crystalline regions
[126].

Table 2.7 : Thermal conductivities of selected polymers.

Polymer Thermal Conductivity (Wm?K™) at 25 °C
Polypropylene (PP) 0.11
High-density polyethylene (HDPE) 0.44
Low-density polyethylene (LDPE) 0.30
Polycarbonate (PC) 0.20
Polystyrene (PS) 0.14
Poly(butylene terephthalate) (PBT) 0.29
Poly(methyl methacrylate) (PMMA) 0.21
Poly(ethylene terephthalate) (PET) 0.15
Nylon-6 (PA6) 0.25
Nylon-6.6 (PA66) 0.26
Epoxy Resin 0.19
Poly(acrylonitrile-butadiene-styrene) 0.33

(ABS)

Poly(dimethyl siloxane) (PDMS) 0.25
Poly(ether ether ketone) (PEEK) 0.25
Polyimide, Thermoplastic (PI) 0.11
Polyphenylene Sulfide (PPS) 0.30
Poly(ethylene vinyl acetate) (EVA) 0.34
Polysulfone (PSU) 0.22
Polytetrafluoroethylene (PTFE) 0.27
Polyvinylidene difluoride (PVDF) 0.19
Polyphenylsulfone (PPSU) 0.35

Promoting the thermal conductivity of polymers and polymer nanocomposites by
making no concessions from many other desirable properties of polymers are of great
interest. Hence, most of the studies devoted to enhance the thermal conductivity of
polymers denotes the incorporation of nanofillers with thermal conductivity with
polymers need to be realised. Some of the commonly used thermal conductive

nanofiilers are tabulated in Table 2.8.
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Table 2.8 : Thermal conductivities of mainly used fillers.

Filler Thermal Conductivity (W/mK) at 25 °C
Aluminum (Al) 247
Copper (Cu) 398
Gold (Au) 315
Silver (Ag) 427
Graphene (GnP) 2000-6000
Graphite 100-400
Carbon nanotube (CNT) 3000
Silicon Carbide (SiC) 120
Hexagonal boron nitride (hBN) 300
Silicon nitride (Si3Na) 200
Aluminum nitride (AIN) 100-300
Beryllium oxide (BeO) 230-330

2.3.3 Factors affect the thermal conductivity of polymer nanocomposites

Thermal conductivity of the nanocomposites depends on the numerous factors. For
example, enhancing the thermal conductivity of polymer nanocomposites is directly
associated with the heat transfer at interface between the filler and matrix. In this sense,
several parameters are unveiled to be indispensable to comprehend the heat transfer at
interfaces. For instance, crystallinity is one of the main factor to effect the heat
conduction relating to defects in structure leading to phonon scattering. Furthermore,
due to the fact that the thermal conductivity is an anisotropic property, aspect ratio,
length, size, diameter and surface area of the filler are considered as the key factors

relating to thermal conductivity.

One of the essential parameter affecting the heat transfer is the thermal interface
resistance caused by defects and impurities in the lattice, boundary scattering or
phonon-phonon scattering [4]. Because, the heat transfer in nonmetallic substances is
controlled by phonons or lattice vibrations [5]. In order to enhance the thermal
conductivity, these phonon scatterings arise from the flaws in the filler-matrix interface
must be reduced [6]. It is therefore to overcome this problem and ensure better
compatibility at the interface, the interaction type between the filler and matrix should
be considered [7, 8]. If the interface region has a good bond between matrix and filler

material, the overall properties of the nanocomposite will be better.

Many interphase properties depend on the type of interaction between filler and matrix
and so bound, and therefore optimizing the filler-matrix interface is an important

strategy in tailoring the nanocomposite properties. Establishing chemical bonds
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between filler and matrix reduces the thermal interfacial resistance and minimizes
flaws such as voids. This phenomenon suppresses phonon scattering and improves
effective heat dissipation. By means of functionalizing the filler, the chemical bond
formation between filler and matrix can be realized, thereby the higher interface
compatibility between the two can be achieved besides improving the mechanical and
electrical properties[11, 12].

Another critical parameter governing the thermal conductivity of nanocomposite is the
dispersion scheme of fillers in polymer matrix. Polymer matrix nanocomposites can
be fabricated either by chemical or mechanical process. If reinforcing material in
nanocomposite could dispersed on a molecular scale (nanometer level) and interacted
with matrix by chemical bonding, then significant improvements in the mechanical
properties of the material or unexpected new properties might be realized. Uniform
and homogeneous dispersion of nanoparticles in the polymer matrix is one of the major
problem encountered in polymer nanocomposite fabrication. In order to achieve
nanocomposites with enhanced properties, nano-sized particles should be dispersed in
matrix material properly, otherwise there will be agglomeration of the particles and
the properties of nanocomposites will deteriorate. There are several fabrication
methods to control the dispersion of nanofillers in the polymer matrix. One of them is
mechanic exfoliation method realized via ball milling technique that enables an
increase in the surface area of nanofillers, as well as offering a uniform dispersion in
polymer matrices [4, 13, 14]. This method provides also an alteration of the nanofiller
morphology, allowing the nanofiller to be compatible with the polymer matrix.
Therefore, SNs were exposed to mechanic exfoliation as the first stage of the process

to serve easy way for chemical surface functionalization steps.

2.3.4 Thermal conductivity measurement techniques

The measurement of thermal conductivity is one of the essential and effective way for
comparing different materials. It is therefore a calculation known also as Fourier's
Law, which provides the thermal conductivity measurement of a material, based on a
heat transfer in single direction, has been proposed. The thermal conductivity

calculation according to Fourier’s Law can be evaluated as follows with this equation
(2.4):

22



_ q/A
K=-3r/1 (2.4)

Where q is the rate of heat transfer through a cross-section of area A, and AT is the
temperature difference that exists over thickness L of the material [127]. Several
methods have been proposed for measurement of the thermal conductivity of polymer
nanocomposites and some of which have been accepted as ASTM standards [119].
These methods can be divided into two main classes as steady-state methods and
transition methods. The steady-state method is a standard technique used especially to
determine the thermal conductivity of materials with low thermal conductivity. This
method is based on the basic principle which is the rate of heat transfer is equal to the
cooling rate at steady-state. In this sense, the thermal conductivity is calculated via
measuring the heat flux throughout the specimen, the thickness of the specimen and
the temperature difference at both ends of the specimen, consistent with the one-
dimensional heat transfer model [34, 107, 128].

The steady-state method is classified into two group as a guarded hot plate method and
a heat flow meter method. The accuracy of the guarded hot plate method is the highest,
but the measurement processes take long time and intricate, whilst the procedure of
heat flow meter method is faster, but its measurement range is limited [129]. On the
other hand, the transient methods execute a measurement through heating up process.
The advantage of transient methods is that the measurement process takes less time as
there is no need to wait until steady state condition is reached. However, the
complexity of the mathematical data analysis process is a disadvantage for this
method. Also, transient methods are generally favored for diffusivity measurements
and necessitate a constant power heat source so that to record the temperature changes
of specimens over time. Thus, the values of thermal conductivity, heat capacity and
thermal diffusivity can be obtained from the time dependent temperature changes of
specimens [130]. The classification of thermal conductivity methods is seen in Table
2.9.
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Table 2.9 : Classification of the thermal conductivity measurement methods.

Thermal Conductivity Measurement Methods

Steady-State Methods Transient Methods
* Heat Flow Meter * Transient Plane Source (TPS)
* Guarded Hot Plate * Transient Hot Wire

» Laser Flash

« Modulated DSC

* 3w Method

* Thermocouple Method

In this thesis, thermal conductivity measurements of thermal conductive polymer
nanocomposites were realized via guarded heat flow meter technique complies with
the ASTM E1530 standard. ASTM E1530 is one of the steady-state method for thermal
conductivity measurement of thin conductive composites. The working principle of
this method based on comparing the heat flow of samples with known thermal
conductivities with that of unknown test specimens. In this technique, test specimens
are sandwiched between two metal bars, bearing thermocouples to attain temperature
gradients. In this system, there are heaters located in the upper and lower parts of the
two metal rods to manage the heat flow. Besides, to measure the heat flux throughout
the test specimen, a heat flux transducer (HFT) that generates voltage as a function of
heat flux (q) has been placed in the system [131]. Three different steady-state

measurement technique are shown in Figure 2.8 [127].
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Figure 2.8 : Schematic depiction of steady-state measurement techniques; a) ASTM
D5470, b) ASTM E1530, c) F433.
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2.4 Nanocomposite Preparation Techniques

Thermal conductive polymer nanocomposites can be manufactured either by physical
and chemical processes. Homogeneous and consistent distribution of nanofillers in
polymer matrix is one of the critical issue in polymer nanocomposite manufacturing
[132]. The uniform dispersion of nanofillers can be restricted by the inclination of
nanofillers to agglomeration and to form clusters, which deteriorate the substantial
characteristics of nanocomposites [133]. Researchers have developed many techniques
such as mechanic mixing, chemical reactions or surface modifications of nanofillers

to provide homogeneous distribution of nanofillers in polymer matrix [134].

The preference of the fabrication method is essential to obtain nanomaterials with
desired characteristics. Techniques to prepare nanomaterials can be sorted in two ways
as bottom-up and top-down approaches [135, 136]. The bottom-up approach is based
on the assembly of precursors by chemical reactions. Chemical processes like chemical
vapor deposition (CVD), spray pyrolysis, template synthesis or sol-gel methods can
be given as the examples of most prevalent techniques for bottom-up methodology
[137, 138]. Contrarily, the top-down approach is based on the breaking up of bulk
material into smaller pieces by physical methods. It covers specifically the self-
assembly principles, the surface chemistry and physicochemical interactions of
adjacent atoms. Techniques such as intercalation, direct mixing, melt-mixing, solution
mixing and ultrasonication can be given as the examples of widespread techniques for

top-down methodology [139].
2.4.1 Physical methods

2.4.1.1 Mechanical intercalation

Intercalation method is based on the direct dispersion of nanofilllers in polymer matrix
and it is one of the top-down methodology, which necessitates surface modification of
nanofillers to improve the dispersion in polymer matrix basically. This method is
principally based on the direct intercalation of polymer chains in co-solvent into
swollen nanofiller layers in solvent and replacing of polymer chains with the solvent

in which is swelled the nanofiller layers [134].
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2.4.1.2 Direct mixing of polymer and nanoparticles

Another of the top-down approach is direct mixing of polymer matrix and nanofillers,
which is based on the method of breaking up the aggregated nanofillers into small
particles during mixing. This method consists of two accustomed ways of mixing the
polymer and nanofillers, which are direct melt mixing and direct solution mixing
[134].

2.4.1.3 Melt intercalation

This method enables principally the fabrication of composites made of polymers
insoluble in any solvent and it is thereby used extensively in industrial processes such
as extrusion and injection molding. Hence, this method necessitates no solvent and
chemicals. Melt intercalation is conducted with the polymer matrix at molten state and
involves the incorporation of nanofillers, generally clays, into the matrix under shear
force [140]. However, the disadvantage of this method is that the blending of layered
nanofillers with high molecular weight polymers can be challenging due to shear force
[141].

2.4.2 Chemical methods

2.4.2.1 Sol-gel method

Sol-gel synthesis is one of the widespread method to fabricate the polymer matrix
nanocomposites by chemical routes. This method comprises of two interrelated
techniques as sol and gel. Sol is a colloidal solution of solid nanoparticles in a
monomer solution and gel is a 3D interconnected network structure formed between
the phases, followed by hydrolysis process [134]. The dispersed solid particles in a
monomer solution produce the interconnecting network structure between the phases
called gel through polymerization. The formed polymer chains behave as a nucleating
agent and support the growth of layered particles to form nanocomposite structure
[142].

2.4.2.2 Template synthesis

This technique allows the fabrication of exfoliated nanocomposites. In this process
where the polymer is used as a template and behaves as a nucleating agent, the polymer

promotes the growth of inorganic crystals and entraps these crystals between the cross-
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layers [143]. Therefore, this method can be considered as one of the in-situ techniques.
Moreover, the dispersion of nanofillers in polymer matrix takes place in a single step.
However, template synthesis is not a technique generally preferred. It is rather utilized
mainly in the field of inorganic porous material production instead of polymer

nanocomposite fabrication [144].

2.4.2.3 In-situ polymerization

In-situ polymerization is one of the effective technique that enables the great
distribution of nanofillers in polymer matrix. This system is consists of well-dispersed
nanofillers in low molecular weight monomer or prepolymer, since low molecular
weight monomers can emanate readily between the filler layers, results in swelling of
nanofillers. This mixture is then polymerized by several agents like initiator, heat or
radiation [143]. The adsorption of monomer/prepolymer molecules on the surface of
well-dispersed nanofillers is obtainable with this technique. In other words, it is
ensured that growing of these molecules from the surface of nanofiller and hence
polymers are grafted onto the filler surface [145]. Another advantageous feature of this
technique is that nanocomposites with both thermoset and thermoplastic matrix are
attainable [146].

2.4.2.4 Chemical vapor deposition

This technique is preferred mainly to produce 2D nanomaterials. In this method, 2D
nanosheets grow on the solid substrate by the reaction or decomposition of gas or vapor

precursors at high temperatures in a vacuum chamber [147].

CVD method allows large-scale production of crystal products with high quality and
high purity together with barely discernable defects on the solid substrate. However,
the disadvantages of this method are that the removing of nanosheets from deposited

substrates are challenging and the production costs are high [148].

2.4.2.5 Click chemistry

The basic problem in the production of polymer matrix nanocomposites is the
challenging of uniform dispersion of nanofiller in the matrix due to the aggregation
tendencies. Therefore, several methods have been proposed to facilitate the
homogeneous dispersion of nanofiller in polymer matrix such as sol-gel method, in-

situ polymerization, melt intercalation, ultrasonication, functionalization of the filler
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surface and some grafting approaches. Nevertheless, these methods are not efficient
with regard to form covalent interaction between the filler and matrix by reason of
some drawbacks like reaction conditions, less control on the molecular weight of
polymers, insufficient functionalization of nanofillers and low reaction yields [149,
150].

In this context, click chemistry has drawn much attention in the fields of polymer
science and material engineering. It brings various advantageous like moderate
reaction conditions, high reaction yields, stereospecific reaction types, tolerance to
varied functional groups and easily obliterable byproducts [151]. Especially, the
effective coupling of functionalized nanofiller and polymer matrix via click reaction
results in a remarkable distribution of the nanofillers in polymer matrix [152, 153].
Therefore, click chemistry can be postulated as a versatile tool for the fabrication of
polymer matrix nanocomposites owing to having high reactivity, reliability and
selectivity [154]. Moreover, commonly utilized click reactions of copper(l)-catalyzed
azide-alkyne cycloaddition (CUAAC) [153], nucleophilic or radicalic thiol-ene [155]
and thiol-yne [156] reactions and Diels-Alder (DA) [157] reactions have been
introduced into the literature as the essential click tools for the fabrication of polymer

matrix nanocomposites.

2.5 Modifications Applied to Nanocomposite Precursors

The greatest challenge in the fabrication of the polymer matrix nanocomposites is
tuning the interfacial compatibility between the matrix and nanofiller [136].
Otherwise, the essential properties of nanocomposites such as morphological, thermal
and mechanical characteristics will be worse than the properties of the pristine parents
of nanocomposite [134]. To overcome this situation, one should consider the
homogenous and uniform dispersion of nanofillers in polymer matrix and also the
procedures that aim the enhanced interfacial interaction between the filler and matrix
should be performed [158, 159]. In other words, the interface border between filler and
matrix has an effect on the end-property of a nanocomposite. Furthermore, the
interaction characteristics, nanostructure and the composition at the interface diversify
throughout the interface border and are unlike to both matrix and filler [160]. The
interaction or bonding type at interface is so significant, since most of the interface

properties depend on this interaction and therefore the entire characteristics of the
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nanocomposite can be modified by optimizing the interfacial bond. Hence, some
treatments and surface functionalization procedures for both nanofiller and polymer

matrix should be carried out to tailor the interfacial interaction [161].

2.5.1 Modifications of inorganic fillers

In the fabrication of polymer matrix nanocomposites, the nanofilller dispersion in
polymer matrix is a critical issue due to the tendency to agglomeration, which stems
from nanoscale size and high aspect ratio of nanofillers [162]. However, the high
aspect ratio of one-dimensional or two-dimensional nano-fillers creates easy contact
of the layers with each other, leading to the formation of a thermal conductive path;
yet this is an anisotropic conductivity [163, 164]. Therefore, the dispersion of
nanofillers in polymer matrix is a critical issue for thermal performance. In other
words, the poor contact area between the filler and matrix could contribute to interface
resistance and extra scattering over heat carriers resulting in enhanced thermal
boundary resistance (TBR) which deteriorate the thermal performance of the
nanocomposite [165]. Accordingly, several techniques such as ultrasonication,
mechanical treatments, surface functionalization with coupling agents and chemical
functionalization etc. have been suggested and performed to obtain nanocomposites
with fine dispersion [34].

2.5.1.1 Preparation of nanosheet structure

The adjacent plates of the inorganic filler are in the form of stuck tightly to each other
due to the common sharing of the counter-ions and cause the filler to form a bulk
structure. Therefore, they must be subjected to appropriate treatments before the
nanocomposite preparation to make the filler plates suitable to interact properly with

the polymer matrix as shown in Figure 2.9 [111, 166, 167].

Bulk Form Few Layered (Nanosheet)

Figure 2.9 : The schematic illustration of nanosheet formation.
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Apart from the situation mentioned above, the shape and size of the nanofiller have
also a significant role on the thermal conductance performance of the nanocomposite
[6, 168]. From a particular point of view, the fillers with smaller size have large surface
area showing improved surface energy, while the fillers with larger size display the
vice versa. In other words, the larger fillers give rise to less filler-matrix interface due
to having smaller surface area, leading to thermal barrier formation and phonon
scattering and hence their thermal conductivity show low values when compared to
the thermal conductivity (TC) of nanocomposites having smaller particle size [169-
171].

I.  Liquid exfoliation

A number of methods have been proposed for the nanosheet formation such as surface
passivation, oxidation, ion-exchange or ion intercalation [172]. However, there is one
of the versatile, scalable and sustainable technique named liquid phase exfoliation
(LPE) have been employed for a while to produce layered materials [173, 174]. The
production of few-layered nanosheets are obtained by applying ultrasound or high
shear to bulk form of layered inorganic crystals in predetermined stabilizing liquids
using bath or tip sonicators [175]. Furthermore, this method enables the scalable
production of 2D nanosheet-based nanocomposite materials [176].
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Figure 2.10 : Schematic description of sonication assisted liquid exfoliation.

The liquid phase exfoliation process (Figure 2.10) results in the formation of
nanosheets having high aspect ratio and large surface area, which are suitable for the
applications that necessitate surface performance [177]. Therefore, this technique can
be utilized as a practical tool before subsequent chemical modification processes of
nanosheets [177]. However, liquid exfoliation has some drawbacks, one of them is the
variabilities in both longitudinal and lateral sizes ranging from nanometers to microns

[177-179]. Another disadvantage of this technique is that only small-scale fabrication
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is allowed. Hence, more effective techniques need to be performed to obtain 2D

nanosheet formation [180].

ii.  Mechanic exfoliation

Two-dimensional materials have been drawn much attention over the last few years
due to their excellent structural, thermal and electronic properties. Yet, their
significance was realized even more after the isolation of layers from their bulk
crystals into individual monolayers [181]. In recent years, many methods have been
proposed to prepare two-dimensional layered structure. However, mechanical ball
milling one of the simple, cost effective and functional method has been practiced
effectively for a while to produce monolayer flakes from layered bulk crystals [182].
Mechanical exfoliation method has been considered as the most convenient method to
obtain single crystalline flakes with superior quality in accordance with a number of
research areas [183, 184]. Moreover, mechanical ball milling enables the large scale
fabrication of bulk nanofillers, so it might be considered as an ideal method to fulfill a
high quality morphology in nanocomposites with reduced particle size and low cost
[185].

Ball milling is a kind of mechanical process based on the energy and heat released
during collision of balls with each other and with powder. The working principle of
grinding process can be explained simply by the centrifugal force, inducing the
grinding of a powder, with the help of the frictional force created by collision of balls
to walls as mill rotates as shown in Figure 2.11a. There is also the reverse rotary motion
of disk on the other hand, which implements an inverse centrifugal force to the mill.
This movement causes the ball to migrate the opposite cell walls of the mill and create
the strike effect. The size reduction of fillers with ball milling is realized mainly by
this impact effect (Figure 2.11b) [186].
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a) b)

Rotating direction of mill

Figure 2.11 : a) The internal view of grinding cell and planetary movement, b) The
internal and external view of the milling device.

Mechanical ball milling has been employed in a number of business and research fields
on the purpose of size reduction for a while. In recent years, the production of
nanomaterials with superior physical properties and novel microstructures has been
achieved effectively by means of this high-energy ball milling processes [187].
Furthermore, the essential advantages such as scalability, cost-effectiveness and
versatility provided the widespread application of high-energy ball milling techniques.
Therefore, the mechanical exfoliation with high-energy ball milling is a better
candidate according to other exfoliating techniques for the size reduction and the large-
scale fabrication of nanofillers [14, 188].

Ball milling has two different impacts on layered materials, compression force and
shear force (Figure 2.12). Therefore, layered materials can be cleaved into 2D

nanosheet structure from both surfaces and edges through these forces [189, 190, 191].

(@) (b)
Shear force Compression force

O Milling balls T Graphite flakes

Figure 2.12 : The illustration for the effect of a) shear force and b) compression
force on the layered materials.
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The most advantageous characteristic of milling process is that it can be carried out in
the absence of solid or liquid exfoliating agents, which enables to obtain 2D nanosheets
without contaminants in comparison with the conventional methods (Figure 2.13).
Hereby, the post-production treatments for removing contaminants in nanosheet

manufacture can be thus eliminated by this way [192].
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Figure 2.13 : The schematic illustration of the mechanic exfoliation process via ball

milling.
The exfoliation trends of starting materials are effected by some milling parameters
involving milling ball size, ball-to-powder ratio, milling speed and milling time [193].
Characteristically, the milling balls are made up of generally stainless steel. Similarly,
the diameter of balls varies within the range of 1-25 mm. The ball-to-powder ratios are
determined according to type of material will be grinded. For example, the ratio of
75:1 to 150:1 can be desirable for the rough powders, while the range between 5:1 to
10:1 will be sufficient for smoother materials [194]. Also, the milling time varies from
less than 1 hour to more than 30 hours, in accordance with the particle size desired
[195].

2.5.1.2 Surface functionalization of nanosheets

Studies on thermal conductivity improvement of polymer matrix nanocomposites are
carried out by incorporating the inorganic fillers with high thermal conductivity into
the polymer matrix. The differences in physical and chemical structure between the
polymer matrix and inorganic filler and the weak chemical affinity between these two
materials cause difficulties in tailoring and improving the performance of

nanocomposites [169].

The surface functionalization processes of inorganic fillers have an essential role in

the development of TIM performance. A considerable amount of investigations have
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been carried out on thermal resistance, also known as Kapitza Resistance, which
deteriorates the performance of nanocomposite as a result of inconsistent temperature
distribution at the filler-matrix interface [33]. Therefore, the surface functionalization
procedures of fillers offer an opportunity to achieve better compatibility between the
filler and matrix, which leads to efficient heat transfer throughout the filler-matrix
interface, reduced the thermal boundary resistance (TBR) and minimized flaws such
as voids [196, 197].

