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ABSTRACT

Metal halide perovskite quantum dots (MHP QDs) are utilized in various
applications like solar cell and light-emitting devices due to their unique optoelectronic
properties. However, perovskites and their nanomaterials suffer from poor stability due to
their susceptibility to moisture, solvent, oxygen, and heat. The absence of effective
methods for nanopatterning also hinders their further development and application. To
address these issues, we proposed a strategy that involves designed zwitterion polymer
ligands synthesis and using them to replace the original small molecule ligands on MHP
QDs. Such polymer ligands are expected to improve the stability of those QDs. More
importantly, they will enable selective and strong interactions between the MHP QDs and
block copolymer thermoplastic elastomers (TPEs) so that soft and stretchable optical
materials can be obtained by integrating them. The MHP QDs we focused on are CsPbBr3

QDs, and the block copolymer TPE is poly(styrene-b-polyisobutylene-b-styrene) (SIBS).

We found that the incorporation of polymer ligands functionalized QDs (p-QDs)
into block copolymer TPE leads to changes in the microphase-separated morphology of
the TPE matrix, which strongly depends on the molar ratio of p-QDs to copolymer matrix.
A relatively high content of QDs (molar ratio of QDs to polymer close to 1) can disrupt the
microphase-separated morphology. Moreover, we found that the selective and strong

affinity of p-QDs to the TPE matrix leads to higher optical stability of the composites
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including stronger and longer photoluminescence. Our findings demonstrate the potential
of integrating inorganic optical nanomaterials and block copolymer matrix for creating

stretchable, soft, and stable optical materials.
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CHAPTER I. INTRODUCTION

1.1 Introduction of perovskite quantum dots (QDs)

Perovskites, or more specifically, metal halide perovskites (MHPs), are a class of
semiconducting materials with unique optical and electronic properties.!* MHPs have the
general chemical composition of ABX3 (Figure 1a), where A = organic or inorganic cation
(such as methylammonium MA®, Cs"), B = metal cation (Pb*", Sn**, or Bi*"), and X =
halide (CI', Br', I').>® They have been at the forefront of next-generation photovoltaics and
optoelectronics due to their efficient optical absorption and emission in the visible range
(Figure 1b), the emission of perovskite QDs can be easily tuned by changing the halide
composition.”” Besides being used in macroscopic or bulk states, colloidal perovskite QDs
can also be synthesized by several methods, which show a strong quantum confinement

effect and high external quantum efficiency.!*!2
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Figure 1. (a) The three-dimensional cubic ABX3 perovskite structure.'* (b) colloidal
solutions in toluene under a UV lamp (A = 365 nm) and representative PL spectra (Aexc =
400 nm for all but 350 nm for CsPbCl13 samples).’

However, one of the biggest issues for perovskites and their nanomaterials is poor
stability. They are vulnerable to many environmental factors, including moisture, certain
solvents, oxygen, and heat.!*!” MHP QDs with high surface areas are more susceptible to
the effects of the environment. Several approaches are being explored to overcome this
stability issue, including chemical methods such as capping agents, stabilizers, and
physical methods such as device encapsulation;'®2° but those methods have only limited

improvement or require complicated chemical modifications.

On the other hand, the lack of efficient nanopatterning methods for perovskites is
another major challenge that prevents their further development and applications.?!
Directly patterning solid perovskite materials with photolithography-based techniques is

not feasible due to the poor stability of perovskite under moisture, solvents, and dry



etching.?? Other nanopatterning techniques such as direct laser writing and FIB milling
have been used for the nanopatterning of MHP QDs.?*** However, those methods are time-
consuming, difficult to scale up, and costly. The high-energy beams cause severe structural

damage to the MHP QDs and lead to the degradation of photophysical properties.