Surface functionalization procedures can be separated into some routes such as
forming covalent interaction, physical blending, air plasma and low oxide. Covalent
modification of the filler surface is the most efficient way for the functionalization and
based on a chemical reaction between the filler surface and the functional groups of
modifying agent [198, 199]. Modifying agents are amphiphilic compounds, a kind of
coupling agents, having functional groups that are compatible with both matrix and
filler, which provide interface compatibility between the filler and the matrix.
Accordingly, one can suggest that the chemical interaction between nanofiller and
polymer matrix can reduce the thermal resistance at interface by means of this method
[200, 201].

On the other hand, unmodified SisN4 nanoparticles have an inclination to agglomerate
due to the possession of high surface energy. Hence, providing the uniform distribution
of nanofiller is one of the great challenge in fabrication of nanocomposites [202, 203].
Therefore, surface functionalization procedures have to be utilized in order to obtain
homogenous distribution of nanofiller into polymer matrix. Thus far the materials used
to modify the surface of SisN4 can be listed as small molecular coupling agents [204,
205], macromolecular coupling agents [206, 207] and surface-grafting polymer chains
[208].

Several studies affirms that the nanocomposites having modified nanofillers allows to
obtain higher thermal conductivities compared to nanocomposites containing
unmodified nanofillers [16, 209-211]. In this thesis, three-step modification procedure
was applied to the mechanically exfoliated silicon nitride nanosheets; these are

amination, bromo-amidation and azidation reactions, respectively.
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i. Amination

The performing the surface functionalization of nanoparticles via chemical reactions
is the most preferred route for the modification processes, since the chemical bonds
provide strong interactions between the nanofiller and modifying agents [212]. This
method is realized by silane coupling agents (Figure 2.14) as modifier or by grafting
polymer chains onto surface of silicon nitride. Surface functionalization of
nanoparticles is carried out by the chemical reaction between silanol groups on the
nanoparticle surface and functional groups of silane reagents in appropriate conditions.
The amination mechanism of nanofilers starts with the hydrolysis of alkoxy groups of
coupling agents in first, then hydrogen bonds constructed between the silanol groups
on the surface of nanofiller and coupling agent, end up with the formation of covalent
bond in the end [108, 213-215].

RO
RO

/

"

N

Figure 2.14 : General formula of silane coupling agents.

A large number of coupling agents known as functional silanes permit us to ameliorate
the interaction between the nanofillers and polymer matrix, and as a result phonon
scattering is minimized. The general formula of the coupling agents is ROSiX3, where
X- corresponds to the organofunctional end group and RO- refers to the hydrolysable
groups like alkoxy or acetoxy silanes [216]. Some commercial coupling agents are
listed in Table 2.10.

Table 2.10 : Types of commercial silane coupling agents.

Name and Abbreviation Ref.

3-Aminopropyltriethoxysilane (APTES) [217]

3-Glycidoxypropyltrimethoxysilane (GPS) [218]

3-Aminopropyltrimethoxysilane( APTMS) [219]

Aminopropyl methyldiethoxysilane (APMDES) [220]

(3-Acryloxypropyl)methyldimethoxysilane [221]
(APMDMS)

The functionalization processes of filler surfaces with coupling agents are performed

through the reaction of the hydroxyl groups on the surface of SizNs with the
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hydrolysable RO- group of the coupling agents to attain hydrophobized SizNs. Then,
the another functional groups on coupling agents designated as X, generally amine
groups for silane coupling agents, are reacted with the functional end-groups of
polymer matrices to produce composite structure [222-224]. The whole bonding

mechanism of silane coupling agents to inorganic surfaces is given schematically in

Figure 2.15.
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Figure 2.15 : The bonding mechanism of silane coupling agent to inorganic surface.

In this thesis, the first surface modification reaction was carried out with silane
coupling agent, (3-Aminopropyl) triethoxysilane (APTES) which involve three ethoxy
groups and terminal amine to obtain amine-end functional silicon nitride nanosheets

(SNNS-NH2>). This process is depicted in Figure 2.16.
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Figure 2.16 : The surface modification process of SNNS with APTES.
ii.  Bromo-amidation

In this thesis, silicon nitride nanocomposites with PMMA matrix were fabricated by
two different methods as SI-ATRP and click chemistry to compare the effect of
different preparing routes on thermal conductivity. The second modification step is
conducted by bromoamidation. Accordingly, bromination process (Figure 2.17) of
amine end-functional silicon nitride nanosheet (SNNS-NH.) was conducted with the
use of a-bromoisobutyryl bromide (BIBB) as tertiary brominating agent in basic
conditions. Eventually, the bromoamide end-functional SNNS (SNNS-Br) was used
as ATRP initiator for SI-ATRP reaction, while it was also subjected to azidition
process to obtain azide-end functional SNNS (SNNS-Nz3) to be used in the click

reaction.
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Figure 2.17 : The surface modification process of SNNS-NH> with BIBB.
iii.  Azidation
Traditional modification procedures generally use Si-OH or Si-H bonds on the surface
of nanoparticle for silanization [225] or halogenation [226]. One practicable reaction
of amine function is the transformation to azide functionality after brominating process
[227]. The azide moiety is a practical tool for click reactions especially in copper

catalyzed azide-alkyne cycloaddition (CUAAC) [228] as well as in strain-promoted
alkyne-azide cycloaddition (SPAAC) [229] and Staudinger ligation [230].

The click chemistry in this thesis based mainly on the Huisgen cycloaddition between
alkyne-end moiety of polymer matrix and azide moiety on the surface of modified
silicon nitride nanosheets, thus the last modification step is azidation of SNNS-Br. In
this regard, the azide end-functional silicon nitride nanosheet (SNNS-N3) was obtained
through the substitution reaction of the bromide end-functionality of SNNS-Br with
sodium azide (NaNs) as can be seen in Figure 2.18. Then, click reaction was carried
out between the SNNS-N3z and alkyne-end functional polymers in presence of copper

catalyst to yield thermal conductive polymer nanocomposites.
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Figure 2.18 : The surface modification process of SNNS-Br with NaNa.
2.6 Synthesis and Modifications of Polymer Matrices

The formation processes of synthetic polymers are mainly based on the creating
chemical bonds between hundreds up to many thousands of monomers, at the end of
the process, macromolecular structures are obtained. The chain formation process of
polymerization reactions can be categorized in two main classes as chain-growth
polymerization and step-growth polymerization [231, 232]. In chain-growth
polymerization, an initiator is needed for the formation of active sites to initiate the
polymerization, and then propagation step takes place by means of the consecutive
addition of monomers to the active site. Free radical polymerizations and ionic
polymerizations can be evaluated as examples of chain-growth polymerization. In
step-growth polymerization, no initiator is needed and the chain formation occurs
progressively through the sequential reactions of two monomers consisting reactive
functional groups. To obtain linear polymers via step-growth polymerization, di-
functional monomers are preferred instead of mono-functional monomers since the
reaction of mono-functional monomers ends up with the species having two unreactive

end groups.
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2.6.1 Chain-growth polymerization

Chain-growth polymerizations, known as addition type polymerizations, can be
defined briefly as the chain reactions of activated species called initiators [232]. The
mechanism of chain reactions are based on the addition of new monomers to the
growing polymer chain one after another trough active sites, double or triple bond, in
the monomer [233]. Each addition of repeating unit to the growing chain recreates the
active sites on the polymer chain and so polymerization progresses through the
addition process of active sites [234]. The chain-growth polymerization proceeds

through these three steps as also given in Figure 2.19 [233, 235]:

Chain Initiation: This step is generally conducted by means of external initiators

capable of creating active sites such as radicals, anions, cations or organometallic

complex.

Chain Propagation: This step involves the addition of repeating units to polymer chain

by creating new active sites on growing chain to propagate the polymerization.

Chain Termination: In this step, chain propagation is ceased by the deactivating or

neutralizing of the active sites by several routes to terminate the polymerization.

Comparing to step-growth polymerization (polycondensation), the high molecular
weight polymers are obtainable even within a very short time from the beginning of
the reaction in the chain-growth polymerization. Such that, it is observable that both
the monomer and the large molecular weight polymer can be present together at any
time of the reaction, although the concentration of the monomer decreases steadily in

the reaction media [236].

Depending on the type of active center, chain-growth reactions can be mainly
categorized into four main types as radicalic polymerization (free-radical
polymerizations), anionic polymerization (monomers with electron withdrawing
groups), cationic polymerization (monomers with electron donating groups) and
transition-metal mediated polymerization (coordination polymerization with Ziegler-
Natta catalysts) [232].
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Figure 2.19 : Reaction steps of chain-growth polymerization.
2.6.1.1 Free radical polymerization (FRP)

In FRP, the first step of initiation process covers the homolytic bond scission of
initiator to yield radical species. These species then attach to a monomer having
multiple bonds to create new active sites capable of propagating the chain growing on
the monomer units. After producing the chain with active site in initiation step, the
chain then continue to grow by means of sequential addition of monomer to growing
chain within the propagation step and proceed in the same trend till the termination
step [231].

For a conventional free radical monomer, there are two potential routes to addition of
a monomer to the growing chain (Figure 2.20). The most preponderant route denoted
as head-to-tail addition is the one, which enables the minimum steric hindrance for the
active species participating the propagating chain and generates the most stable radical.
In other words, due to the steric hindrance of the groups in the growing chain
encountered in the head-to-head addition and considering the fact that the stable
radicals can only form through the head-to-tail addition, the propagating stage
predominantly proceeds over the head-to-tail addition even if the head-to-head
addition may still occur [231].
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a) Head-to-Head Addition
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Figure 2.20 : Routes of a) Head-to-head addition and b) head-to-tail addition for
propagation stage in free-radical mechanism.

Termination process of free radical polymerization can occur through two different
mechanisms as can be seen in Figure 2.21. In the first mechanism, known as
combination mechanism, two propagating chains bearing active radicals combine to
transform into single chain containing no active sites able to continue polymerization.
In the second mechanism, known as disproportionation mechanism, one of the
propagating chain bearing active radical abstracts a proton from the other active chain
to form two chains with different dead-end groups [231].

a) Termination with combination mechanism
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Figure 2.21 : Termination mechanisms of free radical polymerization.
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2.6.1.2 Controlled/living radical polymerization (C/LRP)

Conventional free radical polymerization methods are used prevalently in industrial
applications to manufacture high molecular weight polymers from several vinyl
monomers. The FRP systems require an oxygen and moisture free environment; they
can also be carried out under mild conditions and in such a wide temperature range
like ranging from -80 to 250 °C.

The principal disadvantages of conventional free radical polymerization systems are
generally associated with the uncontrollability of polymer structure. Although the high
molecular weight polymers can be produced with conventional FRP, but their
polydispersities will be high due to relatively slow initiation step, fast chain
propagation and the irreversible termination process of monomers. Therefore, in order
to overcome the disadvantages of FRP, it has been acknowledged that the free radical
mechanism had to be conducted in conjunction with a living character. Live
polymerization techniques can meet easily the requirements of radical polymerizations
enabling to obtain well-defined polymers with various end functionalities through

controlled synthesis procedures.

Live polymerization was first described by Szwarc in 1955 as a type of chain growth
process without chain transfer and chain termination [237]. Well-defined polymers
with molecular weight control, narrow molecular weight distribution, structural and
compositional diversity can only be obtained by controlled/living radical

polymerization (C/LRP) techniques.

Such a polymerization provides molecular weight (MW) control and molecular weight
distribution (MWD) control as well as end-group control [238]. Some certain
conditions to achieve these ultimate results involve the necessities such that the
consumption of initiator should take place in the early stages of polymerization and
the rate of propagation should be at least fast as the rate of initiation and the rate of
substitution between active species [239, 240]. Controlled polymerization can be at
issue as so long as these conditions are met [240]. Yet another affective way to proceed
the polymerization in a controlled manner is reducing the active radical concentration,
and so the undesirable side reactions, which allows to synthesis polymers with a
predictable MW and also MW increasing over time while maintaining a narrow MWD
[241].
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Living polymerization techniques enable the synthesis of functional and
multifunctional polymers, graft and block copolymers, macroinitiators and
macromonomers. Hence, it can be concluded that the living polymerization is an
indispensable technique to synthesize polymeric structures in a controlled manner
[242, 243]. The most well known controlled/living polymerization techniques include
reversible addition-fragmentation chain transfer polymerization (RAFT), nitroxide-

mediated polymerization (NMP) and atom transfer radical polymerization (ATRP).

2.6.1.3 Atom transfer radical polymerization (ATRP)

Metal-catalyzed living/controlled radical polymerizations mediated by Fe, Ru, Ni and
Cu metal complexes are one of the most effective techniques to synthesize
polymers/copolymers with multifunctionality [244]. The most widely utilized one
among the abovementioned methods is the atom transfer radical polymerization
(ATRP) discovered by Professor Krzysztof Matyjaszewski from Carnegie Mellon
University in 1995 [245]. This method performs through copper catalyzed LRP in the
presence of an amine ligand and organic halide initiator. The very essential step of the
ATRP is the atom transfer step responsible for the consistent growing of polymer
chains [246].
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Figure 2.22 : The concise demonstration of ATRP mechanism.

Figure 2.22 shows the general mechanism of ATRP [247, 248]. This process is
instantaneous and governed by an equilibrium between dormant species and
propagating radicals and that equilibrium is constituted favors the dormant species (P-
X). This kind of progress allows the propagating chains able to grow simultaneously

and also ensures the suppressed the irreversible radical-radical termination reactions

44



by keeping the radical concentrations rather low [249]. Moreover, chain propagation
step occurs through the rate constant of activation (kat) and deactivation (Kdeact),
respectively. The rate of polymerization is defined through the first order reaction
Kinetic in regard to initiator (alkyl halide) and transition metal complex composed of
catalyst and ligand [250, 251].

The mechanism of ATRP can be explained briefly as; a reversible redox reaction
catalyzed by a transition metal complex, called as an activator (M;" / Ligand), produces
propagating species (active radicals, Pn") through subjecting the transition metal to one
electron oxidation together with by abstracting simultaneously a halogen atom (X)
from the dormant species (P-X). The active radicals then react reversibly with the
oxidized metal complexes called as deactivator (X-M"**/ Ligand), to reproduce the

activator and dormant species.

The rate of ATRP reaction is affiliated with the rate constant of propagation (kp) in
conjunction with the concentrations of monomer and growing radicals. The value of
rate constants such as Kact [252], Kdeact [253] and their ratio Katrp are strongly
influenced by some reaction conditions like temperature, solvent or pressure along
with the chemical structure of ligand and type of monomer/dormant species [254, 255].
In order to increase the rate of ATRP, catalyst activity (KaTre) should be kept high.
However, under some conditions such as the realization of radical-radical termination
leading low concentration ratio of activator and deactivator due to accumulation of the
deactivator concentration, the rate of ATRP may decrease [256]. In conclusion, ATRP
is a very powerful and adaptable technique for the synthesis of functional polymers

with accurately controlled mechanism and sectional particular functionality [257].

2.6.1.4 Synthesis of poly (methyl methacrylate) (PMMA)

PMMA can be synthesized with different methods such as solution polymerization,
bulk polymerization, emulsion polymerization, anionic polymerization and free
radical polymerization [258]. ATRP (Atom Transfer Radical Polymerization) is the
commonly used technique preferred to polymerize a MMA to obtain living polymer

with desired functionality by means of controlled radical polymerization [259].

In the thesis, ATRP was used to prepare PMMA-SNNS nanocomposites in two
different ways. The first method is the direct preparation of PMMA-SNNS via surface
initiated ATRP (SI-ATRP) method by using bromide functional silicon nitride
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nanosheet (SNNS-Br) as an initiator. The second method is the synthesis of alkyne-
end functional PMMA (PMMA-AIkyne) by the aid of controlled polymerization
technique on the purpose of using in click reaction. However, this section will focus

more on the second method, conventional ATRP.

In ATRP method, MMA, which is a colorless liquid and has a chemical formula of
CsHsOy, is the monomer used for the polymerization of PMMA. The advantageous
properties of MMA among the other monomers are its durability, transparency,
strength and abrasive resistance alongside having the highest ATRP equilibrium
constant (Keq = Kact/Kdeact) [260].

Alkyl halides (RX) are generally used as the ATRP initiator in the polymerization of
MMA. The rate of polymerization is able to be determined by the dissolved
concentration of alkyl halides [261]. The type of halide the initiator has affects the
quality of PMMA obtained. Certain overactive initiators can lead side reactions or
sudden terminations. The high quality PMMA can be obtainable in the use of alkyl
halides bearing bromide and chloride. The selection of an initiator has an important
role on ATRP accordingly [262].

Catalysts have an essential role on the kinetic equilibrium of ATRP reactions, such
that both the activating and deactivating species of catalytic system must be
simultaneously present in the reaction medium. There are some characteristics the
catalysts must have such as having at least two accessible oxidation states, having a
favorable affinity towards halogens, ability to ensure coordination states to connect the
ligands. It means that the type of catalyst proposed for a given reaction affects the
kinetics of ATRP and so the controllability of polymerization under the selected
combination of reaction conditions. The mostly used catalysts among the other
transition metals available for the polymerization of MMA by means of ATRP is the
copper based transition metal catalysts when considering the above characteristics
[262].

The principal mission of the ligand part of a catalyst complex in the polymerization
media in an ATRP is to solubilize the transition metal salts to conform the redox
capacity of the metal to contribute the kinetic dynamics of halogen exchange reaction.
The electron donating capacity of a ligand directly influences the reactivity of the

metal center in halogen abstraction and exchange reactions. Hence, the selection of a
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ligand has an essential role in controlling the polymerization dynamics, molecular
weight and molecular weight distribution of the polymer to be synthesized. The most
commonly used ligands for MMA polymerization through ATRP is the nitrogen based

ligands due to their excellent electron donating characteristics [263].

The stage of atom transfer, in other words, exchange reactions and reaction kinetics of
polymerizations hinge directly upon the catalyst complex, which is highly affected by
the solvent system. Thus, the selection of solvent is quite crucial to reach the efficient
polymerization. Several solvents used in ATRP systems for different monomers
include toluene, ethyl acetate, benzene, alcohol etc. The solvents accord with the
ATRP systems should have a capacity to completely dissolve the catalyst complex and

hence polar aprotic solvents are mostly used [261, 262].

Reaction temperature has a direct effect on the rate of polymerization. Rate constants
of atom transfer equilibrium, propagation stage and so the rate of polymerization
increase proportionally with temperature due to increase in collision frequency of
species. Also, high temperatures induce more heat loss causing completion of the
reaction in a less time. Most of MMA polymerizations are carried out at a temperature
range of around 70-90 °C, otherwise at higher degrees, chain transfer and some side
reactions may occur, also at lower degrees, the dissolution capacity of catalyst would
be low. The adjustment of polymerization temperatures must be determined mostly

according to desired molecular weight, monomer and catalyst system [261, 262].

2.6.2 Step-growth polymerization

In step-growth polymerization, monomers attach to each other in individual respective
steps via conventional organic reactions such as urethane, ether, ester and amide
formations. Step-growth reactions are divided into polycondensations and
polyadditions according to whether the small molecules (byproducts) are eliminated

during transitions between the steps (Figure 2.23) [264].
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Figure 2.23 : Types of step-growth polymerizations; a)polycondensation and
b)polyaddition.
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The monomers included in reaction media must have two functional end-groups so
that they can form polymer chains via step growth polymerization. Step-growth
reactions can end up with cross-linked or branched polymers in the case of monomers
more than two functional groups. The chain propagation proceeds generally through
the independent sequential reactions of monomers due to the absence of active centers.
It progresses via formation of dimers at first step, then short or long oligomers and
finally long chain polymers with high conversions called condensation polymers
towards the end of the reaction. In order to obtain high molecular weight polymers
with high degrees of conversion, the ratio of complementary functional groups
monomers bear must be close to 1:1 equivalence [264]. The key differences between
chain-growth and step-growth polymerizations are given in Table 2.11 [264].
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Table 2.11 : Differences between chain-growth and step-growth reactions.

Chain Growth Step Growth
Polymerization Polymerization
Reaction starts with initiators or No need of catalysts for initiation.
catalysts.
There is need for the active species (e.g. Polymerization proceeds through the
radical or ions) to propagate the reactions of end-functional monomers
polymerization. and polymers.
The initiation step requires more Activation energies for each step are
activation energy than the propagation almost the same.
step.
The concentration of monomers More than 99% of monomers react in
decrease in the course of time. very beginning of the reaction.
The polymers with high molecular The polymers with high molecular
weight can form at the beginning of the  weight can only form towards the end
reaction. of the reaction.
The average molecular weight depends  The average molecular weight increases
less on the reaction time. steadily with the reaction time.

2.6.2.1 Condensation polymerization

Condensation polymerizations occur through the reactions between two bifunctional
monomers by means of releasing a small molecule, generally water. The chain
propagation step proceeds in a slow and stepwise fashion. It can be concluded that the
average molecular weight of polymer is a function of time and so increases slowly
[265]. It is mentioned before that the polymerization proceeds via reaction of
monomers bearing functional units with each other by means of elimination of small
molecules such as water or methanol, which means polymers produced have fewer
atoms than monomers [266]. Due to reversible nature of condensation reactions, the
process will halt by reaching the equilibrium at one point unless byproducts are
eliminated [267]. Some well-established condensation type polymers are, phenol-
formaldehyde resins, polyethers, polyamides, polyphosphates, polyphosphonate
esters, polyesters, polycarbonates, polyureas, polyanhydrides, polysiloxanes and
polysulfides [267].

2.6.2.2 Synthesis of polysulfone (PSU)

The first synthesis procedure for condensation polymers from p-phenylenedithiols and
p, p’- dihalodiphenyl sulfones was proposed by Kreuchunas in 1958 [268, 269].
Polysulfones are obtained Dby polycondensation reactions which are 1)

polysulfonylation (a classical electrophilic aromatic substitution) [270, 271] and ii)
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polyetherification (a nucleophilic substitution of activated aromatic dihalides) [272].
Polyetherification, which is a kind of condensation polymerization, is more favored
route than polysulfonylation and is conducted through the nucleophilic substitution
reaction between dihalides and diphenols (Figure 2.24). Hence, polyetherification was

applied for the synthesis of polysulfone in this thesis.
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Figure 2.24 : Synthesis of polysulfone via polyetherification route.

In this method, polycondensation is carried out through the reaction between diphenols
activated by metal salts and dihalides at elevated temperature in the medium of aprotic
dipolar solvents. The aprotic dipolar solvents such as N-methylpyrrolidone (NMP),
N,N-dimethylacetamide (DMAC), cyclohexylpyrrolidone (CHP), dimethylsulfoxide
(DMSO) and N,N-dimethylformamide (DMF) increase the activity of metal salts and
contribute to the enhancement of addition steps [273-275]. Figure 2.25 shows the
formation of Meisenheimer Complex in consequence of nucleophilic attack of
activated diphenol to aromatic carbon of dihalide, then -1 effect of sulfone groups
(electron withdrawing group) accelerate the aromatic substitution by releasing the
leaving group and Meisenheimer complex decomposes in the end.
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Figure 2.25 : Formation of Meisenheimer Complex in the synthesis of polysulfone
via nucleophilic (polyetherification) route.

Poly (ether sulfone)s (PES)s obtained from 4,4'-Dichlorodiphenyl sulfone and
Bisphenol-A display high Ty due to the chain rigidity proceeding from the presence of
diphenyl and polar sulfone groups. The high polarity of sulfone groups lead the
electron withdrawing effect, which causes electron delocalization in aromatic ring,

providing the formation double bond with adjacent atoms. Electron delocalization
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occured in this way suppresses substantially the chain mobility and so enhances
considerably the chain rigidity [276].

The nucleophiles can be ordered considering their basicities as follows; ArS- > RO- >
R2NH > ArO- > OH- > ArNH2 > NH3s > I- > Br- > Cl- > H20 >ROH. Considering the
some typical advantages and disadvantages both strong and weak bases possess, it is
seen that the each of diaryl halides are utilized towards different purposes in
nucleophilic substitution reactions. For example, potassium or sodium hydroxide are
mainly preferred in strong base approach, yet the disadvantage of this method is that
it requires stoichiometric control of the base ratio. In other words, in the case of too
much or too low proportion of strong base is included in the reaction system,
condensation steps will proceeds backward. On the contrary, weak base approach is
more attempted route as it does not necessitate the stoichiometric control of the base
ratio. Such that, the excess usage of weak base does not affect the course of reaction,
but less amount of it can result in low molecular weight polysulfone. Potassium
carbonate, compared to sodium carbonate, is the most preferred strong base due to its
strong basicity parameters and well solubility in reaction media of polysulfone
synthesis. The by-products formed in the condensation reactions used potassium
carbonate as a base are water and carbon dioxide, which can be eliminated readily from

the media with the help of an azeotropic agent [78].
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Figure 2.26 : Polysulfone synthesis via K2CO3/DMAC system.
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Several base/solvent systems have been proposed for the polyetherification reactions
[277-279]. Polysulfones can be synthesized by either K.COs/DMAC (N,N’-dimetyhl
acetamide) (Figure 2.26) and caustic/DMSO (dimethylsulfoxide) (Figure 2.27)
combinations [279-281].
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Figure 2.27 : Polysulfone synthesis via caustic/DMSO system.
2.6.2.3 Synthesis of poly (ether ether ketone) (PEEK)

Poly (aryl ether ketone)s (PAEKS) are synthesized by two different routes which are
electrophilic aromatic substitution and nucleophilic aromatic substitution.
Electrophilic aromatic substitution (EAS) is carried out via Friedel-Crafts acylation
reaction, while nucleophilic aromatic substitution (NAS) which is the most preferred
way of PAEK synthesis. EAS is accomplished via condensation reaction using
aromatic monomer containing halogen units and aromatic diphenols activated by metal
salts in the presence of aprotic dipolar solvents such as N-methylpyrrolidone (NMP),
N,N-dimethylacetamide (DMACc), dimethylsulfoxide (DMSO), dimethylsulfoxide
(DMSO) etc [282-285].

PEEK and other compositions of PAEKs are predominantly synthesized by
nucleophilic aromatic substitution (NAS), known also as polyetherification route, of
aryl difluorides with aromatic diols catalyzed by inorganic bases, which advances as a
consequence of the formation of Meisenheimer complexes activated by carbonyl
groups. PEEK is constituted from the reaction occurred between 4,4'-
difluorobenzophenone (DFB) and hydroquinone, using AA/BB comonomer system
(Figure 2.28). The high temperatures are required to keep the solubility of these semi-
crystalline polymers in aprotic dipolar solvents, nevertheless moderate conditions will

be sufficient to obtain amorphous compositions [284, 285].
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Figure 2.28 : Synthesis of hydroxyl terminated poly (ether ether ketone) via
polyetherification route.

NAS mechanism proceeds by first reacting of an aromatic diphenol with a base that
ensures its conversion to a phenoxide ion that will act as a nucleophile. Then the
nucleophile attacks the other monomer, the aryl halide, activated by strong electron-
withdrawing groups such as carbonyl or sulfonyl group in the ortho- or para- positions,
to yield anionic aromatic intermediate known as a Meisenhiemer Complex (Figure
2.29) [286, 287]. These ortho- and para- electron withdrawing groups stabilize the
Meisenhiemer intermediate by resonance due to their inductive effect and activate the
electrophilic site [288]. The aromaticity then is ensured again by means of electron
delocalization provided by the carbanion formed in the aryl dihalide after the
substitution reaction of the halide groups with the nucleophile [289, 290]. Reduction
of halide with the re-aromatization process ends up with the formation of aryl ether
bond. The polymer desired is achieved with successive repetitions of this process
[287].

Nu
4 "
Y—@—X —_— | d —_— Y—@—Nu + X

Meisenheimer Complex

Figure 2.29 : General mechanism of NAS.

The solvent characteristics and the reactivity of dihalide both affect the polymer

obtained through polyetherification. The reactivity of dihalide furthermore, depends
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on both the kind of halide to be displaced and the activating groups found in
compound, and solvent characteristics are also an essential factor for the polymer to
be obtained [103, 272]. Such that, aryl difluorides have been proposed as the most
effective aromatic electrophiles for the NAS chemistry and they have received
attention as promising compounds to yield high molecular weight polymers due to
their superior leaving group ability [291, 292]. Potassium carbonate have also been
acknowledged as the best metal salt due to its excellent and controllable basic

characteristic able to prevent side reactions in a typical NAS reaction [287, 292].

2.6.3 End-functionalization of polymers

Modification strategies that can be carried out without altering the intrinsic properties
of poly aryl ethers (PAES) have been investigated over the years. By introducing
various functional groups to the structure and tailoring the existing functionality to
another one, the enhanced features can be gained to polymer obtained and predisposed
to further reactions. Therefore, the functional groups of many kinds have been studied
and combined to the polymers synthesized [293].

The introduction of functionality to polymers is achieved through two pathways as
pre-polymerization modification in which functional groups are incorporated to
monomers and post-polymerization modification based on the functionalization of
polymers produced [103]. The post-polymerization modification approach affords the
formation of reactive sites to be exist in particular amount at specific positions for wide
variety of synthesis strategies [288]. The chemical post-modification of PAEs able to
be achieved either by nucleophilic or electrophilic routes. The substituents on polymer
can be converted to another functional group affording to realize desired reactions
[78].

2.6.4 Alkynylation Reaction

In this thesis, terminal alkyne functional polymers were prepared by the reaction of
terminal hydroxyl groups of PAEs (PSU-OH and PEEK-OH) with 4-pentynoic acid.
This reaction is based on condensation reaction, a type of addition reaction, which
allows obtaining alkyne-end functionality on polymer matrix to be used in click
reaction [294, 295].
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The Steglich esterification was first discovered by Wolfgang Steglich in 1978 [296].
This reaction is a kind of esterification procedure of carboxylic acids which proceeds
with the wuse of 4-dimethylaminopyridine (DMAP) as a catalyst and
dicyclohexylcarbodiimide (DCC) as a coupling reagent. This reaction is carried out
under mild conditions such that at room temperature and in presence of
dichloromethane as solvent. Consequently, alkyne-end functional PAEs can be
sythesised by means of steglich esterification and then dicyclohexylurea (DCU), the
urea compound, forms at the end of the esterification as by-product in concequence of
DCC reaction [297]. Figure 2.30 displays the entire reaction steps of steglich
esterification.
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Figure 2.30 : Alkynylation mechanism for post-polymerization modification via
steglich esterification.
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2.7 Preparation of Thermal Conductive Polymer Nanocomposites via Covalent
Functionalization Strategy

In this thesis, two different approaches have been performed in the preparation of
nanocomposites. The first is the surface initiated atom transfer radical polymerization
(SI-ATRP), based on the PMMA synthesis via propagating of MMA from the SNNS
surface by using bromide-functional SNNS (SNNS-Br) as ATRP initiator. This
method can be evaluated under "Grafting from" approach. The other technique, more
extensively performed throughout the thesis, is click reaction, which is examined

under "Grafting to" approach.

2.7.1 “Grafting From” approach

The “grafting from” approach covers in-situ polymerizations of monomers by using
surface functionalized nanoparticles as initiators. These initiators are obtained through
the sequential chemical modification steps realized on the surface of nanoparticles and
functional organic substances are attached covalently to these nanoparticles [298]. The
advantage of this technique is that no steric hindrance is encountered during the growth
of polymers and it also allows the high grafting density and high molecular weight
polymers to be synthesized effectively [299]. Yet, this technique necessitates rigorous
control over the reaction conditions required for the polymerization together with the
strict adjustment between initiator and substrate [300]. The “grafting from” method is
applicable especially for the living radical polymerization (LRP) techniques [301, 302]
such as addition-fragmentation chain transfer polymerization (RAFT) [303], atom
transfer radical polymerization (ATRP) [304] and nitroxide-mediated polymerization

(NMP) [305] due to LRP's tolerance to several functional groups.

Surface initiated — atom transfer radical polymerization (SI-ATRP)

The surface modification of nanoparticles performed with the grafting of polymer
chains is anticipated to contribute in the design of new generation nanocomposite
materials. In this sense, adapting the surface-initiated polymerization (SIP) technique
using surface-functional nanoparticles to atom transfer radical polymerization (ATRP)
has been attracted great attention in recent years [306]. This method can be applied to

a wide variety of monomers under several experimental conditions, and also allows
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the fabrication of matrix materials having effective functionalities grafted on the

nanoparticle surface to be used in a variety of applications [306, 307].

Surface initiated ATRP (SI-ATRP) has been considered as a versatile tool for
modifying especially the nanofiller surfaces and interface characteristics between the
materials [308]. The outstanding advantageous properties of SI-ATRP are the
controllability over the molecular weight and molecular weight distribution, high
grafting density and availability of end-group functionality [309-311]. Also,
hydrophobic or hydrophilic groups can be introduced on a nanoparticle surface
through SI-ATRP depending on the applications to be performed [312]. This method
have become indispensable tool particularly for two reasons; first, the silica surface
where initiator groups are located provides a mobility barrier for termination process.
Second, since only a limited amount of initiator can be attached to the nanofiller
surface, there will be free radical species with restrained amount in reaction media
[313]. Moreover, the polymer chains bonded covalently to nanoparticle surface
through SIP can manipulate the interfacial properties, grafting density and reaction
yield [314]. The preparation of PMMA-SNNS nanocomposite using “Grafting From”

approach is given in Figure 2.31 as an example of SI-ATRP technique.
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Figure 2.31 : Schematic illustration for “Grafting From” mechanism in the
preparation of PMMA-SNNS nanocomposite via SI-ATRP.
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2.7.2 “Grafting To” approach

The “grafting to” is the most unambiguous method amongst the other polymer
grafting routes. In this method, polymers are pre-prepared in the first stage, which then
subjected to coupling reaction with complementary chemical groups on the surface of
nanoparticles through their functional chain-end groups [315-317]. The main
restriction of “grafting to” approach is the steric hindrance caused by already available
grafted chains on the nanoparticle surface to incoming polymer chains, which may

lead to low grafting density for polymers with high molecular weight [318, 319].

However, the surface modification of nanoparticles can end up with the disrupting of
NP's colloidal stability in solvent systems, which may restrains the growing capability
of polymers from NP's surface [320, 321]. To overwhelm this shortcoming, “grafting
to”” approach which is an efficient tool for direct grafting of end-functional polymers

onto modified surface of NP can be proposed [322].

The main advantage of this method over the previous technique (“grafting from") is
that the whole characterization processes of polymers can be realized and physical and
chemical properties can be defined before the nanocomposite preparation step.
Moreover, the nanocomposites prepared with polymers synthesized via controlled
polymerization techniques such as ATRP etc. and having narrow molecular weight
distribution can be achievable readily by this method. Apart from these, "grafting to"
approach is less compelling from the chemical perspective than "grafting from"

approach due to the absence of complex synthetic methodologies [323, 324].

Click chemistry

Lately, click chemistry, particularly the Cu (I)-catalyzed azide-alkyne 1,3-dipolar
cycloaddition reaction, has revealed as an attracting and favorable synthetic approach
for preparing polymer matrix nanocomposites due to its distinguished virtuousness
such as mild reaction conditions, convenience with several solvents, good specificity
and high reaction yields [325, 326].

The click reaction can be applied in many fields such as modifications of carbon
nanotubes [327], surface modification of nanoparticles [328-330], building of
degradable networks [331], macromolecular engineering [332-334], production of
nanostructured  semiconductors [335] and manufacturing of functional

nanocomposites [336]. In particular, the fabrication of nanocomposites using click
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chemistry is the novel and feasible technique to accomplish excellent nanofiller
dispersion [337, 338]. It has been affirmed that the utilization of click chemistry has
been employed prevalently in the manufacturing of polymer matrix nanocomposites
having high selectivity (yielding 1,4-regioselective 1,2,3-triazoles), high reactivity (in
presence of components with various functional groups) and reliability (not affected
by oxidation or moisture) [339-341]. This is because, it can offer reaction products
with high yield even at low temperatures, controllability over a wide range of reaction

conditions and workability with the wide variety of functional groups [342, 343].

The click chemistry in this thesis is mainly based on the Huisgen cycloaddition
between alkyne moiety of end-functional polymer matrix and azide moiety on the

surface of modified silicon nitride nanosheets as shown in Figure 2.32.
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Figure 2.32 : Schematic demonstration of nanocomposite fabrication via CUAAC
click reaction.
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3. EXPERIMENTAL PART

3.1 Materials

3.1.1 Monomers

Methyl methacrylate (MMA) (Sigma-Aldrich, 99% (GC)),

It was passed through basic alumina column to remove the inhibitor.
Bispehol A (4,4'-1sopropylidenediphenol) (Sigma-Aldrich, > 99 %),
It was used as received.

4,4'-Dichlorodiphenyl sulfone (DCDPS) (Sigma-Aldrich, > 98 %),
It was used as received.

Methylhydroquinone (MeHQ) (Sigma-Aldrich, 99 %),

It was used as received.

4,4’-difluorobenzophenone (DFBP) (Sigma-Aldrich, 99 %),

It was used as received.

3.1.2 Solvents
Dichloromethane (DCM) (Sigma-Aldrich, >99.5%),

It was dried by distilling over CaH: prior to use. It was stored over molecular sieve (4
A).

Ethyl acetate (EtOAcC) (Sigma-Aldrich, >99.5%, GC grade)
It was used as received.
N,N-Dimethylformamide (DMF) (Sigma-Aldrich, >99%, ReagentPlus®),

It was used as received.
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Toluene (Sigma-Aldrich, 99.9 %),

It was refluxed over sodium metal and benzophenone before use. It was stored over

molecular sieve (4 A).

Dimethyl acetamide (DMAc) (VWR, anhydrous > 99.8 %),

It was used as received.

N-Methyl-2-pyrrolidone (NMP) (Sigma-Aldrich, anhydrous 99.5 %),

It was used as received.

3.1.3 Other chemicals

Silicon Nitride nanoparticles (B-SisNa) (Sigma-Aldrich, average particle size of 120
nm, density of 3.44 g/mL, specific surface area of 103-123 m?/g),

It was used as received. It was used as a thermal conductive nanofiller.
(3-Aminopropyl) triethoxysilane (APTES) (Sigma-Aldrich, >98%),

It was used as received. It was used as a coupling agent for the surface of silicon nitride

nanoparticle.
2-bromoisobutyryl bromide (BIBB) (Sigma-Aldrich, 98%),

It was used as received. It was used as a bromination agent for the surface of silicon

nitride nanoparticle.
Sodium azide (Sigma-Aldrich, > 99.5%, ReagentPlus®),

It was used as received. It was used as an azidation agent for the surface of silicon

nitride nanoparticle.

Propargyl alcohol (Sigma-Aldrich, 99%),

It was used as received. It was used for the synthesis of ATRP initiator.
4-(Dimethylamino) pyridine (DMAP) (Sigma-Aldrich, >99%, ReagentPlus®),

It was used as received. It was used for the synthesis of ATRP initiator and

alkynylation reactions of hydroxyl-end functional polymer matrices.
Trimethylamine (TEA) (Sigma-Aldrich, >99.5%),

It was used as received. It was used for the synthesis of ATRP initiator and bromination

of the silicon nitride surface.
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N, N, N, N, N"-Pentamethyldiethylenetriamine (PMDETA) (Sigma-Aldrich, %99),

It was distilled over NaOH before use. It was used as a ligand for ATRP and click

reactions.

Copper (1) chloride (CuCl) (Sigma-Aldrich, 99.995+ %),

It was used as received. It was used in the synthesis of alkyne-end functional PMMA.
Copper (I) bromide (CuBr) (Sigma-Aldrich, 99.999% metal basis),

It was used as received. It was used in click reactions.

Potassium carbonate (K.COz) (Merck, > 99 %),

It was used as received. It was used as a strong base in the polycondensation reactions.
4-pentynoic acid (Sigma-Aldrich, 95 %),

It was used as received. It was used in the alkynylation reactions of hydroxyl-end
functional polymer matrices.

N,N'-Dicyclohexylcarbodiimide (DCC) (Sigma-Aldrich, 99 %),

It was used as received. It was used in the alkynylation reactions of hydroxyl-end

functional polymer matrices.

3.2 Characterization

3.2.1 X-ray diffractometer (XRD)

X-ray diffractometry analysis (XRD) were conducted with Rigaku Miniflex-600
desktop X-ray diffractometer using Cu-Ko radiation (1.54 A) operating at 40 kV and
15 mA. Samples were run at a scanning speed of 1°min* and within the Bragg angle,
20 range of 3°-60° at ambient temperature. It was utilized to determine the crystallite
size of silicon nitride nanoparticles, silicon nitride nanosheets and modified silicon
nitride nanosheets and differentiate the structures of nanoparticle and nanocomposite.

In order to calculate the distance between the silicate layers, Bragg™s law was used.

3.2.2 Nuclear magnetic resonance spectroscopy (NMR)

All 'H-NMR spectra were recorded on Agilent NMR System VNMRS 500
spectrometer at room temperature in CDCIz with Si(CH3)4 as an internal standard. It
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was used for the confirmation of main chain structures and end-functionalities of

polymer matrices.

3.2.3 Fourier transform infrared spectrometer (FT-IR)

FT-IR analyzes were recorded on a Perkin—Elmer FT-IR Spectrum One B
spectrometer. All FT-IR spectra were collected in the range of 4000 — 450 cm™ with a
spectroscopic grade KBr pellets at a room temperature. It was used in structural

analysis of all kind of materials.

3.2.4 Gel permeation chromatography (GPC)

The conventional gel permeation chromatography measurements of polymers were
obtained using an Agilent instrument (Model 1100) consisting of a pump, a refractive
index (RI), and ultraviolet (UV) detectors, and PLgel 5 um MIXED-D column and
guard column. THF was used as an eluent at a flow rate of 0.5 mL/min at 30 °C.
Toluene was used as an internal standard. The molecular weight of the polymers was
calculated based on linear polystyrene standards (Polymer Laboratories).

3.2.5 Differential scanning calorimeter (DSC)

Differential Scanning Calorimetry (DSC) analysis were performed on Perkin Elmer,
Jade DSC from 50 °C to 400 °C with a heating rate of 20 °Cmin’* under nitrogen flow.
The glass-transition temperatures (Tg’s) of polymers and nanocomposites were

collected from second heating cycle.

3.2.6 Thermogravimetric analyzer (TGA)

Thermal stability comparisons and char yield values of nanocomposites and their
precursors were performed on Perkin—Elmer Thermogravimetric Analyzer Pyris 1

TGA at a heating rate of 10 °Cmin™* from 20 °C to 900 °C under nitrogen flow.

3.2.7 Scanning electron microscopy (SEM)

Morphological analysis of all samples were performed with TESCAN Vega 3 SBH
(Czech Republic) scanning electron microscope. Samples were coated with gold-
palladium alloy for 120 minutes prior to analysis.
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3.2.8 Thermal conductivity analysis (DTC)

Thermal conductivities (Wm™K™) of polymer matrices and nanocomposites were
inspected using a guarded heater meter DTC 300 (TA Instruments), which was
fabricated according to the ASTM D-5470 and operates consistent with ASTM E-
1530. The conductivities were measured according to the ASTM D5470 standard,
which operates on a guarded heat flow principle. This device has two temperature-
controlled surfaces, after a certain pressure and temperature is applied to the material
placed between these two metal surfaces, the device starts to collect thermal resistivity
data. Thermal conductivity analysis in through-plane direction were carried out at
working temperature of 25 °C and under 25 Psi pressure. Cylindirical specimens with

5 cm diameter in pad morphology were used to conduct TC analysis.

3.2.9 Electrical insulation (volume resistivity) analysis

Electrical resistivity (Volume Resistivity) measurements were determined on a 6517B
(Keithley, Cleveland, USA) electrometer/high resistance meter operating with 1kV
peak source, 200V peak measure and 0.1 A current equipped with Keithley 8009
resistivity test fixture based on ring electrodes. The measurements were done with the

pad samples of 50 mm diameter and ~ 1 mm thickness.

3.2.10 Dynamic mechanical analysis (DMA)

Mechanical analysis were carried out by a dynamic mechanic analyzer DMA Q800
(TA Instruments) in a film/tension mode. The tests were performed at 1-Hz frequency
from 25 to 150 °C for PMMA samples and from 25 to 150 °C for PEEK samples at a
heating rate of 3 °Cmin-1 and an amplitude of 15 pm was applied. Film samples with

a dimension of approximately about 15 mm x 8 mm x 2 mm (I,w,t) prepared.

3.2.11 Particle size analysis (Zetasizer)

The particle size distribution of SN and SNNS was investigated by photon correlation
spectroscopy (PCS) using a Malvern Zetasizer Nano ZS laser particle size analyzer.
The instrument performed at the wevelenght of 632 nm. The dispersion concentration
was around 0.001 g/L. The suspension was prepared by dispersing the nanoparticles

in 2-propanol and ultrasonicated for 30 minutes to obtain a well-dispersed suspension.
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3.3 Synthesis Strategies

3.3.1 Preparation of silicon nitride nanosheets (SNNSs)

10 g of B-SisNs powder (SN) with average particle size of 120 nm and average
crystallite size of 55 nm was mechanically milled with SPEX 8000 D Mixer/Mill®
Dual High-Energy ball mill using 50 stainless steel balls with 5 mm in diameter in a
stainless steel pot for 8 h at room conditions. A ball to powder ratio of 5:1 was used.
The crystallite size change was measured by X-Ray Diffractometry (XRD) in every 2
h [344, 345].

3.3.2 Chemical modifications of silicon nitride nanosheets (SNNSs-R)

Exfoliated silicon nitride nanosheets (SNNSs) were chemically modified to obtain
active initiating sites on the filler surface for click reaction. The total modification

processes are depicted in Figure 3.1.
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Figure 3.1 : Chemical modification steps of SNNSs.
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3.3.2.1 Synthesis of amine modified SNNS (SNNS-NH2)

SNNS (3.0 g, 0.021 mol) was dispersed in 450 mL ethyl acetate (EtOAc) by
ultrasonication for 15 minutes. Mixture was transferred to 1000 mL round-bottomed
flask equipped with a magnetic stirring bar. Nitrogen was passed through the stirred
solution over 20 minutes. Then, APTES (1.5 g, 0.0069 mol) in 32 mL ethyl acetate
was added into flask using a 50 mL syringe while purging with N2. After addition, the
reaction mixture was refluxed at 90 °C for 24 h under a nitrogen atmosphere. After the
completion of the reaction, amine-modified SNNS (SNNS-NH2) were separated by
centrifugation at 6300 rpm for 30 min and washed with H>O and ethanol (EtOH) for
once, respectively to eliminate the unreacted APTES. Then, it was dried overnight at
60 °C in a vacuum oven [309, 346]. (Yield: 3.45 g, 77%).

3.3.2.2 Synthesis of bromoamide modified SNNS (SNNS-Br)

SNNS-Br was synthesized in toluene (86 mL) through a reaction of SNNS-NH> (2.5
g, 0.0075 mol) with 2-bromoisobutyryl bromide (BIBB) (4,2 mL, 0,036 mL) dissolved
in 45 mL of toluene in the presence of triethylamine (TEA) (13 mL, 0.094 mol) in a
250 mL two-necked round-bottom flask at 0 °C. The reaction mixture was stirred at
room temperature for 48 h. After reaction, bromoamide modified SNNS (SNNS-Br)
was separated via centrifuging at 6300 rpm for 30 min. The precipate was washed with
H20 and EtOH for two times respectively to remove EtsNHBr salt. Then, SNNS-Br
were dried overnight at 45 °C in vacuum oven [347]. (Yield: 2.4 g, 22.4%).