1.2 Introduction of block copolymer thermoplastic elastomers

Block copolymers (BCPs) are composed of different types of polymers connected
at one end. The microphase separation behavior observed in BCP is driven by the chemical
incompatibility between the two constituent polymers,?® resulting in a vast range of
morphologies with unique properties. The nature of these morphologies is predominantly
determined by intrinsic polymer parameters such as the BCP architecture, interaction
parameter (x), degree of polymerization (N), and volume fraction.? The diverse
morphologies that arise from BCPs are primarily driven by the thermodynamic mismatch
between monomers (yN) and the volume fraction of the blocks (f). These morphologies can
range from disordered to ordered structures and can evolve from spherical to lamellar
structures during order-order transitions, as depicted in Figure 2. At certain volume
fractions, these copolymers can spontaneously organize into well-defined and ordered
nanoscale patterns such as spheres, cylinders, or lamellae.?’° The size of these domains
is influenced by the molecular weight of the copolymer and the strength of the interactions

between the different types of blocks. The domain size of the microphase-separated



structure in BCP is typically in the range of several to tens of nanometers (nm), which is
in the same range as many inorganic nanoparticles (NPs). The hybrid materials based on
the co-assembly of BCP, and metal NPs have tunable and organized nanostructures.’!-*?
The morphology, domain size, and properties of polymers forming each segment, such as
solubility, surface energy, refractive index, mechanical strength, and glass transition
temperature, offer a vast range of potential applications for phase-separated copolymers.
These copolymers have already found usage in various fields, including adhesives,

dispersants, surfactants, and thermoplastic elastomers. Photonic crystal devices,

membranes, and more.>*
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Figure 2. (a) Phase diagram depicting the behavior of liner BCP (A-b-B) is determined by

the interaction parameter (yN)and the volume fraction (f). Four equilibrium



morphologies, namely spherical (S), cylindrical (C), gyroid (G), and lamellar (L).** (b)
Phase structures are depicted with the volume fraction (fa) of one of the components
being the independent variable at a constant YN value. The red and black components are

used to represent the different constituents of the copolymer.*?

Nanocomposites are materials composed of one or more components that have
nanostructure, consisting of hierarchically-structured nanoparticles that are made up of
single particles. To create specific functional nanocomposites, it is important to choose
appropriate NPs as the building blocks. Additionally, these approaches must be adapted for
NPs with varying chemical compositions, sizes, and shapes.>>® The NPs are typically
localized in the microdomains of one of the blocks or at the interface between the
microdomains.*>*® This approach has been extensively studied for the past several decades

for precise assembly and nanopatterning of various inorganic NPs, including metals,>! >3

semiconductors >*>>

, and dielectrics.’*® With the discovery of new types of functional
inorganic NPs, especially perovskite nanomaterials, their molecular interactions and
controlled assembly with BCPs have the potential to generate new types of optical

materials that are soft, stretchable, highly stable, and nano-patternable. >3

A type of polyisobutylene (PIB) based block copolymer, poly(styrene-b-
isobutylene-b-styrene) (SIBS), where PIB is an elastomeric segment, and polystyrene (PS)
is a rigid segment.®* Chemical structure of SIBS is shown in Figure 3. The domain size of

microphase separated structure in BCP is typically in the range of several to tens of



nanometers (nm).%°7%® It has excellent chemical, oxidative, and biostability®®’!, extremely
low permeability, as well as high strength and elongation at break (> 600%).”*> Those
advantages make it a perfect soft material to be assembled with NPs to create soft,
stretchable, stable hybrid materials with molecular-level control of the interfacial and

internal structure.

of w(at {W

Figure 3. Chemical structure of SIBS®



CHAPTER II. OBJECTIVE AND HYPOTHESIS

2.1 Research Objective

This project aims to fill this knowledge gap by systematically investigating and
elucidating the molecular interactions and controlled assembly of chemically
functionalized MHP QDs and BCP. Moreover, we designed and customized the surface
chemistry of the MHP QDs and the ionic state of the polymer blocks in styrenic TPEs,
which enabled high compatibility and highly selective interaction and alignment between
the rigid MHP QDs and soft microphase separated matrices. SIBS’s advantages make it a
perfect soft material to be assembled with MHP QDs to create soft, stretchable, stable

hybrid materials with molecular-level control of the interfacial and internal structure.

In this study, we designed and conducted a ligand exchange reaction to replace
short ligands (oleic acid and oleylamine) on MHP QDs with chemically modified
poly(isobutylene-g-maleic anhydride) (PIMA), which had strong and selective interaction
with the PIB block in SIBS copolymer due to their matching chemical composition and

interaction parameters. The solution mixing approach will be employed to integrate the



MHP QDs with SIBS by adjusting the ratios of two components to achieve different hybrid

nanostructures.

2.2 Hypothesis

e By attaching designed polymer ligands to MHP QDs and/or tuning the ionic state
of the PS block in the TPE matrix, we anticipate achieving precise assembly and
alignment of MHP QDs in the TPE matrix. This will provide unprecedented
freedom in the design of hybrid optical materials.

e By matching the surface chemistry of multiple different types of MHP QDs with
the polymer blocks in the TPE matrix, we anticipate achieving simultaneous
assembly and alignment of two or more different types of MHP QDs in a
microphase-separated soft matrix.

e By incorporating perovskite materials into the TPE matrix, especially the PIB-
based TPE, we expect to observe superior chemical stability, impermeability to
gases/vapors, biostability, and excellent mechanical properties in the resulting
hybrid materials. This is expected to substantially enhance the stability and
introduce new applications for perovskite materials that were previously

unattainable.



CHAPTER III. MATERIALS AND METHODS

3.1 Materials

Highly Reactive Polyisobutylene (Glissopal V1500 HR-PIB, BASF, Mn 2300),
benzoyl peroxide (BPO, > 98%, Sigma Aldrich), chloroform (Approx. 0.75% Ethanol as
Preservative, Fisher Chemical), acetone (Certified ACS, Fisher Chemical), 3-
Dimethylaminoproplyamine (99%, Thermo Scientific), 1,4-dioxane (ACS reagent, >99%,
Sigma Aldrich), di-tert-butyl decarbonate ((Boc)20, 95.0+%, TCI), ethyl acetate (Fisher
Chemical), sodium sulfate (99%, Thermo Scientific), N,N-Dimethylformamide (DMF, >
99.8%, Sigma Aldrich), 1,3-propanesultone (99%, Thermo Scientific), diethyl ether
(Fisher Chemical), methylene chloride (Fisher Chemical), 4M hydrogen chloride in 1,4-
dioxane (99%, Fisher Chemicals), triethylamine (99%, Thermo Scientific), methanol
(certified ACS, Sigma Aldrich), toluene (Certified ACS, Fisher Chemical), toluene
anhydrous (99.8%, thermos scientific), tetrahydrofuran (THF, HPLC grade, > 99.9%,
Sigma Aldrich), poly(styrene-b-isobutylene-b-styrene) (SIBS 073T, M, = 66,720 g/mol, 31
wt% PS, and SIBS 062T, M, = 60,000 g/mol, 23 wt% PS, KENEKA Corporation), maleic
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anhydride (MA, 99%, Thermo Scientific) was dried under vacuum at room temperature for
2 h in vacuum oven before using. CsPbBr3 perovskite nanoparticles were provided by Dr.

Yitong Dong’s lab at The University of Oklahoma.

3.2 PIMA synthesis through the solvothermal method

The reaction condition was adopted from a previous study.”” To synthesize the
maleic anhydride graft onto highly reactive polyisobutylene (HR-PIB), free radical
polymerization and solvothermal method were induced (Figure 4). The schematic
illustration of free radical graft copolymerization of maleic anhydride (MA) onto HR-PIB.
0.136 g (0.56 mmol) BPO, 1.950 g (20 mmol) MA, 15.63 g (6.8 mmol) HR-PIB, and 15
mL chloroform were sealed into an autoclave. The vessel was heated to 110°C under
vacuum for 3 h and cooled to room temperature. The transparent viscous product was
washed with acetone by centrifugation at 4000 rpm for 10 min at least three times to remove
the excess MA. The purified product was dried under vacuum at 60°C overnight. The final

product was a transparent viscous liquid.