3.3.2.3 Synthesis of azide modified SNNS (SNNS-N3)

Bromo-terminated nanosheet (SNNS-Br) (0.7 g, 0.0015 mol) and 50 mL DMF were
placed in a 250 ml round bottom flask equipped with a magnetic stirrer. The mixture
was purged for 30 min with nitrogen. Sodium azide (NaNs) (0.9 g, 0.015 mol) was
added into flask. The reaction mixture was stirred at 80 °C for 48 h under nitrogen
atmosphere. After termination of the reaction, azide modified SNNS (SNNS-N3) were
collected by centrifuging at 6300 rpm for 30 min, then washed with H>O and EtOH
for once to eliminate NaBr salt and unreacted NaNsz. Then, SNNS-N3 were dried
overnight at 45°C [348]. (Yield: 0.71 g, 44.4%).
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3.3.3 Preparation of thermal conductive PMMA grafted SNNS nanocomposites

Bromide functional silicon nitride nanosheets (SNNS-Br) were used as ATRP initiator
to grow PMMA brushes via surface initiated polymerization (SIP) and azide modified
silicon nitride nanosheets (SNNS-N3) were used as CUAAC Click Reaction agent with
alkyne-end functional PMMA (PMMA-AIlkyne) to vyield PMMA-SNNS

nanocomposite structure.

3.3.3.1 Preparation of poly(methyl methacrylate)/silicon nitride (PMMA//SNNS)

nanocomposite via SI-ATRP

SNNS-Br (0.5 g, 1.04 mmol), MMA (10.37 g, 0.1037 mol) and CuBr (0.148 g, 1.04
mmol) were placed in a 50 mL Schlenk tube equipped with a magnetic stirrer. The
mixture was purged with nitrogen for 30 min. PMDETA (0.432 mL, 2.07 mmol) and
8 mL DMF were introduced to the mixture while purging with N.. After sealing the
tube with rubber septa, the reaction mixture was stirred at 80 °C for 6.5 h under a
nitrogen atmosphere. At the end of the reaction, the bulk mixture was diluted with THF
in order to be able to eliminate readily the catalyst, then centrifugated at 6300 rpm for
30 min to set free polymer aside. This polymer was then precipated in MeOH and
filtrated for further analysis. The remained nanocomposite was washed with H>O and
EtOH for two times and dried overnight at 45 °C [347]. (Ma = 104,400 g/mol; Yield:
53%). The preparation of PMMA//SNNS nanocomposite via SI-ATRP method is
depicted in Figure 3.2.
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Figure 3.2 : The synthetic representation of PMMA//SNNS via SI-ATRP.
3.3.3.2 Synthesis of prop-2-ynyl-2-bromo-2-methyl propionate

A solution of 2-bromoisobutyryl bromide (1.78 g, 14.4 mmol) in dry dichloromethane
(CH2Cl2) (20 mL) was added dropwise to a solution of propargyl alcohol (2.28 g, 15.6
mmol), DMAP (953 mg, 7.8 mmol) and triethylamine (3.34 g, 23.4 mmol) in dry
CH2CI2 (30 mL) at 0 °C. After complete addition, the reaction mixture was stirred
overnight at room temperature. The reaction mixture was extracted 2 times with
CH2Cl2/H20. The organic phase was dried with MgSQOyg, filtered and the solvent was
evaporated. Prop-2-ynyl-2-bromo-2-methylpropanoate was purified by column
chromatography using a 1:1 ethyl acetate-Hexane solvent system. *H NMR (500 MHz,
CDClg): 4.76 (d, -OCH.-CH), 2.51 (t, -OCH>-CH), 1.95 (s, (CHa)2-C-Br) [334].

3.3.3.3 Synthesis of alkyne-end functional PMMA (PMMA-Alkyne)

In a 50 mL Schlenk tube equipped with a magnetic stirrer, MMA (7.52 g, 75.2 mmol)
was dissolved in 8 mL toluene. The mixture was purged with N2 for 30 min. Then,
prop-2-ynyl-2-bromo-2 methyl propionate which was prepared according to literature
procedures [349, 350] (10.93 uL, 0.25 mmol) was added into the mixture. Vacuum-
nitrogen cycles were performed before the addition of PMDETA (15.67 mL, 0.25
mmol) and CuCl (7.44 mg, 0.25 mmol). The reaction mixture was stirred under

nitrogen atmosphere at 90 °C for 21 h. After polymerization, the mixture was diluted
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with THF and precipated in MeOH. The precipitate was filtrated and dried overnight
at 45°C under vacuum [351]. (Mn=120,600 g/mol; Yield: 54%). The synthesis route of
PMMA-AIkyne was demonstrated in Figure 3.3.
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Figure 3.3 : Synthesis procedure of PMMA-AIlKkyne.

3.3.3.4 Preparation of poly(methyl methacrylate)/silicon nitride nanocomposite
via CUAAC click reaction (PMMA-SNNS)

In a 100 mL Schlenck tube, PMMA-AIlkyne (2 g, 0.021 mmol) dissolved in 100 mL
DMF was purged with nitrogen for 30 min, SNNS-N3 (3 g, 6.76 mmol) was
ultrasonicated in DMF for 30 min, then added into the schlenk tube. Vacuum-nitrogen
cycles were performed before the addition of PMDETA (0.14 mL, 0.68 mmol) and
CuBr (97 mg, 0.68 mmol). The mixture was stirred at 60 °C for 48 h under N>
atmosphere. After reaction, the mixture was centrifuged at 6300 rpm for 30 min.
While, the supernatant was set aside to be precipated in methanol, the sediment was
washed with water and ethanol respectively to remove catalyst, then dried overnight
at 45 °C under vacuum ( Yield: 4.6 g, 92%) [352]. The preparation of PMMA-SNNS

nanocomposite is depicted in Figure 3.4.
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Figure 3.4 : The synthetic representation of PMMA-SNNS via CuAAc Click
Reaction.

3.3.3.5 Preparation of poly(methyl methacrylate)/silicon nitride nanocomposite
via physical blending (PMMA+SNNS)

SNNS-N3z and PMMA-AIkyne were blended physically with the same gravimetrical

ratio as used in the click reaction.
3.3.4 Preparation of thermal conductive PSU grafted SNNS nanocomposites

3.3.4.1 Synthesis of hydroxyl end-functional PSU (PSU-OH)

Prior to reaction, monomers were dried at 105 °C for 24 h for moisture elimination. In
addition, the system was dehumidified under vacuum for 3h and then purged with
vacuum-nitrogen cycle for 30 min prior to reaction. To synthesis PSU-OH, Bisphenol
A (1.67 g, 7.31 mmol), 4,4'-Dichlorodiphenyl Sulfone (2 g, 6.96 mmol) and dry
potassium carbonate (K>.CO3) (2.12 g, 15.36 mmol) were placed in a 250 mL round
bottom flask equipped with a mechanical stirrer, a dean-stark trap and a condenser
with nitrogen inlet. 33.38 mL dimethyl acetamide (DMAc) and 4.17 mL dry toluene
were added to the flask. The reaciton mixture was heated under reflux at 180 °C for 2
h with water removal, and then the temperature was adjusted to 200 °C for the
remaining 4 h. After 6 h, the reaction was stopped. The mixture was diluted with

chloroform and filtrated to remove the KCI salt, then, precipated in MeOH. The
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precipate was filtrated and dried overnight under vacuum at 50 °C. (Yield 2.9 g, 79 %,
M, = 9,300 g.mol ™) [276, 353, 354]. The synthesis procedure of PSU-OH is drawn as
in Figure 3.5. A similar procedure using 2:0 and 1:2 ratios of the monomers
(BPA/DCDPS) instead of 1:1.05 resulted PSU-OH-2000(Mn,epc = 2050 g/mol) and
PSU-OH-4000(Mn,cpc = 4200 g/mol), respectively.

Bisphenol A 4,4'-Dichlorodiphenyl

Sulfone
DMAc K,CO,
Toluene Reflux
N, 6h
0

- OO OO OO

0
PSU-OH

Figure 3.5 : Synthesis of hydroxyl-terminated polysulfones.
3.3.4.2 Synthesis of alkyne-end functional PSU (PSU-Alkyne)

In a 100 mL two necked round bottom flask, PSU-OH (0.50 g, 0.054 mmol) was
dissolved in 15 mL dry dichloromethane (DCM) under nitrogen flow. While nitrogen
flow continuous, 4-pentynoic acid (0.25 mg, 258 mmol) and 4-
dimethylaminopyridine (DMAP) (6.57. mg, 0.054 mmol) were introduced the mixture.
Then N,N'-Dicyclohexylcarbodiimide (DCC) (0.53 g, 2.58 mmol) dissolved in 20 mL
dry DCM was added to the flask in atime period of 30 min in an ice bath. The reaction
mixture was stirred at room temperature for 24 h. After reaction, the mixture was
filtrated to remove the dicyclohexylurea (DCU) formed as a by-product during the
reaction. Then, the filtered mixture was precipated in MeOH. The alkyne-terminated
polysulfone (PSU-AIlkyne) was dried overnight in a vacuum oven at 50 °C. (Yield:
0.49 g, 66 %, M, = 9,500 g/mol) [355, 356]. The alkynylation procedure of PSU-OH

is drawn as in Figure 3.6.
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Figure 3.6 : Synthesis of alkyne-end functional polysulfones.

3.3.4.3 Preparation of polysulfone/silicon nitride nanocomposite via CUAAC click
reaction (PSU-SNNS)

In a 100 mL Schlenck tube, PSU-Alkyne (0.40 g, 0.042 mmol) dissolved in 20 mL
DMF was purged with nitrogen for 30 min, SNNS-N3z (0.19 g, 0.42 mmol) was
ultrasonicated in 20 mL DMF for 30 min, then added into the schlenk tube. Vacuum-
nitrogen cycles were performed before the addition of PMDETA (0.088 mL, 0.42
mmol) and CuBr (60 mg, 0.42 mmol). The mixture was stirred at 35 °C for 48 h under
N2 atmosphere. After reaction, the mixture was centrifuged at 6300 rpm for 30 min.
While, the supernatant was set aside to precipate in methanol, the sediment was
washed with water and ethanol respectively to remove catalyst, then dried overnight
at 50 °C under vacuum (Yield: 0.58 g, 99 %) [357-359]. The preparation of PSU-

SNNS nanocomposite is pictured as in Figure 3.7.
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Figure 3.7 : The synthetic representation of PSU-SNNS nanocomposite via CUAAC
click reaction.

3.3.4.4 Preparation of polysulfone/silicon nitride nanocomposites via physical
blending (PSU+SNNS)

SNNS-N3 and PSU-Alkyne were mixed physically with the same gravimetrical ratio

used in the click reaction.
3.3.5 Preparation of thermal conductive PEEK grafted SNNS nanocomposites

3.3.5.1 Synthesis of hydroxyl end-functional PEEK (PEEK-OH)

Hydroxyl-terminated poly (ether ether ketone) was synthesised via condensation
polymerization. Before conducting the reaction, molecular sieves and potassium
carbonate (K2COz3) were dried at 155 °C and methyl hydroquinone (MeHQ) and 4,4-
difluoro benzophenone (DFBP) were vacuum dried at 50 °C for 24 h. In addition, the
system was dehumidified under vacuum for 3h and then purged with vacuum-nitrogen
cycle prior to reaction for 30 min. Firstly, 6.48 mL N-Methyl-2-pyrrolidone (NMP)
and 1.67 mL dry toluene were placed in a 50 mL round bottom flask equipped with a
mechanical stirrer, a Dean-Stark trap and a condenser with nitrogen inlet. Then, MeHQ
(1.19 g, 9.62 mmol), DFBP (2 g, 9.17 mmol) and dry K>CO3s (3.80 g, 27.50 mmol)
were introduced the flask. The reaction mixture was heated under reflux at 160 °C
along 0.5 h, when toluene azeotrope began to reflux, the temperature adjusted to 180
°C and so the mixture was stirred at this temperature until the reaction termination.The
polymerization was terminated by cooling the flask to the room temperature. Then,

the mixture was diluted with dimethylformamide (DMF) and sonicated at 90 °C for
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couple hours. The diluted mixture filtrated to remove the salt and precipated in a cold
mixture of MeOH-H>O-acetic acid. The precipate was filtrated and dired overnight
under vacuum at 50 °C. (Yield: 2.57 g, 80.4 %, My = 25,000 g/mol) [360, 361]. The
synthesis procedure of PEEK-OH is drawn as in Figure 3.8.

CH;
9
HO OH + F—@—c F

MeHQ DFBP
NMP/Toluene Dry K,CO4
N, Reflux
160-180 °C 2h
Y
CH; CH;
0
HO o—@—c—@—o OH
n
PEEK-OH

Figure 3.8 : The synthesis procedure of hydroxyl-terminated poly(ether ether
ketone).

3.3.5.2 Synthesis of alkyne-end functional PEEK (PEEK-Alkyne)

In a 100 mL two necked round bottom flask, PEEK-OH (M, = 25,000 g/mol, 2.5 g,
0.1 mmol) was dissolved in 50 mL dimethylformamide (DMF). 4-pentynoic acid (147
mg, 1.5 mmol) and 4-dimethylaminopyridine (DMAP) (36.7 mg, 0.3 mmol) were
introduced the mixture. Then N,N'-Dicyclohexylcarbodiimide (DCC) (309.5 mg, 1.5
mmol) dissolved in 20 mL dry DCM was added to the flask in a time period of 30
min in an ice bath. Reaction mixture was stirred at room temperature for 48 h. After
reaction, the mixture was filtered to remove the dicyclohexylurea (DCU) formed as a
by-product during the reaction and filtered mixture was precipated in methanol. The
alkyne terminated poly (ether ether ketone) (PEEK-Alkyne) were dried overnight
under vacuum at 50 °C. (0.81 g, Yield: 31 %) [355, 356]. The alkynylation procedure
of PEEK-OH is drawn as in Figure 3.9.
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Figure 3.9 : Synthesis of alkyne-terminated poly (ether ether ketone) (PEEK-
Alkyne).
3.3.5.3 Preparation of poly(ether ether ketone)/silicon nitride nanocomposites via
CUAAC click reaction (PEEK-SNNS)

In a 100 mL Schlenck tube, PEEK-Alkyne (0.80 g, 0.032 mmol) dissolved in 20 mL
DMF was purged with nitrogen for 30 min, SNNS-Nz (0.142 g, 0.32 mmol) was
ultrasonicated in 20 mL DMF for 30 min, then added into the schlenk tube. Vacuum-
nitrogen cycles were performed before the addition of PMDETA (0.067 mL, 0.32
mmol) and CuBr (46 mg, 0.32 mmol). The mixture was stirred at 40 °C for 48 h under
N2 atmosphere. After reaction, the mixture was precipated in methanol, then dried
overnight at 50 °C under vacuum (Yield: 0.72 g, 76.4 %) [357, 359, 362]. The
preparation of PEEK-SNNS nanocomposite is pictured as in Figure 3.10.
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Figure 3.10 : The synthetic representation of PEEK-SNNS nanocomposite via
CuAAc click reaction.

3.3.5.4 Preparation of poly(ether ether ketone)/silicon nitride nanocomposites via
physical blending (PEEK+SNNS)

SNNS-N3 and PEEK-AIlkyne were mixed physically with the same gravimetical ratio
used in the click reaction.

3.3.6 Preparation of test samples as thermal interface materials (TIMs)

3.3.6.1 Preparation of TIMs in film form

DMA test specimens were prepared using a solution casting method.

i. PMMAJ//SNNS, PMMA-Alkyne, PMMA-SNNS and PMMA+SNNS films

Preparation of PMMA//SNNS film: The PMMA//SNNS film was prepared by
dissolving of 1 g PMMA//SNNS nanocomposite in 10 mL dimethyl acetamide

(DMAC) with weight ratio of 10 wt% with continuous sonication at 70 °C for 5 h. After
the complete dispersion of PMMA//SNNS nanocomposite in DMAC, the solution was
poured into a petri dish and dried during the week at 50 °C under vacuum until it was
absolutely dried and solidified. After ensuring the complete drying, the solidified
PMMA//SNNS film was soaked with distilled water for a while to facilitate removal
from the Petri dish.
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Preparation of PMMA-Alkyne film: The PMMA-AIkyne solution was prepared by
dissolving of 0.8 g PMMA-Alkyne (Mn = 120,600 g/mol) in 8 mL dimethyl acetamide
(DMAC) with weight ratio of 10 wt% with continuous sonication at 70 °C for 2 h. After

PMMA-AIkyne was completely dissolved, the solution was poured into a Petri dish
and dried during the week at 50 °C under vacuum until it was absolutely dried and
solidified. After ensuring the complete drying, the solidified PMMA-AIlkyne film was

soaked with distilled water for a while to facilitate removal from the Petri dish.

Preparation of PMMA-SNNS film: The PMMA-SNNS film was prepared by
dissolving of 0.8 g PMMA-SNNS nanocomposite in 8 mL dimethyl acetamide

(DMAC) with weight ratio of 10 wt% with continuous sonication at 70 °C for 5 h. After
the complete dispersion of PMMA-SNNS nanocomposite in DMAC, the solution was
poured into a petri dish and dried during the week at 50 °C under vacuum until it was
absolutely dried and solidified. After ensuring the complete drying, the solidified
PMMA-SNNS film was soaked with distilled water for a while to facilitate removal
from the Petri dish.

Preparation of PMMA+SNNS film: For the preparation of the physically blended
nanocomposite film, 0.12 g of PMMA-Alkyne (Mn = 120,600 g/mol) was first
dissolved in 8 mL dimethyl acetamide (DMACc) with continuous sonication at 70 °C
for 2 h. After the complete dissolution of PMMA-AIlkyne, 0.48 g SNNS-N3 was added

to the PMMA solution and sonication was continued for three more hours to ensure a

uniform dispersion of SNNS-N3z nanosheets in the solution. After homogeneity was
achieved, the solution was poured into a Petri dish and dried during the week at 50 °C
under vacuum until it was absolutely dried and solidified. After ensuring the complete
drying, the solidified PMMA+SNNS film was soaked with distilled water for a while

to facilitate removal from the Petri dish.

ii. PEEK-Alkyne, PEEK-SNNS and PEEK+SNNS films

Preparation of PEEK-Alkyne film: The PEEK-Alkyne solution was prepared by
dissolving of 1.6 g PEEK-Alkyne (M, = 25,000 g/mol) in 8 mL dimethyl acetamide
(DMAC) with weight ratio of 20 wt% with continuous sonication at 70 °C for 3 h. After

PEEK-Alkyne was completely dissolved, the solution was poured into a Petri dish,
kept in a glove box overnight in first, and then pre-dried under vacuum at room

conditions for 48 h to prevent abrupt solvent evaporation prior to heatdry. The
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complete drying process was carried out at 35 °C overnight and at 50 °C for 2 days
under vacuum, respectively. After ensuring the complete drying, the elastic and
saturated form of PEEK-Alkyne film was soaked with distilled water for a while to

facilitate removal from the Petri dish.

Preparation of PEEK-SNNS film: The PEEK-SNNS film was prepared by dissolving
of 1.3 g PEEK-SNNS nanocomposite in 6.5 mL dimethyl acetamide (DMACc) with

weight ratio of 20 wt% with continuous sonication at 90 °C for 3 h. After the complete

dispersion of PEEK-SNNS nanocomposite in DMAC, the solution was poured into a
petri dish, kept in a glove box overnight in first, and then pre-dried under vacuum at
room conditions for 48 h to prevent abrupt solvent evaporation prior to heatdry. The
complete drying process was carried out at 35 °C overnight and at 50 °C for 2 days
under vacuum, respectively. After ensuring the complete drying, the elastic and tough
form of PEEK-SNNS film was soaked with distilled water for a while to facilitate
removal from the Petri dish.

Preparation of PEEK+SNNS film: For the preparation of the physically blended
PEEK+SNNS nanocomposite film, 1.36 g of PEEK-Alkyne (M, = 25,000 g/mol) was
first dissolved in 8 mL dimethyl acetamide (DMAC) with continuous sonication at 70
°C for 3 h. After the complete dissolution of PEEK-Alkyne, 0.24 g SNNS-N3 was

added to the PEEK solution and sonication was continued for three more hours to

ensure a uniform dispersion of SNNS-Nz nanosheets in the solution. After
homogeneity was achieved, the solution was poured into a Petri dish, kept in a glove
box overnight in first, and then pre-dried under vacuum at room conditions for 48 h to
prevent abrupt solvent evaporation prior to heatdry. The complete drying process was
carried out at 35 °C overnight and at 50 °C for 2 days under vacuum, respectively.
After ensuring the complete drying, the elastic and tough form of PEEK+SNNS film

was soaked with distilled water for a while to facilitate removal from the Petri dish.

3.3.6.2 Preparation of TIMs in pad form

DTC test specimens were prepared from powder products in pad form.

I. PMMAJ/SNNS, PMMA-Alkyne, PMMA-SNNS and PMMA+SNNS pads

Preparation of PMMA//SNNS pad: The PMMA//SNNS pad was prepared by blending
2.04 g of PMMAJ//SNNS (60 wt%), 1.29 g of hydroxyl terminated PDMS (M, = 50,000
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g/mol) supplied by Sigma-Aldrich (38 wt%) and 0.07 g of hydrophobic fumed silica
known as Aerosil® R805 (2 wt%) homogenously. The nanocomposite pad was
obtained in the form of a disc shape (50 mm diameter) for thermal conductivity (TC)

measurement. The obtained pad have thicknesses of approximately 0.5-1 mm range.

Preparation of PMMA-Alkyne pad: The PMMA-Alkyne pad was prepared by blending
1.72 g of PMMA-Alkyne (47.5 wt%), 1.5 g of hydroxyl terminated PDMS (Mn =
50,000 g/mol) supplied by Sigma-Aldrich (41.4 wt%) and 0.4 g of hydrophobic fumed

silica known as Aerosil® R805 (11 wt%) homogenously. The nanocomposite pad was

obtained in the form of a disc shape (50 mm diameter) for thermal conductivity (TC)
measurement. The obtained pad has thicknesses of approximately 0.5-1 mm range.

Preparation of PMMA-SNNS pad: The PMMA-SNNS pad was prepared by blending
2 g of PMMA-SNNS (60 wt%), 1.24 g of hydroxyl terminated PDMS (M, = 50,000
g/mol) supplied by Sigma-Aldrich (37 wt%) and 0.1 g of hydrophobic fumed silica

known as Aerosil® R805 (3 wt%) homogenously. The nanocomposite pad was
obtained in the form of a disc shape (50 mm diameter) for thermal conductivity (TC)

measurement. The obtained pad has thicknesses of approximately 0.5-1 mm range.

Preparation of PMMA+SNNS pad: The PMMA+SNNS pad was prepared by blending
1.3 g SNNS-N3 (36 wt%) 0.86 g of PMMA-AIlkyne (24 wt%), 1.33 g of hydroxyl
terminated PDMS (M, = 50,000 g/mol) supplied by Sigma-Aldrich (37 wt%) and 0.11
g of hydrophobic fumed silica known as Aerosil® R805 (3 wt%) homogenously. The

nanocomposite pad was obtained in the form of a disc shape (50 mm diameter) for
thermal conductivity (TC) measurement. The thickness of the pad is in the range of
0.5-1 mm.

PSU-Alkyne, PSU-SNNS and PSU+SNNS pads

Preparation of PSU-Alkyne pad: The PSU-Alkyne pad was prepared by blending 2.04
g of PSU-Alkyne (68 wt%), 0.9 g of hydroxyl terminated PDMS (M, = 50,000 g/mol)
supplied by Sigma-Aldrich (30 wt%) and 0.06 g of hydrophobic fumed silica known

as Aerosil® R805 (2 wt%) homogenously. The nanocomposite pad was obtained in
the form of a disc shape (50 mm diameter) for thermal conductivity (TC) measurement.

The thickness of the pad is in the range of 0.5-1 mm.

Preparation of PSU-SNNS pad: The PSU-SNNS pad was prepared by blending 2.3 g
of PSU-SNNS (67 wt%), 1.03 g of hydroxyl terminated PDMS (M, = 50,000 g/mol)
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supplied by Sigma-Aldrich (30 wt%) and 0.11 g of hydrophobic fumed silica known
as Aerosil® R805 (3 wt%) homogenously. The nanocomposite pad was obtained in
the form of a disc shape (50 mm diameter) for thermal conductivity (TC) measurement.

The obtained pad has thicknesses of approximately 0.5-1 mm range.

Preparation of PSU+SNNS pad: The PSU+SNNS pad was prepared by blending 2.5
g SNNS-N3 (60.3 wt%) 0.28 g of PSU-Alkyne (6.7 wt%), 1.26 g of hydroxyl
terminated PDMS (M, = 50,000 g/mol) supplied by Sigma-Aldrich (30 wt%) and 0.13
g of hydrophobic fumed silica known as Aerosil® R805 (3 wt%) homogenously. The

nanocomposite pad was obtained in the form of a disc shape (50 mm diameter) for
thermal conductivity (TC) measurement. The obtained pad has thicknesses of

approximately 0.5-1 mm range.

ii. PEEK-Alkyne, PEEK-SNNS and PEEK+SNNS pads

Preparation of PEEK-Alkyne pad: The PEEK-Alkyne pad was prepared by blending
1.84 g of PEEK-AIlkyne (54 wt%), 1.5 g of hydroxyl terminated PDMS (M, = 50,000
g/mol) supplied by Sigma-Aldrich (44 wt%) and 0.07 g of hydrophobic fumed silica

known as Aerosil® R805 (3 wt%) homogenously. The nanocomposite pad was
obtained in the form of a disc shape (50 mm diameter) for thermal conductivity (TC)

measurement. The obtained pad have thicknesses of approximately 0.5-1 mm range.

Preparation of PEEK-SNNS pad: The PEEK-SNNS pad was prepared by blending
1.84 g of PEEK-SNNS (54 wt%), 1.5 g of hydroxyl terminated PDMS (M, = 50,000
g/mol) supplied by Sigma-Aldrich (44 wt%) and 0.07 g of hydrophobic fumed silica

known as Aerosil® R805 (2 wt%) homogenously. The nanocomposite pad was
obtained in the form of a disc shape (50 mm diameter) for thermal conductivity (TC)

measurement. The obtained pad have thicknesses of approximately 0.5-1 mm range.

Preparation of PEEK+SNNS pad: The PEEK+SNNS pad was prepared by blending
0.51 g SNNS-N3z (15 wt%) 1.33 g of PEEK-Alkyne (39 wt%), 1.5 g of hydroxyl
terminated PDMS (M, = 50,000 g/mol) supplied by Sigma-Aldrich (44 wt%) and 0.07
g of hydrophobic fumed silica known as Aerosil® R805 (2 wt%) homogenously. The

nanocomposite pad was obtained in the form of a disc shape (50 mm diameter) for
thermal conductivity (TC) measurement. The obtained pad have thicknesses of
approximately 0.5-1 mm range.
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4. RESULTS AND DISCUSSION

This thesis aimed to synthesize a new generation polymer matrix nanocomposites
having silicon nitride nanosheets (SNNSs) with thermal conductivity and investigate
the experimental parameters. The modification of fillers, crystalline structures of
polymers, interaction type between filler and matrix, structural characteristics of
nanocomposites were taken into account to obtain optimum thermal conductivity (TC)

properties.

4.1 Preparation of Silicon Nitride Nanosheets (SNNSs)

In the design of thermal conductive polymer nanocomposite, in order to increase inter-
surface interactions between polymer and nanoparticles, provide a homogeneous
distribution of nanopartciles in polymer matrix and facilitate to surface
functionalization, silicon nitride nanoparticles were modified in nanosheet
morphology. By mechanical exfoliation method, silicon nitride nanosheets (SNNSs)
with reduced particle size and layered form was obtained to make the chemical
modification process easier. The change in crystallite size of the samples isolated as a
result of the exfoliation processes carried out under determined conditions were
followed by XRD.

4.1.1 Crystallography investigation (XRD)

The average crystallite sizes of -SisNs and SNNS obtained from mechanical
exfoliation process were calculated using the XRD analysis results according to the

Debye Scherrer equation (4.1) given below [363].

K. A

- 4.1
b= B.cos(8) @

D = the crystallite size
K = a dimensionless shape factor, has a typical value of about 0.9.

A = the X-ray wavelength.
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[ = the line broadening at half the maximum intensity (FWHM)
0 = the Bragg angle.

The distance between layers was calculated according to Bragg Equation (4.2) by
using XRD analysis results.

n) = 2d.Sin(0) (4.2)
d = the distance between layers.
A = the X-ray wavelength.
6 = the Bragg angle.

n = the reflection order, has a typical value of about 1.

Figure 4.1 shows the major (200) diffraction patterns of milled B-SisNs nanofillers.
The Bragg reflections seem broadened as the milling time increases. This change can
be associated with the reduction of the crystallite size and the formation of lattice strain
[364, 365]. Besides broadened reflections, shifts to lower degrees have also been
observed which are explained with changes in the lattice parameters during mechanical
treatment which indicate an increase in d-spacing due to the increased distance
between the layers [366, 367].

- 8N
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3000 - SNNS-4h
/ ——SNNS-6h
/ —— SNNS-8h

2000 -

Intensity (cps)

1000 -

" 1 o 1 " 1
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Figure 4.1 : XRD patterns of raw and ball-milled nano silicon nitrides in different
time.
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It can be seen that the 6-h milled SNNS displayed deviant tendency among the other
diffraction patterns. This result may arises from the disorganized stacking due to
intensive deformation and the heat generated during the long hour (6 h) milling process
[368]. The deformation during the process reachs a saturation point resulted from
aggregated strain hardening, while the heat leads to a decrease of lattice strain, so the
d-spacing, and increase in the crystallite size. It has been found that the effects of
deformation and heat seem disappear as the milling process continues immediately
after the cooling process is applied. The increase in lattice strain can be observed from
the beginning of the last 2 h milling process and the Bragg reflection behaviors in
normal trend can be seen again as the mechanic exfoliation continues as seen in 8-h
milled SNNS [365, 369].

Table 4.1 presents the structural parameters of milled powders. It is clearly seen that
the change in crystallite size and d-spacing are directly proportional. The full width at
half-maximum (FWHM) value is related to the crystallite size, the d-spacing and the
strain. As mechanical treatment continuous, the strain increases in the structure, the
layers move away from each other and the crystallite size decreases. Thus, the FWHM

value appear to be also increases depending on these parameters [370].

Table 4.1 : The effect of milling time on crystal structure of silicon nitride.

Nanofiller FWHM (deg) Crystallite Size (nm) d-spacing (hm)

SN 0.156 54.8 0.3286
SNNS-2h 0.183 46.7 0.3295
SNNS-4h 0.192 44.4 0.3295
SNNS-6h 0.179 47.8 0.3283
SNNS-8h 0.195 43.9 0.3298

The changes in the crystal structure parameters of 8-h milled SNNS such as shifting
of diffraction peak to lower degrees, peak broadening, increment in FWHM and
diminishment of crystallite size reveal that the layers of the structure diverged from
each other. By this treatment, the surface of silicon nitride nanofiller (SNNS) became

more suitable for chemical modification process.

4.1.2 Morphological investigation (SEM)

The surface morphologies and crystal structures of pristine SN and ball-milled SN
(SNNS) were investigated by Scanning Electron Microscopy (SEM). When the

electron microscope images of commercially available SN are examined, it is noticed
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that a bulk structure with fractional rod-shape crystal morphlogy with a thickness of
75 nm in average is clumped (Figure 4.2a). A separated layered form known as SNNS
was observed in SN that was subjected to mechanical exfoliation for 8 hours. Twisted
morphology observed in some layers shows that the layers subjected to torsion with
exfoliation after mechanical treatment. The layer thickness of newly formed SNNS
was calculated as 41 nm in average (Figure 4.2b). This also confirms the reduction in
crystallite size considering the XRD results. The SEM results show that the structure

became suitable for easier chemical surface modification.
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Figure 4.2 : SEM magpnification images of a) SN and b) SNNS.
4.1.3 Particle size measurements

Silicon nitride nanosheets (SNNS) were obtained successfully following the
mechanical exfoliation process of pristine SN in the range of nano scale. Size, size
distribution and layer tickness of silicon nitride (SN) and silicon nitride nanosheet
(SNNS) were analyzed through X-Ray Diffractrometry (XRD), Scanning Electron
Microscopy (SEM) and ZetaSizer. Dimensional analyses were performed with various
particle size characterization tehniques for SN and SNNS. Since each method used to
determine the size of the material has a different measuring principle, the results
obtained also differ [371]. All techniques have confirmed the particle size reduction of
SN through mechanical exfoliation. The measurements with zetasizer showed the
highest particle size values (439 nm for SN and 237 nm for SNNS) than those of other
methods (i.e. in SEM analysis, 117 nm for SN and 80 nm for SNNS) (Table 4.2). This
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discrepancy can be explained by the measurement principle of the zetasizer analysis,
which calculates particle size assuming the particles are in spherical morphology
[372]. Moreover, the agglomeration in solution is another important factor that can
cause this deviation for zetasizer measurement. Apart from this technique, the changes
in layer tickness have been monitored also with SEM as discussed in previous part. As
in the change of particle size, the thickness of layers also reduced after mechanical

treatment.
Table 4.2 : Dimensional analysis of SN and SNNS.
Crystallite Particle Size Particle Size Layer
Nanofiller Size (nm) (nm) (nm) Tickness (nm)
XRD ZetaSizer SEM SEM
SN 54.8 439 117 75
SNNS 43.9 237 80 41

The particle size distribution of SN and SNNS was measured by photon correlation
spectroscopy (PCS) using a Malvern Zetasizer Nano ZS laser particle size analyzer.
The instrument opretated at a wavelength of 632 nm. The suspension was prepared by
dispersing the nanoparticles in 2-propanol with the concentration of around 0.001 g/L
and ultrasonicated for 30 minutes to obtain a well-dispersed suspension. The green
trace represents the SN, while the red trace represents SNNS. It is obviously seen in
Figure 4.3, the particle size of SN was reduced via mehanical exfoliation with ball-
mill.
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Figure 4.3 : Particle size distributions of SN (green) and SNNS (red).
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4.2 Chemical Modifications of Silicon Nitride Nanosheets (SNNSs-R)

Exfoliated silicon nitride nanosheet (SNNS) was chemically modified in order to
obtain active initiating sites on filler surface to enhance the interfacial interaction
during click reaction. The whole modification processes are depicted in detail in Figure
4.4,
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Figure 4.4 : Chemical modifications stages of SNNSs.
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A three-step modification process was applied to the mechanically exfoliated silicon
nitride nanosheets, these are amination, bromo-amidation and azidation reactions,
respectively. Firstly, the existing hydroxyl groups on SNNS surface were converted to
bromide groups by introducing APTES as coupling agent via bromoesterification
reaction to yield bromo-amide end-functional SNNSs (SNNS-Br). The SNNS-Br were
used as an ATRP initiator for the polymerization of MMA by surface initiated atom
transfer radical polymerization (SI-ATRP). This process ended up with obtaining of
polymer matrix nanocomposites via surface initiation. In “click chemistry” approach,
the bromide groups were converted to azide groups through the reaction of SNNS-Br
with sodium azide without any catalyst to give azide end-functional SNNSs (SNNS-
N3). Finally, SNNS-N3z were subjected to Copper Catalyzed Azide-Alkyn Click
reaction (CuAAc) with alkyn-end functional polymers to yield polymer matrix
nanocomposites via click chemistry. The schematic representation of modification

process is given in Figure 4.5.
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Figure 4.5 : The schematic demonstration of the nanocomposite production process.

Fourier Transform Infrared Spectroscopy was performed for the structral
characterization of SNNSs primarily. FTIR spectroscopic analysis afforded proof that

the SNNS surface was successfully modified (Figure 4.6).
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Figure 4.6 : FTIR spectra of modified SNNSs; a) SNNS, b) SNNS-NH2, ¢c) SNNS-
Br, d) SNNS-Ns.

Figure 4.6 shows the FTIR analysis of pristine SN and modified SNNSs. These spectra
present clear evidence of modification processes step-by-step. The backbone
vibrations of Si-N-Si are noticeable at 950 cm™ in all spectra. Besides, hydroxyl-
stretching vibrations are apparent at around 3420 cm™ in all spectras due to -OH groups
on the surface of silicon nitride. That can be suggested that not all the hydroxyl groups
on SNNS surface have converted to other functional groups by reacting with coupling
agent. Therefore, it can be said that there is still substantial aggregate of intact hydroxyl
groups on surface of modified SNNSs.

Reactive silane coupling agent of APTES reacted with these hydroxyl groups on SNNS
surface to form Si-O-Si bond which appears at 1039 cm™ and the N-H bending
vibration at 1636 cm™ indicates that the amine group is successfully attached the
nanosheet structure in Figure 4.6b. In addition, absorption peaks at 2925 cm™ and 2850
cm? are assigned to the C-H stretching vibrations of -CHs and —CHz groups
respectively in Figure 4.6a, 4.6b and 4.6c¢. In Figure 4.6c, the peak appeared at 1645
cm™ indicates the carbonyl stretching vibration of amide functional group. The new
absorption peak seemed at 1554 cm™* that belongs to N-H bending vibration of amide

also proves this phenomenon. After the treatment with sodium azide, distinctive peak
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emerged at 2036 cm™ in Figure 4.6d represents that the —N3 group is readily available
on the surface of SNNS for the click reaction with polymer matrices.
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Figure 4.7 : TGA curves of SNNS and modified SNNSs.

The success of modification process was also confirmed by thermal analysis (Figure
4.7). Accordingly, thermal behaviours of SNNS and modified SNNSs were determined
by TGA measurements. The weight losses below 200 °C can be attributed to
physisorbed water and residual organic solvents. Thermal degradation of pristine
SNNS began from 100 °C to 800 °C might be ascribed to hydroxyl groups on SNNS
surface and some chemically adsorbed substances. This change corresponds to 0.95 %
weight loss. The thermal decomposition of SNNS-NH: began at 380 °C and continued
to 800 °C. This loss was around 2.5 %. It is observed that weight loss of 2.48 %
between 210-800 °C for SNNS-Br and loss of 6.88 % between 330-900 °C for SNNS-
N3 as expected. It is obviously seen that the modified SNNSs showed typical losses
after each stage of modification, which can be attributed to successfull attachments of

organic functional groups to SNNS surface.

4.3 Preparation of Thermal Conductive Polymer Matrix Nanocomposites

SNNSs used in preparation of polymer matrix nanocomposites are nanosheets

obtained by mechanic exfoliation via ball-milling. Based on this method,
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nanocomposite fabrication through chemical bonding of three different polymer
matrices with SNNS was performed. The polymer nanocomposites containing silicon
nitride nanoparticles as thermal conductive filler with polymer phases as poly(methyl
methacrylate) (PMMA), polysulfone (PSU) and poly(ether ether ketone) (PEEK)
synthesized and functionalized within the scope of the thesis were prepared in different
morphologies and their structures were elucidated. Two different nanocomposite
preparation methods for each polymer matrices, click chemistry and physical blending,
were performed and the structural analysis of the each nanocomposite product was
compared. Thus, characterization results of nanocomposites contain the comparisons
of these two methods. The differences between these two techniques were reported in
detail in each section in order to show the superiority of the fabrication of thermal
conductive polymer nanocomposite by chemical interaction approach. Nanocomposite

preparation with click chemistry approach is depicted in Figure 4.8.
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Figure 4.8 : The schematic representation of nanocomposite preparation via click
reaction.
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4.3.1 Preparation of poly(methyl methacrylate)/silicon nitride nanocomposites
via SI-ATRP (PMMA//SNNS)

In the preparation of thermal conductive nanocomposite with PMMA matrices, two
synthetic approach have been used: In the first approach, the chemically modifed
silicon nitride (SNNS-Br) were used as an ATRP initiator for the controlled
polymerization of methyl methacrylate. In the second approach, chemically modified
silicon nitride (SNNS-Ns) were used as a “click” agent in the synthesis of
nanocomposites via click chemistry by reacting with alkyne end-functional PMMA
(PMMA-AIlkyne).

For this section, characterization results of PMMA//SNNS nanocomposite synthesized
via surface initiated polymerization (SIP) were examined. PMMA//SNNS, was
prepared in two stages. For this purpose, in the first stage SNNSs were modified by
bromoesterification reaction with modifying agents to yield bromide end-functional
nanoparticle (SNNS-Br). Thereafter, bromide groups on SNNS surface were used as
an Atom Transfer Radical Polymerization (ATRP) initiator to grow PMMA brushes
on SNNS surface. In this reaction, MMA monomer was polimerized with SNNS-Br in
the presence of CuBr/PMDETA under nitrogen atmosphere at 80 °C for 6,5 h. Then,
PMMA//SNNS nanocomposite particles were collected by centrifugation (Figure 4.9).
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Figure 4.9 : The synthetic route for the preparation of PMMA//SNNS
nanocomposite via SI-ATRP.
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The experimental conditions and the properties of PMMA obtained by SI-ATRP are
given in Table 4.3. It shoulde be noted that the conversion and yield of this reaction
are considerably poor due to the low activity of SNNS-Br the ATRP initiator. Thus,
the more emphasis has been placed on the preparation of nanocomposites by click
reaction instead of by SI-ATRP.

Table 4.3 : Synthesis conditions and molecular weight characterization of PMMA by

SI-ATRP.
DP.2 Conversion® Mn cpc® pe Yield (%)
Sample (%) (g/mol)
PMMA//SNNS 100 19.5 104,000 2.97 2.3

2 In DMF, [M]o/[1]o/[CuBr]o/[PMDETA], = 100:1:1:2.
b Determined by gravimetry.
¢ Determined by GPC based on linear polystyrene standards.

The successful grafting of PMMA as polymer matrice to the surface of modified
SNNSs was confirmed by SEM, FTIR, TGA and DSC analysis.

4.3.1.1 Morphological investigation

Scanning electron microscopy were performed in order to investigate the dispersion of
SNNSs within the polymer matrices. The morphologies of SN, SNNS and
PMMAJ//SNNS were investigated using SEM with 25k magnification scales as shown
in Figure 4.10.

Figure 4.10 : SEM magnification images of a) SN, b) SNNS and ¢c) PMMA//SNNS.

The SEM images for pristine silicon nitride (SN), silicon nitride nanosheets (SNNS),
and PMMA grafted silicon nitride nanosheets by SI-ATRP (PMMA//SNNS) with 25k
magnification scales were given in Figure 4.10a, 4.10b and 4.10c, respectively. It is

clearly seen that the pristine SN particles seem in bulky form consisting dimensionally
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uneven rod-shape crystals (Figure 4.10a). After subjecting to mechanic exfoliation
with ball mill, the size of the SN particles have been reduced and these particles
displayed crumbled and well-dispersed morphology (Figure 4.10b). In addition, the
crystal structure of pristine SN have converted into spherical morphology due to shear
force effect of the mechanical treatment [373, 374]. This result indicated that the
structure became suitable for chemical surface modification more easily. Moreover,
the interaction between the nanofiller and polymer matrix is assumed to enhance
significantly under the condition of performing modifying agents having fucntional
groups to nanofiller. The presence of enhanced interface interaction between the
phases leads the formation of thermal pathaway, as confirmed by thermal conductivity
analysis. Therefore, the thermal conduction through the thermal pathaway constituted
by means of modifiying agent, so as to the formation of carbon-carbon bond between
the phases, has high enough probabilty in well-dispersed nanocomposite blends [375].
The confirmation of this phenomenon is clearly seen as well-dispersed morphology in
Figure 4.10c.

As grafting densitiy increases, the incompatibility of interface between nanofiller and
matrix decreases besides the reduction in interfacial tension, and results in a preferable
dispersion of nanofiller in polymer matrix to be yield a more steady morphology [375].
It is also obviously seen that the polymer-grafted nanosheets (nanocomposite) take
more space than matrice-free nanoparticles (SNNS) under the same magnification in
Figure 4.10c. The absolute surrounding of nanosheets by polymer network verifies that
the PMMA have been able to be grafted effectively to the SNNS surface. This
consequence points out that the interface compatibility between the surface-modified
nanofiller (SNNS-Br) and the polymer matrix (PMMA) due to the covalent bond
formation through SI-ATRP [376].

4.3.1.2 Structural investigation

The structural analysis with FTIR spectrospy was performed to investigate the
chemical structures of SNNS-Br and PMMA//SNNS and identify their characteristic
peaks in Figure 4.11.
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Figure 4.11 : FTIR spectra of a) SNNS-Br and b) SNNS-PMMA.

Bromide modified SNNS (SNNS-Br) used as initiator in polymer grafting process is
seen in blue clour and PMMA grafted SNNS (PMMA//SNNS) in green clour in Figure
4.11. In the spectrum of PMMA//SNNS nanocomposite, the absorption at 1733 cm
indicates the carbonyl streching vibration of ester group on MMA unit. Likewise, the
two absorptions at 1245 cm™ and 1150 cm* designate the C-O-C streching vibrations
of ester group. In addition, the absorption peaks at 1387 cm™ and 741 cm™ are
corresponds to C-H bending vibrations of a-CHz of MMA. The absorption peak seen
as low intensity at 1630 cm™ is the carbonyl streching vibration of amide groups comes
from SNNS-Br. Characteristic three absorption peaks of PMMA at around 1062 cm™,
989 cm™ and 841 cm™1 could not seen in PMMA//SNNS spectra (Figure 4.11b) due
to the overlapping with the characteristic two broad absorption peaks of silicon nitride
at 950 cm™ (Si-Ni-Si backbone vibration) and at 1039 cm™ (Si-O-Si). In brief, the
absorptions belonging to SNNS-Br and PMMA observed in green spectrum prove that

these two structure combined chemically to form nanocomposite.

4.3.1.3 Thermal investigtion

The thermal degredations and thermal stabilities of PMMA//SNNS nanocomposite
prepared by SI-ATRP and nanocomposite precursors were investigated by

thermogravemetrical analaysis. TGA curves are shown in Figure 4.12.
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Figure 4.12 : TGA curves of SNNS, SNNS-Br and PMMA//SNNS.

As can be seen, all samples display some but tiny weight losses up to 200 °C. These
degradations can be ascribed to physisorbed water and residual organic solvents. The
principal degradations of samples started at about 220 °C. PMMA//SNNS shows
63.11% weight loss from 220 °C to 500 °C which is attributed to main-chain pyrolysis
with 34.26% char yield, while SNNS-Br gives the weight loss of 2.72%. In literature,
PMMA shows weight loss of 75.4% between 300 and 550 °C with about 1.1% char
yield [377]. Thus, it can be concluded that about 12% of PMMA were grafted to
SNNS-Br via SI-ATRP. Markedly, the char yield of PMMA//SNNS nanocomposite
was increased with formation of chemical bond between SNNS-Br and PMMA
compared to char yield given in the literature. It is clearly seen that the PMMA at a
certain rate introduced to the SNNS structure, which another proof that the surface
initiated polymerization of MMA from SNNS-Br surface via ATRP is a successful

technique.