(8]
o o .
4 s v Benzoyl peroxide (BPO) .,U\. o
W B k\/():t) X o

chloroform

High reactive low molecular PIB maleic anhydride
PIMA

Figure 4. schematic illustration of free radical graft copolymerization of MA onto highly

reactive PIB (HR-PIB)
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3.3 Amine-modified sulfobetaine zwitterion synthesis
All the chemicals involved with amine-modified sulfobetaine zwitterion (NH2-ZW)
synthesis and CsPbBr; QDs solution were handled in the glove box, and all the chemical

reactions were taken placed in the fume hood and connected to the Schlenk line.

The reaction condition and steps were adopted from previous studies with few
modifications.”*”> The schematic of the chemical reaction of NH2-ZW synthesis was
shown in Figure 5. In this study, the reaction was split into three reaction steps. First, we
used N-Boc-dimethylaminopropylamine (Boc), a protection reagent, to protect the primary
amine group of N, N-dimethylaminopropylamine. Secondly, 1,3-propane sultone coupled
to the tertiary amine at the end of the intermediate. Last, an excess strong acid (HCI) was

used to eliminate the Boc group and free the primary amine to form NH2-ZW.

O\S/O

N-Boc-dimethylaminopropylamine (Boc) o

\N/\/\N ><:\ﬂ/“ “>< ~ )I\ )< \0 1,3-propane sultone
H AT

l i D \Ir T ” .

Methanol DMF

N,N-dimethylaminoproylamine N-Boc-dimethylaminopropylamine

o\\s/\/\w/\/\ﬂ/”\ )< HCl O/\\S\/\/\/N'\/\/\””Z
o /\ 1,4-dioxane o

3-((3-((tert -Butoxycarbonyl}amino)propyl)-dimethylammonio)propane-1-sulfonate amine-modified sulfobetaine zwitterion

Figure 5. Scheme of chemical reaction of overall NH2-ZW synthesis
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Figure 6 shows the scheme of reaction for step I. 2 mL (0.016 mol) of N, N-
dimethylaminoproylamine was dissolved in 17 mL 1,4-dioxane, then 5.47 mL (0.024 mol)
of Di-tert-butyl decarbonate (Boc) was added dropwise to the mixed solution at 0°C with
stirring for 2 h and purged with N>. The mixed solution was then warmed up to room
temperature and kept stirring for one day. The solvent, 1,4-dioxane, was evaporated by a
rotary evaporator. The compound was dissolved in 50 mL of DI water and was extracted
by ethyl acetate. It was extracted at least three times. The water phase was discarded, and
the ethyl acetate phase was collected in a 100 mL conical flask. Sodium sulfate was added
to the solution to remove water from the solution. The solvent, ethyl acetate, was
evaporated by a rotary evaporator. 1.825 g (9 mmol) of the yellowish oil-like product

(Figure 9a) was obtained.

N-Boc-dimethylaminopropylamine (Boc) o
\ 0 a O
N/\/\NH- >< T \[r 7< PN JI\ J<
2 | \T g o

l Methanol

N,N-dimethylaminoproylamine N-Boc-dimethylaminopropylamine

Figure 6. Scheme of Step I reaction

The scheme of the step II reaction is shown in Figure 7. 1.825 g (9 mmol) of the
compound obtained from step [ was dissolved in 7.5 mL DMF, then 1.17 mL (13.3 mmol)

of 1,3-propane sultone was added to the mixed solution. The solution was stirred at room

12



temperature for two days and purged N». The solvent, DMF, was evaporated by using a
rotary evaporator. The yellow sticky compound was dispersed with 15 mL of diethyl ether
and stirred for 10 min. The diethyl ether with residual 1,3 propane sultone was decanted.
The product was dried under vacuum in a vacuum oven at room temperature. 4.13 g (12.7

mol) yellow paste product (Figure 9b) was obtained.

0 0
\s/ o

o
( \( - ltone
\ JL )< 3 1,3-propane su o JL )<
T/\/\INI o \\S/\/\N'/\/\N .