Thermal behavior and glass transition temperature of PMMA//SNNS nanocomposite
synthesized via SI-ATRP was investigated by differential scanning calorimetry. The

DSC trace is shown in Figure 4.13.
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Figure 4.13 : DSC trace of PMMA//SNNS via SI-ATRP.

The Tg4 of polymers principally based on the trend in chain arrangement f the polymer,
which determines the chain stiffness, inter- and intra- molecular interaction, side group
effects and cross-link density [378]. It is seen that the Tg of PMMAJ//SNNS appears at
123 °C. According the literature [379], pristine PMMA has a Ty value at around 103
°C. The PMMA//SNNS nanocomposite having chemical bond between polymer
matrix and filler shows approximately 20 °C higher glass transition temperature than
pristine PMMA mentinoned in literature. This is the effect of thermally resistant
inorganic filler reinforcement. Since, it derives from the reduced chain mobility
regarding structural compatibility between the end groups and inner backbone by
means of this effect. Apart from the interaction type between the precursors, the chain
mobility was reduced leading to increase in Tg due to the restricted segmental motions
between the organic-inorganic interfaces resulted from the incorporation of inorganic
filler [380-382].

4.3.2 Preparation of poly(methyl methacrylate)/silicon nitride nanocomposites
via CUACC click reaction (PMMA-SNNS)

In this section, alkyne-end functional poly(methyl methacrylate) PMMA-AIlkyne with
narrow molecular weight distribution synthesized via Atom Transfer Radical
Polymerization (ATRP) was grafted to the azide modified SNNS (SNNS-N3) via click

chemistry method. This method based on the "grafting to" approach in this work,
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allowing the scale up process in a quick and easy way as well as providing the end-
product flexibility. Copper Catalyzed Azide-Alkyne (CuAAC) click chemistry, a
highly adaptable tool, [358, 383] has been successfully utilized for a while in the
fabrication of polymeric nanocomposites having high selectivity, reliability and
functionality. It proposes high reaction yields at moderate conditions, tolerance to
various organic solvents mediums and ease of working with precursors having desired

side groups [376].

In the synthetic approach proposed in the work, in order to increase the interphase
interactions between the polymer and the nanoparticle and to provide a homogeneous
distribution of the nanofiller in the matrix, the grafting to method was implemented.
Click chemistry was used as an essential tool to form covalent bond between the filler
and matrix [384]. Silicon nitride (SN), which is supplied predominantly in beta phase,
was converted into silicon nitride nanosheet (SNNS) morphology using mechanical
exfoliation method. The surface of the prepared silicon nitride nanosheets (SNNSs)
were modified by successive chemical modifications to obtain azide moiety. In the
nanocomposite preparation, the azide functional SNNS (SNNS-N3) was subjected to
Copper Catalyzed Azide-Alkyne Click reaction (CUAAC) with alkyne-end functional
poly(methyl methacrylate) (PMMA-Alkyne) in “click chemistry” approach and the

nanocomposite was handled in different complex shapes and scaled (Figure 4.14).

SNNS5-N; PMMA-Alkyne

60°C | PMDETA/CuBr
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Figure 4.14 : The synthetic representation of PMMA-SNNS via CuAAc Click
Reaction.
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The experimental conditions and the properties of PMMA-Alkyne obtained by ATRP
are given in Table 4.4. It summarizes the w-end-functional polymerization results. The
polymerization produced well-defined end-functional PMMA (PMMA-AIlkyne) with
targeted molar mass and extremely narrow polydispersity [351]. The PMMA-Alkyne
has a molecular weight (Mn) of 120,600 g/mol with 54% vyield. Moreover, the
polydispersity is typical for controlled polymerization products [249].

Table 4.4 : Synthesis conditions and molecular weight characterization of PMMA-

Alkyne.
. Conversion® M teo® Mn cpc? 4 Yield
Sample DPy %)  (gmol)  (@mol) P ()
PMMA-AIkyne 1000 65 65,000 120,600 1.17 54

2 In DMF, [M]o/[1]o/[CuBr]o/[PMDETA], = 100:1:1:2.

® Determined by gravimetry.

¢ Calculated by using Mn theo = (([M]o/[1]0) % (%) Conversion X My,m + Mu,1).
d Determined by GPC based on linear polystyrene standards.

The successful click reaction between PMMA-AIlkyne as polymer matrix and SNNS-
N3 as thermal conductive nanofiller was confirmed completely by SEM, NMR, FTIR,
TGA, DSC, DTC, ER and DMA analyzes.

4.3.2.1 Morphological investigation

The SEM images for pristine silicon nitride (SN), silicon nitride nanosheets (SNNSs),
physical blend of SNNS and PMMA (PMMA+SNNS) and PMMA grafted silicon
nitride nanosheets by click reaction (PMMA-SNNS) with 25 k magnification scales
were given in Figure 4.15a, 4.15b, 4.15c and 4.15d, respectively.

VEGA3 TESCAN| | 1
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Figure 4.15 : SEM magnification images of a) SN, b) SNNS, c) PMMA+SNNS and
d) PMMA-SNNS.

It is clearly seen that the SN appears as rod-shape crystals in bulk (Figure 4.15a). After
subjecting to mechanic exfoliation with ball mill, the size of the SN particles reduced

and these particles look more separated (Figure 4.15b). In addition, the crystal
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structure was converted to spherical morphology due to shear force effect of the
process [373, 374]. This result shows that the structure became suitable for facile
chemical surface modifications. It is obviously seen that the polymer-introduced
nanosheets appear larger than unmodified nanosheets under the same magnification.
Figure 4.15c shows irregular and uneven distribution of the particles. SNNS particles
are seen dispersed sporadically and agglomerated in the polymer matrix. However,
Figure 4.15d displays a more regular and homogeneous distribution of the particles
was seen. The complete surrounding of nanosheets by polymer network verifies that
the PMMA-AIlkyne was effectively grafted to the nanosheet surface and PMMA-
SNNS particles emerge more unified and smaller size when compared to unmodified
nanosheets due to the good dispersion in polymer matrix. This probably stems from
the interface compatibility between nanofiller and polymer matrix due to the covalent
bond formation [376].

4.3.2.2 Structural investigation

Alkyne-end functionalized PMMA (PMMA-AIlkyne) synthesized by ATRP (Figure

3.3) was characterized by spectral analyzes.
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Figure 4.16 : *H-NMR spectra of PMMA-Alkyne.

Chemical structure of PMMA-Alkyne was confirmed by *H-NMR (Figure 4.16). The

confirmation of alkyne functionality was ensured by the signal appeared at 2.88 ppm
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(a, H) indicating the terminal alkyne proton and the signal at 4.66 (f, 2H) [351]. The
absorption at 3.59 (b, 3H) is assigned to the a-terminal main-chain methoxy protons
[385]. The sharp signal at 0.83 (d, 3H) and the broad signal at 1.90 (c, 3H) can be
attributed to methyl protons and methylene protons of repeating unit of MMA,
respectively [386].

Incorporation of SNNS to PMMA matrix was confirmed by FT-IR spectral analysis.
The chemical structures of PMMA grafted SNNS nanocomposite (PMMA-SNNS) and
its precursors, azide modified silicon nitride nanosheet (SNNS-N3) and alkyne-end
functional PMMA (PMMA-AIlkyne), were identified by their characteristic vibrations
in detail in Figure 4.17.
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Figure 4.17 : FTIR spectra of SNNS-N3, PMMA-AIlkyne and PMMA-SNNS.

The backbone vibration of Si-N-Si and bending vibration of Si-O-Si are visible at 954
cm* and 1039 cm™ respectively [207, 387]. Besides, broad absorption peak around
3440 cm™ was assigned to the hydroxyl stretching vibrations due to -OH groups on
the surface of SNNS-N3z and residual solvent in PMMA-AIlkyne [309, 388]. Also, the
absorption peaks at 2993 cm™, 2949 cm™ and 2843 cm™ were assigned to symmetric
and asymmetric C-H stretching vibrations of the —CHs group and C-H stretching
vibration of the —CH.>— group, respectively coming from SNNS-Nz and PMMA-
Alkyne [389]. In the spectrum of PMMA-SNNS nanocomposite, the absorption at

1733 cm indicates the carbonyl stretching vibration of ester group on MMA repeating
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unit. Likewise, the two absorptions at 1245 cm™ and 1150 cm™ are C-O-C stretching
vibrations of ester group. Moreover, the absorptions at 1387 cm™ and 741 cm™ are
corresponds to C-H bending vibrations of a-CHz of MMA [390, 391]. The weak band
with low intensity at 1630 cm™ is the carbonyl stretching vibration of amide groups
which stems from SNNS-N3 [207, 376]. Furthermore, characteristic three absorption
peaks of PMMA at around 1062 cm™, 989 cm™ and 841 cm™ overlap with the
characteristic broad absorption bands of silicon nitride and are therefore not visible.
The distinct absorption peak of the azide group at 2036 cm™ disappeared in PMMA-
SNNS spectrum and all characteristic vibrations of PMMA appeared, which indicates
the click reaction between azide-functional SNNS and alkyne-functional PMMA was
successful [392].

4.3.2.3 Thermal investigation

Thermal stability of nanocomposite by physical blend (PMMA+SNNS),
nanocomposite by click reaction (PMMA-SNNS) and their precursors (SNNS-Nz and
PMMA-AIkyne) are explored by TGA under N2 atmosphere. TGA curves are shown
in figure 4.18 and results are tabulated in Table 4.5.
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Figure 4.18 : TGA curves of SNNS-N3, PMMA-Alkyne, PMMA-SNNS and
PMMA+SNNS.
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The weight losses below 200 °C can be attributed to physisorbed water and residual
organic solvent [393]. It is observed that PMMA-AIlkyne shows weight loss of 75.4%
between 300 and 550 °C which is attributed to main-chain pyrolysis with 1.1% char
yield [376, 394, 395]. By the addition of thermally resistant SNNS-N3 which has a
weight loss of 6.3% between 300-550 °C with 92.3% char yield, to the structure,
thermal stability and thermal decomposition temperatures of materials increased while
its char yield decreased. As expected, the weight losses of nanocomposites are at the
intermediate value those of the components forming the composite. Nanocomposite
structures demonstrate higher thermal stability than pristine PMMA-AIlkyne owing to
enhanced inorganic content of the materials. In addition, they do not show significant
weight loss before 300 °C according to PMMA-Alkyne. Among silicon nitride added
PMMA nanocomposites, PMMA-SNNS nanocomposite by click reaction exhibited
the lowest weight loss with 40.1% between 300 and 550 °C and the highest thermal
stability and char yield at 900 °C due to the interface compatibility between nanofiller
and polymer matrix [396, 397]. This phenomenon might be stem from the formed 3-
dimensional crosslink structures between the nanofiller and polymer matrix through
click reaction [376].

Table 4.5 : Thermogravimetric properties of PMMA nanocomposites and their

precursors.
Samples T5% (°C) T10% (°C) Yc (%)
SNNS-N3 398 - 92
PMMA-AIkyne 202 232 1
PMMA+SNNS 299 370 51
PMMA-SNNS 380 398 53

Ts%: The temperature for which the weight loss is 5%.
T10%: The temperature for which the weight loss is 10%.
Yc: Char yields at 900 °C under nitrogen atmosphere.

Thermal behavior and glass transition temperatures of pristine PMMA-AIlkyne,
PMMA-SNNS and PMMA+SNNS were investigated by differential scanning

calorimetry. DSC traces are shown in Figure 4.19.
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Figure 4.19 : DSC traces of PMMA-Alkyne, PMMA+SNNS and PMMA-SNNS.

It is clearly seen that the glass transition temperature of PMMA-AIKyne appeared at
125 °C. After incorporation of SNNS physically, the glass transition temperature
slightly decreased to 118 °C due to the self-aggregation of nanofiler, which causes the
polymer chains detract from each other and so leads more vacancies in polymer matrix.
Thus, the transition from glassy state to rubbery state occurred at the temperature lower
than the pristine PMMA-Alkyne [398, 399]. PMMA-SNNS nanocomposite having
chemical bond between polymer and filler shows the highest Tq. In addition, it is seen
there are two T4 values in PMMA-SNNS trace [400]. The Tqappeared at 125 °C comes
from the pristine PMMA-Alkyne that remained intact during the click reaction. The
other Tgof PMMA-SNNS nanocomposite is seen at 161 °C that 26 °C higher than that
of its precursor due to the reduced chain mobility regarding structural compatibility
between the end groups and the inner backbone [401, 402]. This phenomenon reveals
the effect of interaction type of precursors on the thermal behavior of nanocomposite.
Apart from the interaction type between the precursors, the chain mobility was reduced
leading to increase in Tg due to the restricted polymer network resulted from the
incorporation of inorganic filler [380]. However, transition to rubbery state for
PMMA-SNNS nanocomposite occurred at higher degrees despite the fact that same
amount of nanofiller was used. Consequently, regardless of filler concentration in

nanocomposite, filler-matrix interaction would be the case [109, 403].
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4.3.2.4 Thermal conductivity and electrical resistance investigation

The thermal resistivity, thermal conductivity and electrical resistivity (Volume
Resistivity) analysis of pristine PMMA-AIlkyne and nanocomposites by physical blend
and click reaction are summarized in Table 4.6, thermal conductivity comparisons of
those three samples are demonstrated in Figure 4.20 and thermal and electrical
resistivity changes are shown in Figure 4.21.

Table 4.6 : Conductivity and resistivity results of PMMA-Alkyne and
nanocomposites.

Samples Thermal Thermal Volume
Resistivity Conductivity Resistivity
(m2KW1) (WmK?) (Q.cm)
ASTM D5470 ASTM D5470 ASTM D257
PMMA-Alkyne 0.0062 0.072 6.22e2
PMMA+SNNS 0.0059 0.103 3.11e%
PMMA-SNNS 0.0033 0.255 2.54¢™

The conductivities were measured according to the ASTM D5470 standard, which
operates on a guarded heat flow principle [404]. This device has two temperature-
controlled surfaces, after a certain pressure and temperature is applied to the material
placed between these two metal surfaces, the device starts to collect thermal resistivity
data. Thermal conductivity analysis in through-plane direction were carried out at
working temperature of 25 °C and under 25 Psi pressure. The thermal conductivity
shows an increase of 43.5% for the nanocomposite derived via physical blending and
an increase of 255% for the nanocomposite derived via click reaction when compared
to the pristine PMMA-AIlkyne. Considering that the filler content in both
nanocomposite samples is with 36 wt% the same, the distinct increase of thermal
conductivity in the click reaction derived sample is remarkable. These increments can
be seen explicitly in Figure 4.20. It can be concluded that the thermal resistance at
filler-matrix interface was reduced by means of chemical interaction in PMMA-SNNS
nanocomposite [12, 405, 406].
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Figure 4.20 : Thermal conductivity comparisons of PMMA-Alkyne, PMMA+SNNS
and PMMA-SNNS.

Electrical resistance results are as high as expected. As clearly seen in Figure 4.21, the
electrical volume resistance values increased inversely proportional to the decreasing
thermal resistance with the incorporation of silicon nitride nanosheets due to their high
electrical insulating characteristics. However, the PMMA-SNNS nanocomposite
showed the volume resistivity of 2.54 x 10'* Q.cm, which is higher than that of the
PMMA+SNNS nanocomposite (3.11 x 10" Q.cm) with the same SNNS ratio. This
difference was probably stems from the chemical interaction in PMMA-SNNS
nanocomposite, which leads to homogenous distribution of SNNS in polymer matrix.
It can also be said that the lack of strong interaction in the PMMA+SNNS
nanocomposite has an effect on this result [407].
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Figure 4.21 : Thermal and electrical resistivity comparisons of PMMA-Alkyne,
PMMA+SNNS and PMMA-SNNS.
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4.3.2.5 Mechanical investigation

Mechanical behavior of all samples were investigated by dynamic mechanical

analysis. DMA curves are shown below.
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Figure 4.22 : Storage modulus (£°) curves of PMMA-Alkyne, PMMA+SNNS and
PMMA-SNNS.

The curves of storage modulus (£°) versus temperature of PMMA-Alkyne film and
nanocomposite films, obtained from DMA at 1 Hz, are demonstrated in Figure 4.22.
The dynamic storage modulus is related to elastic modulus evaluated in the concept of
load carrying capability or as a stiffness of a material. Furthermore, £’ depends on the
temperature, the filler content and the interaction type between the filler and matrix.
In general, the introduction of the filler to polymer matrix increases the stiffness, so
the elastic modulus of the material [408]. In the same manner, the storage modulus of
nanocomposite enhances with the filler content up to some extent [409]. In the same
manner, the storage modulus of nanocomposite enhances with the filler content up to
some extent [94]. In this work, the ratio of silicon nitride nanofiller was 60 wt% for
both nanocomposite. It is seen that £’ values for physically blended nanocomposite
(PMMA+SNNS) film at any temperature is lesser than that of pristine PMMA-Alkyne
film. The reduction of £’ values in PMMA+SNNS are principally due to the self-

aggregation of nanofillers which leads the extra free volumes in polymer chains [410].
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Evidently, such a high filler loading results in decreased of the PMMA+SNNS

nanocomposite film as shown in Figure 4.23.
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Figure 4.23 : Stiffness curves of PMMA-Alkyne, PMMA+SNNS and PMMA-
SNNS.

However, it is obviously seen that the storage modulus values of PMMA-SNNS are
much higher than PMMA-Alkyne and PMMA+SNNS as well. The PMMA-SNNS
curve displays an enhanced storage modulus values in all region compared to the
pristine PMMA-Alkyne. Since, the covalent bond between the modified SNNS and
PMMA-AIkyne had an enhancing effect on the stiffness of the material, although as
the same nanofiller ratio was used as in the physical blend (Figure 4.23). It is worth to
say that the good interfacial compatibility between polymer and nanofiller is
responsible for the restriction of the molecular mobility of the polymer matrix, which
is featured of this trend [411]. Furthermore, the chemical incorporation of SNNS to
PMMA-AIlkyne could lead the formation of chemical cross-linking, which increases
the stiffness of the material, thus SNNS act as a reinforcing agent for PMMA-SNNS

nanocomposite by taking the advantage of chemical interaction [412].

The loss modulus (£ ) values as a function of temperature of pristine PMMA-Alkyne
film and nanocomposite films, obtained from DMA at a frequency of 1 Hz are

demonstrated in Figure 4.24.
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Figure 4.24 : Loss modulus curves of PMMA-Alkyne, PMMA+SNNS and PMMA-
SNNS.

E” is related to viscous property of a material, which gives responses as a dissipated
energy due to motions of polymer chains. PMMA+SNNS nanocomposite including 60
wt% nanofiller displayed negative shift compared to pristine PMMA-AIkyne. This
behavior can be attributed to the incompatible filler-matrix interaction arises from self-
agglomeration of the high content SNNSs and lack of chemical interaction [413].
Though, the loss modulus of PMMA-SNNS containing same content of nanofiller as
physically blended nanocomposite at any temperature range showed increased values
than that of pristine PMMA-Alkyne and PMMA+SNNS nanocomposite due to the
compatibility between filler and matrix through covalent bond. Besides interfacial
compatibility, chain mobility restriction and 3-dimensional network structure could
have been occurred due to the well-dispersion of nanofiller in polymer matrix [409].
This result reveals that the SNNS acts as a reinforcing material for the nanocomposite

containing covalent bond.

Tan & curves of pristine PMMA-Alkyne film and nanocomposite films are presented

as a function of temperature in Figure 4.25.
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Figure 4.25 : Tan & curves of PMMA-Alkyne, PMMA+SNNS and PMMA-SNNS.

Tan 6 is known as loss factor, damping factor or dissipation factor, defined as the ratio
of the loss modulus to storage modulus (E ”/E”’). It provides an information regarding
the mechanical behavior whether the material elastic or viscous [414]. The glass
transition temperature of a material is associated with the main o-relaxation,
corresponding the peak maximum in tan o curve [413]. It is clearly seen that the tan &
values (peak heights) of nanocomposites diminished, whereas their peak widths
enhanced. The decreases in peak heights are directly linked with the elastic character
of the film, suggesting the degradation of molecular mobility of PMMA-Alkyne by
means of incorporation of SNNS [415]. The broadening of peaks is related to loosening
of polymer chains, indicating the segmental constrains of polymer chains to some
extent, which are consistent with the loss modulus values (£”) [414]. The Tq value of
PMMA+SNNS shifted to lower temperature in respect to pristine PMMA-AIlkyne.
This result can be attributed to nanofiller agglomeration deteriorating the filler-matrix
interaction under high filler loading [416]. Contrarily, PMMA-SNNS curve shows the
increased Ty at 130 °C, implying the better interface compatibility between the
nanofiller and polymer matrix due to the formed covalent bond and probable chemical
cross-linking, which restrains the chain mobility of the polymer [412, 417].
Consequently, the mechanical transitions of pristine polymer and nanocomposites are

consistent with the DSC results as well.
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The nanocomposites obtained in two different ways as physical blend and chemical
modification and prepared in thermal interface material (TIM) formulation are shown
in Figure 4.26.

Figure 4.26 : Pad forms of a) PMMA+SNNS and b) PMMA-SNNS.

These nanocomposites in TIM formulation were fabricated in pad form and thermal
conductivity and electrical resistance measurements were carried out. To prepare in
this form, the finished powder products were blended with hydroxyl-end functional
PDMS with 50,000 g/mol supplied by Sigma-Aldrich. PMMA-SNNS seem dark in
color due to the various chemicals and catalyst effects used in the chemical processes.
Besides, due to the introducing chemical interaction between the nanofiller and the
polymer matrix, both the processability with PDMS and the homogeneity of the
resulting pad form of PMMA-SNNS was much better than the PMMA+SNNS pad. It
was also observed that the PMMA+SNNS nanocomposite has heterogeneous and
dispersible structure, while PMMA-SNNS shows more stacked and more flexible

structure.

4.3.3 Preparation of polysulfone/silicon nitride nanocomposites via CUAAC
click reaction (PSU-SNNYS)

In order to prepare the nanocomposite with polysulfone matrix (PSU-SNNS), the two-
step synthesis procedure of polysulfone was performed so that give a click reaction
with azide functional SNNS (SNNS-N3) prepared in the chemical modification
process. The first stage of the synthesis procedure involves polysulfone synthesis with
hydroxyl end-groups with three different molecular weights by condensation
polymerization (PSU-OH), followed by conversion of these end-groups to alkyne
function (PSU-Alkyne) to be used in Copper Catalyzed Azide-Alkyne Click reaction
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(CuAAC). The PSU-OH (PSU-OH-9000) that give the best thermal behavior was used
the main PSU matrix in the nanocomposite preparation. The effect of functionalization
type and molecular weight of polymer on the thermal behavior of nanocomposite was
investigated by characterization studies. Furthermore, the characterization results of
the nanocomposite obtained by both physical mixture and click chemistry were
examined. The differences between these two methods were reported in detail. The
schematic representations of the modification process and the nanocomposite

synthesis are shown in Figure 4.27 and Figure 4.28.
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Figure 4.27 : The synthesis route of PSU-Alkyne by polycondensation.
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Figure 4.28 : The synthesis of PSU-SNNS nanocomposite via click reaction.