> 7N, /\ "

_Boc-di i i DMF
N-Boc-dimethylaminopropylamine 3-((3-((tert -Butoxycarbonyl)amino)propyl)-dimethylammonio)propane-1-sulfonate

Figure 7. Scheme of Step II reaction

The scheme of the step III reaction is shown in Figure 8. 2.86 g (9 mmol) of the
compound obtained from step II was dissolved in 60 mL of methylene chloride in a round
bottom flask with stirring at 0°C, then 6 mL of 4M HCl in 1,4-dioxane was added dropwise
into the mixed solution, and stirred for 30 min. The white viscous solid was precipitated
after stirring for 30 min (Figure 9c¢). The solution was discarded, then 2.5 mL of
triethylamine was added to the glass vial to remove residual HCl. White solid salt was
formed then 3 mL of chloroform was added to the glass vial to dissolve to remove the salt.
The supernatant was discarded. The viscous product was recrystallized in methylene
chloride/methanol. The product was collected and dried at 40 "C in a vacuum oven
overnight. 1.5473 g of NH2-ZW was obtained (Figure 9d). The product yield is 56.7%.
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(4]

0O,
o \
f\\s/\/\N-/\/\NJ\Ok —HC| ofs\/\/\”/\/\mb
N /\ ! 1,4-dioxane 0 /\

3-((3-((tert -Butoxycarbonyl)amino)propyl)-dimethylammonio)propane-1-sulfonate amine-modified sulfobetaine zwitterion

Figure 8. Scheme of Step IlI reaction

Figure 9. Product images and representative process of the NH2-ZW synthesis. (a)
Yellowish oil-like product after the Boc reaction. (b) Yellow paste product after reacting
with 1,3 propane sultone. (¢) Addition of 4M HCI and stir for 30 min. (d) White solid

After recrystallizing and drying in a vacuum oven

3.4 Chemically modified PIMA synthesis

The chemical reaction condition and steps were studied from the previous study’?
with few modifications. The scheme of the ring-opening reaction for PIMA is shown in
Figure 10. 2 g (0.46 mmol) PIMA polymer was dissolved in 10 mL of toluene in the round

bottom flask. 0.746 g (3.33 mmol) of NH>-ZW was dissolved in 17 mL of methanol. The

14



17 mL of NH2-ZW solution was added dropwise into the polymer solution while stirring
and was stirred at 55°C overnight. The white viscous product was precipitated at the bottom
of the flask. The supernatant was decanted, then 10 mL of toluene was added to the round
bottom flask to dissolve the product. The ligand solution was added dropwise into 400 mL
of methanol under vigorous stirring. The polymer ligand was precipitated at the bottom of
the beaker. The white viscous polymer ligand was collected into a 40 mL glass vial and
was dried under vacuum at 40°C overnight. 1.5032 g white viscous polymer ligand was

obtained.

OH
PIMA

toluene/MeOH / \o\)ﬁ

HN

n\ O O/ m -

(() 60° C

o;s/\/\/rq'/\/\wz

sulfobetaine zwitterion 08

>

_ e
NN\

Figure 10. Scheme of the ring-opening reaction for PIMA

3.4 CsPbBr3 QDs synthesis

A precursor of Cs-oleate was made by dissolving of Cs2COs3 in a mixture of oleic
acid (OA) and 1-octadecene (ODE) at 150 ‘C. The temperature of the Cs-oleate solution
was kept above 100 "C. To make a precursor solution for Pb and Br, PbBr> and ZnBr> were
dissolved in a mixture of ODE, OA, and oleylamine (OLA) at 120 *C. Cs precursor solution

15



was added to the precursor solution of Pb and Br to initiate the reaction. Once the reaction
was cooled down, the CsPbBr3 QDs were purified with several purification steps. Further

information regarding the CsPbBr; QDs synthesis can be found in previous studies.>*

3.5 CsPbBr3 QDs ligand exchange

0.03026 g (7x107¢ mol) chemically modified PIMA ligand was dissolved in 1.5 mL
anhydrous toluene. The chemically modified PIMA was filtered with a syringe filter before
mixing with CsPbBr; QDs solution. 70 pL of CsPbBrs QDs solution and 1.5 mL of
polymeric ligand solution were mixed in a glass vial. The solution was stirred at room
temperature for 10 min. The image shows the mixed solution after the ligand exchange

process.

3.6 CsPbBr3 QDs and SIBS composites preparation

A hybrid solution was prepared by dissolving 073T and 062T SIBS in toluene and
mixing it with a solution of polymer ligands exchanged CsPbBr3 QDs (p-QDs). The molar
ratio of SIBS to p-QDs in the 073T and 062T SIBS samples were 1 : 1 and 5 : 2, respectively.
The mixing solution was spin-coated onto a cover glass to form a thin film at 6000 rpm for

30s.
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3.7 Characterization

3.7.1 Nuclear Magnetic Resonance (NMR) Spectrometer

Mercury-300 NMR was used to characterize the structure of NH»-ZW and the

structure of the compounds from each step of NH»-ZW synthesis. Before testing, the

compounds were dissolved in D>O or CDCls.

3.7.2 Fourier-transform infrared spectrometer (FTIR)

Nicolet iS50 FTIR spectrometer was used to confirm the structure of PIMA and

chemically modified PIMA by using Attenuated Total Reflection (ATR) mode.

3.7.3 UV-Vis Spectroscopy

Agilent 8453 UV-Vis spectroscopy was used to understand the optical properties
of the perovskite QDs solution. The QDs and p-QDs solution samples were prepared with

the same mole of QDs and diluted by adding the same volume of toluene.

3.7.4 Photoluminescence (PL) spectrophotometer

Cary Eclipse PL spectrophotometer was used to characterize the optical properties
of the perovskite QDs solution, p-QDs solution, and SIBS/p-QDs hybrid films. The
solution samples were prepared with the same mole of QDs and diluted by the same amount
of toluene. The hybrid films were fabricated with the same mole of QDs and spin-coated

with the same rate and time.
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3.7.5 Atomic Force Microscopy (AFM)

Bruker Dimension Icon AFM was used to figure out the morphology of the p-
QDs/SIBS hybrid film. AFM images were obtained in tapping mode, where the resonance
frequency was adjusted to 270 kHz and the scan rate was set as 0.8 Hz. The AFM images

were modified by using Gwyddion software.
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CHAPTER IV. RESULT AND DISCUSSION

This chapter provides an overview of the reaction steps involved in the design of
polymeric ligands, which we successfully synthesized and characterized by NMR and
FTIR. control experiments were conducted to compare the stability of the perovskite QDs
before and after p-QDs. Moreover, we investigated whether blending SIBS with perovskite
QDs with polymeric ligands could enhance the stability of the QDs. Furthermore, we
analyzed the morphology of the SIBS/p-QDs hybrid films, providing valuable insights into

the compatibility of these materials and their potential applications.

4.1 Synthesis of zwitterionic polymer ligands
4.1.1 Synthesis of PIMA

FTIR was used to compare the spectra of PIMA with that of pure HR-PIB (Figure
11). The comparison reveals the appearance of four new peaks at 1076, 1724, 1780, and
1860 cm’!, which are attributed to the presence of maleic anhydride. Among these peaks,

the C=0 stretching of the anhydride rings in maleic anhydride is identified at 1860 cm,
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while the peak at 1780 cm! is assigned to the C=O stretching of the anhydride rings as
well.”® Additionally, the peak at 1076 cm™' corresponds to the stretching of the =C-O-C=
group, which is a characteristic peak contributed by maleic anhydride.”” The presence of
the carboxylic acid peak at 1724 cm’!, which is caused by the hydrolysis of the anhydride
group, further confirms the presence of maleic anhydride.”® The C-H stretching vibrations
of the methyl groups (-(CH2-C(CH3)2),-) in the main chain of HR-PIB is detected at 1388
and 1364 cm™!, and their characteristics peak remains strong.”® Additionally, an absorption
peak at 893 cm™' was observed, which was attributed to the out-of-plane deformation of
vinyl groups in the HR-PIB chain.”® These findings indicate that the maleic anhydride has

successfully reacted with PIB to form PIMA.
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Figure 11. FTIR of HR-PIB and PIMA
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The relative degree of grafting (RDG) and degree of grafting (DG) were
investigated by the previous study.”> RDG was calculated based on the intensity ratio of
specific IR peaks (Figure 11) by equation (1).”