The experimental conditions and the properties of PSU-OH obtained by
polycondensation and PSU-Alkyne obtained by end-functionalization reaction are
tabulated in Table 4.7 and depicted in Figure 4.29.

Table 4.7 : Synthesis? conditions and molecular weight characteristics of hydroxyl
and alkyne end-functional polysulfones.

[BisphenolA/Chlorosulfone  Yield® Mn°

Polymer (mol/mol) %)  (gmol) P
PSU-OH-2000 20 82 2050 124
PSU-OH-4000 12 66 4200 170
PSU-OH-9000 1.05 79 9300 160

PSU-Alkyne-2000 } 65 2300 121
PSU-Alkyne-4000 i 88 4600 164
PSU-Alkyne-9000 : 66 9500 160

@ Reaction temperature: 180 — 200 °C, time: 6 h.
b Determined gravimetrically.
¢ Determined from GPC measurements based on polystyrene standards.
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Figure 4.29 : GPC traces of PSU-OH-2000, PSU-OH-4000 and PSU-OH-9000.

Hydroxyl functional polysulfones with three different molecular weights (2000, 4000,
9000 g/mol) were sytnhesized. It is clearly seen that the M values of each polysulfones
increased slightly after alkynation reaction. Moreover, the polydispersity values and

GPC traces of polysulfone are typical for condensation polymerization products.

The differences in thermal stabilities of polysulfones were investigated by
thermogravemetrical analysis. The results are shown in Figure 4.30 and details are
tabulated in Table 4.8.
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Figure 4.30 : TGA curves of PSU-OH-2000, PSU-OH-4000 and PSU-OH-9000.
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The weight losses below 200 °C can be attributed to physisorbed water and residual
organic solvent. It is clear that PSU-OH-9000 shows the best thermal stability when
compared to polysulfones with lower molecular weight. Also, it has a weight loss of
65.7 % between 200-850 °C that can be attributed to main-chain pyrolysis with 32.5
% char yield. As expected, high molecular weight polysulfones display higher thermal
stabilities, while the amount of decomposition is much greater in polysulfones with
low molecular weight than high molecular weight. This is owing to chain entanglement
observable typically in higher molecular weight oligomers that lead thermal stability
enhancement. Among low molecular weight polysulfones, PSU-OH-4000 exhibited
the onset of decomposition temperature at 335 °C with the char yield of 35.6 %, while
PSU-OH-2000 starts to decompose at 300 °C the lowest temperature among other
decompostion temperatures with the char yield of 34.3 %. This phenomenon can be
derived from the restriction of chain mobility due to the increased molecular weight.
Moreover, PSU-OH-9000 exhibited the highest degradation temperatures of Ts% and
T10% at 463 °C and 512 °C, respectively. Conversely, the degradation temperatures of
Ts% and T10% for PSU-OH-2000 and PSU-OH-4000, the lower temperatures, such
that 217, 252 °C and 338, 384 °C, respectively.

Table 4.8 : Thermogravemetric properties of polysulfones.

Polysulfone Ts% (°C)  T10% (°C) Tdonsen Tdoffsen Ye (%)

O O
PSU-OH-2000 217 338 416 850 34.3
PSU-OH-4000 252 384 335 772 35.6
PSU-OH-9000 464 512 300 770 32,5

The effect of the molecular weight of PSU-OH on glass transition temperatures was

investigated by DSC analysis in Figure 4.31.
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Figure 4.31 : DSC traces of PSU-OH-2000, PSU-OH-4000 and PSU-OH-9000.

While the Tq of PSU-OH-2000 appeared at 121 °C, as molecular wieght increase, the
Ty values of polysulfones were detected at higher temperatures, such as 141 °C for
PSU-OH-4000 and 167 °C for PSU-OH-9000. This change leads to decrease in chain-
end concentration followed by reducing in free volume at end-group site and increment

in Tg.

4.3.3.1 Morphological investigation

The SEM images for silicon nitride nanosheets (SNNS), pristine PSU-Alkyne,
physical blend of SNNS and PSU (PSU+SNNS) and PSU grafted silicon nitride
nanosheets by click reaction (PSU-SNNS) with 15k magnification scales were given
in Figure 4.32a, 4.32b, 4.32c and 4.32d, respectively.

Figure 4.32 : SEM magnification images of a) SNNS, b) PSU-Alkyne, ¢)
SNNS+PSU and d) SNNS-PSU.
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Both SNNS (Figure 4.32a) and PSU-Alkyne (Figure 4.32b) seem in granular structure;
SNNS particles are more crystal-like and smaller in size, while PSU-Alkyne displays
more spherical morphology and larger in size as seen in conventional oligomer
structures. It is obviously seen that the polymer-introduced nanosheets appear larger
than unmodified nanosheets under the same magnification. Figure 4.32c shows
irregular and uneven distribution of the particles. SNNS particles are seen dispersed
sporadically and agglomerated in the polymer matrix. However, Figure 4.32d displays
a more regular and homogeneous distribution of the particles. The complete
surrounding of nanosheets by polymer network verifies that the PSU-Alkyne was
effectively grafted to the nanosheet surface and PSU-SNNS particles emerge more
unified and smaller size when compared to unmodified nanosheets due to the good
dispersion in polymer matrix. It probably stems from the interface compatibility

between nanofiller and polymer matrix owing to covalent bond formation [418, 419].

4.3.3.2 Structural investigation

Hydroxyl-terminated PSU (PSU-OH) and alkyne-end functionalized PSU (PSU-
Alkyne) were identified by spectral analyzes. Chemical structures of PSU-OH and
PSU-Alkyne were investigated by H-NMR. The convertion from hydroxyl-end
functionality to alkyne-end functionality was also confirmed by *H-NMR analyzes and

presented in Figure 4.33.
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Figure 4.33 : 'H-NMR spectra of a) PSU-OH and b) PSU-Alkyne in CDCls.
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Absorptions corresponding to the methyl protons of BPA and aromatic protons of the
PSU main-chain seem in both spectra at 1.65 (g, 6H, s) and in the range of 6.78 - 7.85
ppm (d, b, f, c, a, e; 12H; d), respectively [353, 420]. The chemical shift of phenolic
proton of PSU-OH was spotted as a broad signal at around 6.48 ppm (h, H, s) with a
rather small intensity in Figure 4.33a. The successful incorporation of alkyne moeity
to PSU structure was confirmed through a decrease in intensity of the absorption at
6.48 ppm and appearance of new peaks at around 2 - 3 ppm due to methylene and the
terminal alkyne moiety of propargyl group (Figure 4.33b). The two triplets at 2.81 ppm
(a’, 2H, t) and 2.63 ppm (b’, 2H, t) are assigned to methylene protons of propargyl
group. The confirmation of end-functionalization of PSU-Alkyne was ensured mainly
by the signal appearance at 2.04 ppm (c¢’, H, s) indicating the terminal alkyne proton
[377].

Incorporation of SNNS to PSU matrix was confirmed by FT-IR spectral analyzes. The
chemical structures of PSU grafted SNNS nanocomposite (PSU-SNNS), its
precursors, azide modified silicon nitride nanosheet (SNNS-N3), alkyne-end
functional PSU (PSU-Alkyne), and physical mixture of these precursors (PSU+SNNS)
were identified by their characteristic vibrations in detail.

b

1759 cm™
Carbonyl Str.
of Ester

a
3298 cm™
C-H Str.

of Alkyne

v ity atyity By SlyS B

—— PSU-OH
—— PSU-Alkyne

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Figure 4.34 : FTIR spectra of PSU-OH and PSU-Alkyne.

Figure 4.34 displays the hydroxyl functional polysulfone (PSU-OH) in dark blue color
and alkyne-end functional polysulfone (PSU-Alkyne) in light blue color. FTIR

spectroscopy has provided a clear evidence for the conversion of terminal groups of
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polysulfone. The successful end-modifiction of polysulfone was confirmed by
appearance of the new absorptions at around 3298 cm™ and 2870 cm correspond to
C-H stretching vibration of terminal alkyne and the strecting vibration of —-CH2—
groups coming from alkyne moiety, respectively [355, 421]. Moreover, the proof of
ester formation stemmed from the alkynylation reaction has been also verified by the
existence of an absorption peak at 1759 cm™* corresponding to the carbonyl stretching
vibration originated from alkyne moiety [100, 422]. In addition to these distinctive
functional group vibrations, the characteristic absorption peaks of polysulfone were
listed such as; bands at 3066 and 3044 cm™ indicate the C-H stretching vibrations and
while the band at 1294 cm™ designates the C-H bending vibration of aromatic ring
[423]. Symmetrical and asymmetrical C-H stretching vibrations of methyl group in
PSU backbone appears at 2966 cm™ and 2931 cm?, respectively, while absorption
peaks at 1586, 1504, 1488 and 1409 cm-1 specify the characteristic C=C stretching
vibrations of aromatic rings of polysulfone backbone [354, 424]. Besides, asymmetric
and symmetric stretching vibrations of sulfone moiety have been observed at 1324 cm”
L and 1244 — 1170 - 1151 cm™ (3 peaks), respectively [280] and the asymmetric
stretching vibration of ether linkage showed also up at 1012 cm™ [353, 425].

FTIR spectra of azide modified silicon nitride nanosheet (SNNS-N3), alkyne-end
functional PSU (PSU-Alkyne) and PSU grafted SNNS nanocomposite (SNNS-PSU)

are shown in Figure 4.35.
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Figure 4.35 : FTIR spectra of SNNS-N3, PSU-Alkyne and PSU-SNNS by Click
Reaction.
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The backbone vibration of Si-N-Si and bending vibration of Si-O-Si are visible at 954
cmt and 1039 cm™, respectively in the spectra of SNNS-N3[207, 387]. Besides, in the
spectra of PSU-SNNS, broad absorption peak around 3440 cm™ corresponding to
hydroxyl stretching vibrations due to -OH groups on the surface of SNNS-N3 and
residual solvent from PSU-Alkyne have been observed [347, 388]. Moreover, the
characteristic stretching and bending vibrations of polysulfone mentioned in Figure
4.34 are apparently seen also in Figure 4.35. It is obviously seen that the absorption
peak at 3298 cm™* assigned to the alkyne function of PSU-Alkyne and the absorption
peaks at 2036 and 2112 cm™ ascribed to azide moiety of SNNS-N3; have been
disappeared in the spectra of PSU-SNNS. In addition to this, the ester moiety of PSU-
Alkyne appearing at 1752 cm™ and the amide moiety of SNNS-N3 appearing at 1675
cmare clearly seen also in the spectrum of PSU-SNNS. These evidences indicate that
the click reaction between azide-functional SNNS and alkyne-functional PSU is
successful [358, 392].

FTIR spectra of azide modified silicon nitride nanosheet (SNNS-N3), alkyne-end
functional PSU (PSU-Alkyne) and physical blend of PSUAIkyne and SNNS-N3
(PSU+SNNS) are shown in Figure 4.36.
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Figure 4.36 : FTIR spectra of SNNS-N3, PSU-Alkyne and PSU+SNNS by Physical
Blend.
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Comparing to Figure 4.35, the characteristic bands of alkyne and azide moiety
appearing at 3298, 2112 and 2036 cm™, respectively were obviously seen in the spectra
of PSU+SNNS contrary to PSU-SNNS spectra. These vibrations have remained stable
due to the absence of chemical interaction. This result reveals that the blending

process has based on just physical mixing, not chemical interaction.

4.3.3.3 Thermal investigation

Thermal stability of nanocomposite by physical blend (PSU+SNNS), nanocomposite
by click reaction (PSU-SNNS) and their precursors (SNNS-Nz and PSU-Alkyne) are
explored by TGA under N. atmosphere. TGA curves are shown in figure 4.37 and
results are tabulated in Table 4.9.
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Figure 4.37 : TGA curves of SNNS-N3, PSU-Alkyne, PSU-SNNS and PSU+SNNS.

The weight losses below 200 °C can be attributed to physisorbed water and residual
organic solvents [426, 427]. It is observed that PSU-Alkyne shows greater thermal
stability when compared to PMMA-AIlkyne and a single-step thermal decomposition
with weight loss of 67 % between 300 and 800 °C assigned to main-chain pyrolysis
with 33 % char yield [428, 429]. By the addition of thermally resistant SNNS-N3
having a weight loss of 4.6 % between 300 and 800 °C with 95.4 % char yield to the
structure, thermal stability and thermal decomposition temperature of polymer matrix
increased while its char yield decreased. As expected, the weight losses of

nanocomposites are at the intermediate value those of the components forming the
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composite. Nanocomposite structures demonstrate higher thermal stability than
pristine PSU-Alkyne owing to enhanced inorganic content of the materials [430]. In
addition, they do not show significant weight loss before 300 °C in comparison to
PSU-Alkyne. Among silicon nitride added PSU nanocomposites, PSU-SNNS
nanocomposite by click reaction exhibited the lowest weight loss with 43 % between
300-800 °C and the highest thermal stability and char yield at 900 °C due to the
interface compatibility between nanofiller and polymer matrix [397, 425]. This
phenomenon probably stem from the restriction of chain mobility of polymers against
SNNS-N3 surface and also might originated from the the formed 3-dimensional
crosslink structures between the nanofiller and polymer matrix through click reaction
[376]. Moreover, PSU-SNNS exhibited the highest degradation temperatures of Ts%
and T10% at 496 °C and 534 °C, respectively. Conversely, the degradation
temperatures of PSU+SNNS displayed lower temperatures at Ts% and T10% regarding

lack of chemical interaction between inorganic filler and polymer matrix.

Table 4.9 : Thermogravimetric properties of PSU nanocomposites and their

precursors.
Samples T5% (°C) T10% (°C) Yc (%)
SNNS-N3 572 - 954
PSU-Alkyne 489 516 33
PSU+SNNS 479 527 57
PSU-SNNS 496 534 57

Ts%: The temperature for which the weight loss is 5%.
T10%: The temperature for which the weight loss is 10%.
Yc: Char yields at 900 °C under nitrogen atmosphere.

Thermal behavior and glass transition temperatures of pristine PSU-Alkyne, PSU-
SNNS and PSU+SNNS were investigated by differential scanning calorimetry. DSC

traces are shown in Figure 4.38.
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Figure 4.38 : DSC traces of PSU-Alkyne, PSU+SNNS and PSU-SNNS.

It is obviously seen that the glass transition temperature of PSU-Alkyne appeared at
156 °C. After incorporation of SNNS physically, the glass transition temperature has
slightly increased to 158 °C due to the partially reduced chain mobility. PSU-SNNS
nanocomposite having chemical bond between polymer and filler shows the highest
Tgat 171 °C and it is 15 °C higher than that of its precursor due to the reduced chain
mobility regarding structural compatibility between the end groups and the inner
backbone [401, 402]. This phenomenon reveals the effect of interaction type between
filler and matrix on thermal behavior of nanocomposite. Apart from the interaction
type between precursors, the chain mobility has reduced leading to increase in Tq due
to the restricted polymer network resulted from the incorporation of inorganic filler
[380, 431, 432]. However, the transition from glassy state to rubbery state for PSU-
SNNS has occured at higher degrees in comparison with PSU+SNNS, considering that
the filler content in both nanocomposite samples is with 31 wt% the same.
Consequently, regardless of filler concentration in nanocomposite, filler-matrix
interaction would be the case [109, 433, 434].

4.3.3.4 Thermal conductivity and electrical resistance investigation

The thermal resistivity, thermal conductivity and electrical resistivity (Volume
Resistivity) analysis of pristine PSU-Alkyne and nanocomposites by physical blend

and click reaction are summarized in Table 4.10, thermal conductivity comparisons of
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those three samples are demonstrated in Figure 4.39 and thermal and electrical
resistivity changes are shown in Figure 4.40.

Table 4.10 : Conductivity and resistivity results of PSU-Alkyne and PSU
nanocomposites.

Thermal Thermal Volume

Samples Resistivity Conductivity Resistivity
(M2K/W) (W/mK) (Q.cm)

ASTM D5470 ASTM D5470 ASTM D257
PSU-Alkyne 0.00755 0.083 1.15e*
PSU+SNNS 0.00435 0.179 7.15e1
PSU-SNNS 0.00278 0.367 1.58e!®

The conductivities were measured according to the ASTM D5470 standard operating
on a guarded heat flow principle [404]. This device has two temperature-controlled
surfaces, after a certain pressure and temperature is applied to the material placed
between these two metal surfaces, the device starts to collect thermal resistivity data.
Thermal conductivity analyses with through-plane direction were carried out at
working temperature of 25 °C and under 25 Psi pressure. The thermal conductivities
show an increase of 116 % for the nanocomposite derived physical blending
(PSU+SNNS) and an increase of 342 % for the nanocomposite derived via click
reaction (PSU-SNNS) when compared to PSU-Alkyne. Considering that the filler
content in both nanocomposite samples is with 7.5 wt% the same, the distinct increase
of thermal conductivity in the click reaction derived sample is remarkable. These
increments can be seen explicitly in Figure 4.39. It can be concluded that the thermal
resistance at filler-matrix interface in PSU-SNNS nanocomposite has been reduced by
means of chemical interaction [12, 405, 406, 435].
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Figure 4.39 : Thermal conductivity comparisons of PSU-Alkyne, PSU+SNNS and
PSU-SNNS.

Electrical resistance results are as high as expected. As clearly seen in Figure 4.40, the
electrical volume resistance values increased inversely proportional to the decreasing
thermal resistance values with the incorporation of silicon nitride nanosheets due to
their high electrical insulating characteristics. The most striking evidence of this
phenomenon is that the nanocomposites displayed considerable enhancement in
volume resistivity ranges compared to PSU-Alkyne (1.15x10'* Q.cm), which is also
consistent with the fact that the excellent electrical insulating characteristics of silicon
nitride nanofillers. However, the PSU-SNNS nanocomposite showed the volume
resistivity of 1.58 x 10 Q.cm, which is higher than that of the PSU+SNNS
nanocomposite (7.15 x 10'® Q.cm) with the same SNNS ratio. It is anticipated that this
difference is due to the chemical interaction available in PSU-SNNS nanocomposite,
which leads to the homogeneous distribution of SNNS in the polymer matrix. It can
also said that the lack of strong interaction like chemical bond in the PSU+SNNS
nanocomposite has a significiant effect on this result [407, 436, 437].
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Figure 4.40 : Thermal and electrical resistivity comparisons of PSU-Alkyne and
PSU nanocomposites.

4.3.4 Preparation of poly(ether ether ketone)/silicon nitride nanocomposites via
CUAAC click reaction (PEEK-SNNS)

In order to prepare the nanocomposite with poly(ether ether ketone) matrix (PEEK-
SNNS), the two-step synthesis procedure of PEEK was performed to obtain alkyne
functional precursor to enable the click reaction with azide functional SNNS (SNNS-
N3) prepared in the chemical modification process. The first stage of the synthesis
procedure involves poly(ether ether ketone) synthesis with hydroxyl end-groups by
condensation polymerization (PEEK-OH), followed by conversion of these end-
groups to alkyne function (PEEK-Alkyne) to be used in Copper Catalyzed Azide-
Alkyne Click reaction (CuAAc). The effect of functionalization on thermal behaviors
of nanocomposite was investigated by characterization studies. Furthermore, the
characterization results of the nanocomposite obtained by both physical mixture and
click chemistry were examined. The differences between these two methods were
reported in detail. The schematic representations of the modification process and the

nanocomposite synthesis are shown in Figure 4.41 and Figure 4.42.
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The experimental conditions and the properties of PEEK-OH obtained by
polycondensation and PEEK-Alkyne obtained by end-functionalization reaction are
tabulated in Table 4.11. It summarizes the polycondensation and end-functionalization
results. The condensation reaction produced high molecular weight PEEK (PEEK-
OH) with targeted molar mass and moderate polydispersity. The PEEK-OH has a
molecular weight (Mn) of 25,000 g/mol with 80.4% yield, while PEEK-Alkyne has
results such as molecular weight (My) of 25,500 g/mol with 31% yield. Moreover, the

polydispersities are typical for condensation polymerization products [438].

Table 4.11 : Synthesis? conditions and molecular weight characteristics of hydroxyl
and alkyne end-functional poly(ether ether ketone)s.

[MeHQ/DFBP]? Yield® M,
Palygper (mol/mol) @)  (gmo) P
PEEK-OH 11.05 804 25000 160
PEEK-Alkyne ) 310 25500 162

2 Reaction temperature: 160 — 180 °C, time: 2 h.
b Determined gravimetrically.
¢ Determined from GPC measurements based on polystyrene standards.

The successful click reaction between PEEK-Alkyne as polymer matrix and SNNS-N3
as thermal conductive nanofiller was confirmed completely by XRD, SEM, NMR,
FTIR, TGA, DSC, DTC, ER and DMA analyzes.

4.3.4.1 Crystallography investigation

PEEK-OH is a semi-crystalline engineering polymer apart from other polymers
(PMMA and PSU) used as matrix within this thesis study. The aforementioned crystall
structure of PEEK-AIlkyne has been investigated by X-Ray crystallography (XRD).
Crtstal structure comparison of SNNS, PEEK-Alkyne and PEEK-SNNS
nanocomposite is demonstrated in Figure 4.43.
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Figure 4.43 : XRD patterns of SNNS, PEEK-Alkyne and PEEK-SNNS.

The characteristic crystal diffraction peaks of B-phase silicon nitride are seen in dark
pink spectrum. Poly (ether ether ketone) is a semi-crystalline polymer as it mentioned.
Therefore, it has amorphous parts seen at 18° and 20° and crystaline parts seen at 38°
and 44°. The green spectrum represents the PEEK-SNNS having both characteristic
diffraction peaks of PEEK and SNNS, naturally. Patterns representing the amorphous
portions of PEEK-Alkyne exhibited a novel pattern with decreased peak intensities
and boradened peak width with the incorporation of crystalline SNNS in PEEK-SNNS
pattern (green pattern). This change has confirmed the success of click reaction in
PEEK-SNNS nanocomposite and the reduction of crsystall fraction through covalent

bond formed [439].

4.3.4.2 Morphological investigation

The SEM images for silicon nitride nanosheets (SNNS), pristine PEEK-Alkyne,
physical blend of SNNS and PEEK (PEEK+SNNS) and PEEK grafted silicon nitride
nanosheets by click reaction (PEEK-SNNS) with 25k magnification scales were given

in Figure 4.44a, 4.44b, 4.44c and 4.44d, respectively.
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Figure 4.44 : SEM magnification images of a) SNNS, b) PEEK-Alkyne, c)
PEEK+SNNS and d) PEEK-SNNS at 25k magnification.

SNNS (Figure 4.44a) seem in granular structure, especially after mechanical treatment,
but PEEK-Alkyne (Figure 4.44b) displays network morphology, as is generally seen
in conventional polymeric structures. It is obviously seen that the polymer-introduced
nanosheets appear larger than unmodified nanosheets under the same magnification.
Figure 4.44c shows irregular and uneven distribution of the particles. SNNS particles
have arranged sporadically in the polymer matrix and seem agglomerated to each
other. However, Figure 4.44d displays a more regular and homogeneous distribution
of the particles. The complete surrounding of nanosheets by polymer network verifies
that the PEEK-Alkyne was effectively grafted to the nanosheet surface. The another
evidence is that the PEEK-SNNS particles emerge more unified and smaller in size
when compared to unmodified nanosheets due to the good dispersion in polymer
matrix. It probably stems from the interface compatibility between nanofiller and

polymer matrix due to the presence of covalent bond [418, 419].

4.3.4.3 Structural investigation

Hydroxyl-terminated PEEK (PEEK-OH) and alkyne-end functionalized PEEK
(PEEK-Alkyne) were identified by spectral analyzes. Chemical structures of PEEK-
OH and PEEK-AIKkyne were investigated by *H-NMR. The convertion from hydroxyl-
end functionality to alkyne-end functionality was also confirmed by *H-NMR analyzes

and presented in Figure 4.45.
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Figure 4.45 : 'H-NMR spectra of a) PEEK-OH and b) PEEK-Alkyne in DMF-d’.

Deuterated solvent peaks (DMF-d’) emerged as three peaks at 8.03, 2.92 and 2.74 ppm
and H>O traces coming from deuterated solvent (HOD) is spotted at 3.50 ppm [440].
Absorptions corresponding to the methyl protons of MeHQ seem at 2.08 (a, 3H, s) and
2.74 (b, 3H, s) and aromatic protons of PEEK main-chain appear in the range of 6.78
- 7.86 ppm (c, 12H; d, s) in both spectra [289, 441, 442]. The successful incorporation
of alkyne moeity to PEEK structure was confirmed through appearance of new peaks
at around 2 - 3 ppm due to methylene and the terminal alkyne moiety of propargyl
group (Figure 4.45b). The two triplets at 2.62 ppm (f, 2H, t) and 2.46 ppm (e, 2H, t)
are assigned to methylene protons of propargyl group. The confirmation of end-
functionalization of PEEK-Alkyne was ensured mainly by the signal appearance at
2.01 ppm (d, H, s) indicating the terminal alkyne proton [377].

Incorporation of SNNS to PEEK matrix was confirmed by FT-IR spectral analyzes.
The chemical structures of PEEK grafted SNNS nanocomposite (PEEK-SNNS), its
precursors, azide modified silicon nitride nanosheet (SNNS-Ns) and alkyne-end
functional PEEK (PEEK-AIlkyne), and physical mixture of these precursors
(PEEK+SNNS) were identified by their characteristic vibrations in detail.
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Figure 4.46 : FTIR spectra of PEEK-OH and PEEK-Alkyne.

Figure 4.46 displays the hydroxyl functional poly (ether ether ketone) (PEEK-OH) is
seen in dark blue color and alkyne-end functional poly (ether ether ketone) (PEEK-
Alkyne) in light blue color. FTIR spectroscopy has provided clear evidence for the
conversion of terminal groups of poly (ether ether ketone). It can be clearly seen that
hydroxyl end-groups were successfully converted to alkyne groups. Three distinct
peaks appeared in the spectra of PEEK-Alkyne are different from spectra of PEEK-
OH. The absorption at 3282 cm™ indicates the C-H stretching vibration of terminal
alkyne [443]. In addition, the proof of ester formation stemmed from the alkynylation
reaction has been also verified by the existence of an absorption peak at 1704 cm*
corresponding to the carbonyl stretching vibration originated from alkyne moiety
[422]. Moreover, C-H stretching vibrations of methylene groups came from pentynoic
acid is clearly also seen at 2852 cm™ [421]. In addition to these indicative functional
group vibrations, the characteristic absorption peaks of poly (ether ether ketone) were
listed such as; bands at 3067 and 3035 cm™ refer to the C-H stretching vibrations of
aromatic ring and while the band at 1278 cm™ and 1232 cm™ refers to (-C-C=0) the
bending and the stretching vibrations of benzophenone, respectively [96, 444].
Symmetrical C-H stretching vibrations of methyl group in PEEK backbone appears at
2929 cm™* [445], while the absorption peaks at 1599, 1539, 1484 and 1406 cm™ specify

the characteristic C=C stretching vibrations of aromatic rings of poly (ether ether
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ketone) backbone [446]. Furthermore, the strong band at 1640 cm™ represents the C=0
stretching vibration of crystalline phase of poly (ether ether ketone) [286, 447]. The
absorption band at 1190 cm refers to the hydrogen rocking vibration of phenyl groups
[447]. Moreover, the asymmetric stretching vibration of ether linkage showed also up
at 1227 cm™ [289]. Also, C-H out of plane bending vibrations of phenyl rings appear
at 856 cm™tand 769 cm™ [287, 288].

FTIR spectra of azide modified silicon nitride nanosheet (SNNS-N3), alkyne-end
functional PEEK (PEEK-Alkyne) and PEEK grafted SNNS nanocomposite (PEEK-
SNNS) are shown in Figure 4.47.
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Figure 4.47 : FTIR spectra of SNNS-N3, PEEK-Alkyne and PEEK-SNNS by Click
Reaction.

The backbone vibration of Si-N-Si and bending vibration of Si-O-Si are visible at 954
cm™ and 1039 cm™, respectively in the spectra of SNNS-N3[207, 387]. Besides, in the
spectra of PEEK-SNNS, broad absorption peak around 3440 cm™ corresponding to
hydroxyl stretching vibrations due to -OH groups on the surface of SNNS-N3z and
residual solvent in PEEK-Alkyne have been observed [347, 388]. Moreover, the
characteristic stretching and bending vibrations of poly (ether ether ketone) mentioned
in Figure 4.46 are apparently seen also in Figure 4.47. It is obviously seen that the
absorption peak at 3282 cm™ assigned to the C-H streching vibration of terminal
alkyne of PEEK-Alkyne and the vibrations at 2043 and 2114 cm™ ascribed to azide
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moiety of SNNS-N3 have been disappeared in the spectra of PEEK-SNNS. The
appearance of the characteristic peaks of PEEK-Alkyne and SNNS-N3 that seen in the
spectrum of SNNS-PEEK prove that the click reaction between azide-functional
SNNS and alkyne functional PEEK was successful. In addition to this, the amide
moiety of SNNS-N3 appearing at 1650 cm™ and the ester moiety of PEEK-Alkyne
appearing at 1704 cm™ are clearly seen also in the spectra of PEEK-SNNS. These
evidences indicate that the click reaction between azide-functional SNNS and alkyne-
functional PEEK is successful [362, 392].

FTIR spectra of azide modified silicon nitride nanosheet (SNNS-N3), alkyne-end
functional PEEK (PEEK-Alkyne) and physical blend of PEEK-Alkyne and SNNS-N3
(PEEK+SNNS) are shown in Figure 4.48.
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Figure 4.48 : FTIR spectra of SNNS-N3, PEEK-Alkyne and SNNS+PEEK by
Physical Blend.

Comparing to Figure 4.47, the characteristic bands of the alkyne and azide moiety
appearing at 3283, 2114 and 2043 cm%, respectively were obviously seen in the spectra
of PEEK+SNNS. These vibrations remained stable due to the absence of chemical
interaction. This result reveals that the blending process based on just physical mixing,

not chemical interaction.
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4.3.4.4 Thermal investigation

Thermal stability of nanocomposite by physical blend (PEEK+SNNS), nanocomposite
by click reaction (PEEK-SNNS) and their precursors (SNNS-N3 and PEEK-Alkyne)
are explored by TGA under N2 atmosphere. TGA curves are shown in Figure 4.49 and

results are tabulated in Table 4.12.
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Figure 4.49 : TGA curves of SNNS-N3, PEEK-Alkyne, PEEK-SNNS and
PEEK+SNNS.

The weight losses below 200 °C can be attributed to physisorbed water and residual
organic solvents [426, 427]. It is observed that PEEK-Alkyne displays greater thermal
stability when compared to PMMA-AIlkyne and PSU-Alkyne and besides have a two-
step thermal decomposition under nitrogen atmosphere with weight the loss of 39 %
between 300-900 °C ascribed to the main-chain pyrolysis with 61 % char yield [448].
While the first degredation step can be attiributed to the indiscriminate chain sicission
at the ether and carbonyl linkages in the main chain, the second thermal decomposition
has occured mostly due to the disintegration and dehydrogenation of the crosslinked
product generated in the first degradation step and crystalline part of the polymer [449-
452]. By the addition of thermally resistant SNNS-N3z having a weight loss of 4.4 %
between 300 and 900 °C with 94.9 % char yield to the structure, thermal stability and
thermal decomposition temperature of polymer matrix increased while its char yield

decreased. As expected, the weight losses of hanocomposites are at the intermediate

136



value those of the components forming the composite. Nanocomposite structures
demonstrate higher thermal stability than pristine PEEK-Alkyne owing to enhanced
inorganic content of the materials [453, 454]. In addition, they do not show significant
weight loss before 400 °C in comparison to PEEK-Alkyne. Among silicon nitride
added PEEK nanocomposites, PEEK-SNNS nanocomposite by click reaction has
exhibited the weight loss with 19.8 % between 300-900 °C and the highest thermal
stability and char yield at 900 °C due to the interface compatibility between nanofiller
and polymer matrix [397, 455, 456]. This phenomenon probably stem from the
restriction of chain mobility of polymers against SNNS-N3z surface and might
originated from the formed 3-dimensional crosslink structures between the nanofiller
and polymer matrix through click reaction [376, 457]. Moreover, PEEK-SNNS has
exhibited the highest degradation temperatures of Ts% and T10% at 475 °C and 508
°C, respectively. Conversely, the degradation temperatures of PEEK+SNNS has
displayed slightly lower temperatures at Ts% and T10% regarding lack of chemical

interaction between inorganic filler and polymer matrix.

Table 4.12 : Thermogravimetric properties of PSU nanocomposites and their

precursors.
Samples T5% (°C) T10% (°C) Yc (%)
SNNS-N3 647 - 94.9
PEEK-AIlkyne 447 473 61
PEEK+SNNS 473 500 794
PEEK-SNNS 475 508 80

Ts%: The temperature for which the weight loss is 5%.
T10%: The temperature for which the weight loss is 10%.
Yc: Char yields at 900 °C under nitrogen atmosphere.

Thermal behavior and glass transition temperatures of pristine PEEK-Alkyne, PEEK-
SNNS and PEEK+SNNS were investigated by differential scanning calorimetry. DSC
traces are shown in Figure 4.50.
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Figure 4.50 : DSC traces of PEEK-Alkyne, PEEK+SNNS and PEEK-SNNS.

The glass transition temperature of PEEK-Alkyne appeared at 151 °C. After
incorporation of SNNS physically, the glass transition temperature has slightly
increases to 159 °C due to the partially reduced chain mobility. PEEK-SNNS
nanocomposite having chemical bond between polymer and filler shows the highest
Tg at 166 °C and it is 15 °C higher than that of its precursor due to reduced chain
mobility regarding structural compatibility between the end groups and the inner
backbone [401, 402]. This phenomenon reveals the effect of interaction type
precursors on the thermal behavior of nanocomposite [433]. Apart from the interaction
type between precursors, the chain mobility has reduced leading to increase in Tq due
to the restricted polymer network resulted from the incorporation of inorganic filler
[380, 432, 458-460]. However, transition to rubbery state from glassy state for PEEK-
SNNS has occurred at higher degrees in comparison with PEEK+SNNS, considering
that the filler content in both nanocomposite samples is with 15 wt% the same.
Consequently, regardless of filler concentration in nanocomposite, filler-matrix
interaction would be the case [109, 433, 434, 461, 462].

4.3.4.5 Thermal conductivity and electrical resistance investigation

The thermal resistivity, thermal conductivity and electrical resistivity (Volume
Resistivity) analysis of pristine PEEK-Alkyne and nanocomposites by physical blend

and click reaction are summarized in Table 4.13, thermal conductivity comparisons of
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those three samples are demonstrated in Figure 4.51 and thermal and electrical
resistivity changes are shown in Figure 4.52.

Table 4.13 : Conductivity and resistivity results of PEEK-Alkyne and PEEK
nanocomposites.

Thermal Thermal Volume
Resistivity Conductivity Resistivity
(M2K/W) (W/mK) (Q.cm)
ASTM D5470 ASTM D5470 ASTM D257
PEEK-Alkyne 0.0239 0.07 8.30 e!’
PEEK+SNNS 0.0011 0.34 1.33¢8
PEEK-SNNS 0.00097 0.67 1.41 et®

The conductivities were measured according to the ASTM D5470 standard operating
on a guarded heat flow principle [404]. This device has two temperature-controlled
surfaces, after a certain pressure and temperature is applied to the material placed
between these two metal surfaces, the device starts to collect thermal resistivity data.
Thermal conductivity analyses with through-plane direction were carried out at
working temperature of 25 °C and under 25 Psi pressure. The thermal conductivities
display an increase of 386 % for the nanocomposite derived physical blending
(PEEK+SNNS) and an increase of 857 % for the nanocomposite derived via click
reaction (PEEK-SNNS) when compared to PEEK-Alkyne. Considering that the filler
content in both nanocomposite samples is with 15 % the same, the siginificant
enhancement of thermal conductivity in the click reaction derived sampe is
remarkable. These increments can seen be explicitly in Figure 4.51. It can be
concluded that the thermal resistance at filler-matrix interface in PEEK-SNNS

nanocomposite has been reduced by means of chemical interaction [34, 419, 463, 464].
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Figure 4.51 : Thermal conductivity comparisons of PEEK-Alkyne, PEEK+SNNS
and PEEK-SNNS.

Electrical resistance results are as high as expected. As clearly seen in Figure 4.52, the
electrical volume resistance values increased inversely proportional to the decreasing
thermal resistance values with the incorporation of silicon nitride nanosheets due to
their high electrical insulating characteristics. The most striking evidence of this
phenomenon is that the nanocomposites displayed considerable enhancement in
volume resistivity ranges compared to PEEK-Alkyne (8.30 x 10'7), which is also
consistent with the fact that the excellent electrical insulating characteristics of silicon
nitride nanofillers. However, the PEEK-SNNS nanocomposite displayed the volume
resistivity of 1.41 x 10 Q.cm, which is a bit higher than that of the PEEK+SNNS
nanocomposite (1.33 x 10'® Q.cm) with the same SNNS ratio. It is anticipated that this
difference is due to the chemical interaction available in PEEK-SNNS nanocomposite,
which leads to the homogeneous distribution of SNNS in the polymer matrix. It can
also said that the lack of strong interaction like chemical bond in the PEEK+SNNS
nanocomposite has a significiant effect on this result [465, 466].
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Figure 4.52 : Thermal and electrical resistivity comparisons of PEEK-Alkyne and
PEEK nanocomposites.

4.3.4.6 Mechanical investigation

Mechanical behavior of all PEEK samples were investigated by dynamic mechanical

analysis. DMA curves are shown below.
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Figure 4.53 : Storage modulus (£°) curves of PEEK-Alkyne, PEEK+SNNS and
PEEK-SNNS.
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The curves of storage modulus (£°) versus temperature of PEEK-Alkyne film and
nanocomposite films, obtained from DMA at 1 Hz, are demonstrated in Figure 4.53.
The dynamic storage modulus is related to elastic modulus evaluated in the concept of
load carrying capability or as a stiffness of a material. £’ depends on the temperature,
the filler content and the interaction type between the filler and matrix. In general, the
introduction of the filler to polymer matrix increases the stiffness, so the elastic
modulus of the material [467-469]. In the same manner, the storage modulus of
nanocomposite enhances with the filler content up to some extent [470, 471]. In this
work, the ratio of silicon nitride nanofiller was 15 wt% for both nanocomposites. It is
seen that £’ values for covalently bonded nanocomposite (PEEK-SNNS) film at any
temperature is much higher than that of pristine PEEK-Alkyne film. The increments
of E' values are principally owing to diminishment of voids in the PEEK-Alkyne
matrix, leading to enhances of stiffness values of the PEEK-SNNS film as shown in
Figure 4.54 [472-475].

Stiffness / 10° (N.m™)
F -9
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L] ]
100 200 300
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Figure 4.54 : Stiffness curves of PEEK-Alkyne, PEEK+SNNS and PEEK-SNNS.

It can be concluded that the covalent bond between the modified silicon nitride and
PEEK-Alkyne has an increasing effect on the stiffness of the material, although as the
same nanofiller ratio was used as in the physical blend (PEEK+SNNS) [476]. For
PEEK-SNNS nanocomposite, E' started to decrease slowly after 178 °C, and then a
sharp diminishment has seen from the point of 220 °C to 260 "C. This is the glass
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transition region of the film, corresponding the transition from solid-state to rubbery-
state. Also, the decrease in E' values is ascribe to the energy dissipation due to the
motions of the heated polymer chains gained high kinetic energy, stemming from the
increase in free volume between the molecular segments [477, 478]. On the other hand,
there are some increments in E’ values of physically blended nanocomposite
(PEEK+SNNS) at some point due to decreased chain mobility with respect to
incorporation of nanofiller in PEEK matrix, yet the increasing trend of PEEK+SNNS
has not appeared as in PEEK-SNNS. This phenomenon can be explained by the filler
agglomeration, which takes place in the absence of covalent bonding, which provides
the regular distribution of nanofiller in the polymer matrix, as in the PEEK-SNNS film,
even though both nanocomposites have the same filling ratio [479, 480]. It is worth to
say that the good interfacial compatibility between polymer and nanofiller is
responsible for the restriction of the molecular mobility of the polymer matrix, which
is featured of this trend [411, 481, 482]. Furthermore, the chemical incorporation of
SNNS to PEEK-AIlkyne could lead the formation of chemical cross-linking, which
increases the stiffness of the material, thus SNNS acted as a reinforcing agent for
PEEK-SNNS nanocomposite by taking the advantage of chemical interaction [412,
483].

The loss modulus (£ ) values as a function of temperature of pristine PEEK-Alkyne
film and nanocomposite films, obtained from DMA at a frequency of 1 Hz are

demonstrated in Figure 4.55.
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Figure 4.55 : Loss modulus (£ ) curves of PEEK-Alkyne, PEEK+SNNS and PEEK-
SNNS.

E” is related to viscous property of a material, which gives responses as a dissipated
energy due to motions of polymer chains. PEEK+SNNS nanocomposite including 15
wt% nanofiller has displayed negative shift and much lower £~ values compared to
pristine PEEK-Alkyne. This behavior can be attributed to the incompatible filler-
matrix interaction arises from self-agglomeration of SNNSs and lack of chemical
interaction [413]. Though, the loss modulus of PEEK-SNNS containing same content
of nanofiller as physically blended nanocomposite at any temperature range has
showed increased values than that of pristine PEEK-Alkyne and PEEK+SNNS
nanocomposite due to the compatibility between filler and matrix through covalent
bond as it is mentioned above. Besides interfacial compatibility, chain mobility
restriction and 3-dimensional network structure could have been occurred due to the
well dispersion of nanofiller in polymer matrix [484-486]. This result reveals that the
SNNS can act as a reinforcing material for the nanocomposite containing covalent
bond.

Tan & curves of pristine PEEK-Alkyne film and nanocomposite films are presented as
a function of temperature in Figure 4.56.
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Figure 4.56 : Tan & curves of PEEK-Alkyne, PEEK+SNNS and PEEK-SNNS.

Tan 6 is known as loss factor, damping factor or dissipation factor, defined as the ratio
of the loss modulus to storage modulus (£/E”). It provides an information regarding
the mechanical behavior whether the material elastic or viscous [414]. The glass
transition temperature of a material is associated with the main «o-relaxation,
corresponding the peak maximum in tan ¢ curve [413, 487]. It is clearly seen that the
tan o values (peak height) of PEEK-SNNS curve has increased. Since, there is a regular
distribution in PEEK-SNNS nanocomposite, the mobility of polymer chains was not
restricted, but on the contrary, the peak height has multipliesd due to the dissipated
enrgy deriving from enhanced segmental mobility [488]. PEEK-SNNS curve shows
the increased Tg at 251 °C from 228 °C, implying the better interface compatibility
between the nanofiller and polymer matrix due to the formed covalent bond and
probable chemical cross-linking, which restrain the chain mobility of the polymer
[412, 417, 489]. Contrarily, it is clearly seen that the tan & value (peak heights) of
PEEK+SNNS nanocomposite diminished, whereas its peak width enhanced. The
decreases in the peak height is directly linked with the elastic character of the film,
suggesting the degradation of molecular mobility of PEEK-Alkyne by means of
incorporation of SNNS [415]. Due to the incompatible and irregular distribution in the
physical blended nanocomposite (PEEK+SNNS), the elasticity of the material has

increased while its viscous properties decreased, which reduced also the tan & values
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at any temperature and lowered the peak height [490, 491]. Moreover, the broadening
of peaks is related to loosening of polymer chains, indicating the segmental constrains
of polymer chains to some extent, which are consistent with the loss modulus values
(E”) [414, 492, 493]. The irregular distribution and absence of interface compatibility
between nanofiller and polymer matrix reduced the mobility of polymer segments,
resulting in self-agglomeration of nanofiller [417, 476, 489]. Hence, a large increase
in peak width caused by a decrease in free volume has been observed [490].
Consequently, the mechanical transitions of pristine polymer and nanocomposites are

consistent with the DSC results as well.

Nanocomposites in film form prepared for mechanical analysis are displayed in Figure
4.57 and the nanocomposite obtained by click reaction in pad form as a thermal

interface material (TIM) is shown in Figure 4.58.

-

a)

Figure 4.57 : Film forms of a) PEEK+SNNS and b) PEEK-SNNS nanocomposites.
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Figure 4.58 : Pad form of PEEK-SNNS Nanocomposite.
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5. CONCLUSIONS

In this thesis, silicon nitride (SizN4) containing polymer nanocomposites have been
successfully synthesized with three different polymer matrices (PMMA, PSU and
PEEK) and formulated as thermal interface material (T1M).

Table 5.1 : End-product characteristics of TIMs produced via click chemistry.

Nanocomposite  TC (Wm™.K?) VR (Q.cm) T,(ec)y ~ Decomposition

Onset (°C)
PMMA-SNNS 0.255 2.15 ¢t 161 350
PSU-SNNS 0.367 1.58 e'8 171 450
PEEK-SNNS 0.670 1.41 '8 166 450

Until recently, the vast majority of commercial TIMs utilized in the microelectronic
industry have been produced by using physical blending technique. The most
noteworthy aspect of this thesis study is that the polymer matrix nanocomposites were
produced using a click chemistry approach based on the chemical bond formation
between the filler and matrix. The advantage of this technique has been evidently
demonstrated by each characterization studies. As a result, the presence of chemical
connections between inorganic filler and polymer matrices has been proven in all
nanocomposites generated via click chemistry, and the superiority of these
nanocomposites over their chemical bond-free counterparts has been established.

Thermal resistance is an essential characteristic in TIM applications since it provides
information about the material's usability across a wide temperature range. Given the
thermal investigation findings of polymer nanocomposites produced with three
different matrices in this work, it is evident that materials compatible for utilization

even at high temperatures.

The major focus of the thesis is the investigation of thermal conductivity of the
polymer nanocomposites. It has been clearly seen that the termal conductivity of

nanocomposites bearing the chemical interaction (Polymer-SNNS) increases more
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than the thermal conductivity of nanocomposites produced by physical blending
(Polymer+SNNS).

PEEK-SNNS has shown the highest thermal conductivity of 0.670 Wm™.K™ in all
nanocomposites synthesized through click chemistry approach, due to its semi-

crystalline nature.

Thermal conductivities of nanocomposites developed for the thesis study were found
to be lower than those of commercial TIMs. By utilizing a combination of 2D and 3D
nanofillers as well as single and hybrid applications of nanofillers with greater thermal
conductivity such as BN, Al,Ogz, SiO», SiC, etc., nanocomposites with greater thermal

conductivities can be produced.

Another critical parameter for TIM applications is having the high electrical resistance.
Given that the volume resistance values of the nanocomposites produced in the scope
of this study are in the range of 1014-10%8 Q.cm, it can be predicted that they would not

create any short circuit or other problems in computer circuit components.

This thesis study, which demonstrates the superiority of the chemical technique over
the physical method in termal interface material design, ensures that it will meet the
demands in various new generation industries with regarding thermal conductive

nanocomposite materials by adjusting various matrix-filler combinations.
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