RDG = I1860+1780 cm~1 (1)

Ii3gg em=1111364 cm=1

In equation (1), it’s the ratio of intensities of maleic anhydride peaks in 1690-
1890 cm™! and 1388 cm™ and 1364 cm! are the intensities of peaks of highly reactive
PIB. The relationship between RDG and DG is concluded by the following equation

(2).73

DG=1.76RDG (2

4.1.2 Synthesis of sulfobetaine zwitterion

The synthesis of sulfobetaine zwitterion involves three reaction steps. In the first
step, the starting material N, N-dimethylaminopropylamine, which has a primary amine
group and a tertiary amine group, is reacted with tert-butyloxycarbonyl (Boc) through a
substitution reaction. Boc is used to protect the primary amine group. In the second step,
the yellow oil-like compound resulting from the first reaction is reacted with 1,3-propane
sultone through a nucleophilic reaction. Lastly, the yellow paste compound obtained from
the second reaction is reacted with strong acid 4M HCI, which protonates the amide group

removing the Boc and freeing the amine group.
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The 'H NMR spectroscopy analysis was carried out to investigate the chemical
structure after the Boc protection (Figure 12). The spectrum displays a new resonance at
1.40 ppm, corresponding to the methyl groups of the Boc, confirming the successful
introduction of the Boc protection group. Additionally, a new resonance at 5.17 ppm is
observed, which can be attributed to the amide group formed during the reaction. The
appearance of these new peaks indicates the successful formation of the desired
intermediate chemical structure. "H NMR (Figure 12), § (ppm) = 3.14 (m, 2H, -CH»-CH>-
NH-), 2.27 (t, 2H, -NH-CH>-CH>-), 2.17 (s, 6H, -CH>-N-(CH3)2) 1.59 (m , 2H, -CH>-CH>-

CHz-), 1.40 (s, 9H, -C(CH3)3).
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Figure 12. 1H NMR spectrum of Step I (in CDCl3)
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The '"H NMR spectrum was used to confirm the chemical structure following the
reaction with 1,3 propane sultone, as shown in Figure 13. The appearance of new
resonances at 1.80, 3.02, and 3.31 ppm, corresponding to the methylene groups of the 1,3
propane sultone is indicative of the reaction’s success. Moreover, the resonance at 3.14
ppm shifts upfield to 2.69 ppm after the reaction. The resonances at 1.59 and 2.27 ppm
shift downfield to 2.05 and 3.20 ppm, respectively, upon reacting with 1,3 propane sultone.
'"H NMR (Figure 13), & (ppm) = 3.31 (m, 2H, -CH,-CH>- N(CHz),-), 3.20 (m, 2H, -
N(CH2)2-CH>-CH>-), 3.02 (m, 2H, -CH2-CH>-S03), 2.84 (s, 6H, -CH2-N(CH3)2-CHz), 2.69
(t, 2H, -CH2-CH>-NH-), 2.05 (m, 2H, -CH>-CH>-CH2-NH-), 1.80 (m, 2H, SO3-CH2-CH>-

CH»-), 1.27 (s, 9H, -C(CH3)3).
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Figure 13. 1H NMR spectrum of Step II (in D20)

The chemical structure of ZW-NH> was confirmed by the 'H NMR spectrum
(Figure 14). The resonance at 1.27 ppm disappears corresponding to the methyl groups of
Boc that were removed by HCI. The 'H NMR spectrum also shows the absence of any
residual Boc-protecting group. '"H NMR (Figure 14), § (ppm) = 3.39 (m, 2H, -CH»-CH;-
N(CHz2)2-), 3.32 (m, 2H, -N(CH2),-CH>-CHz-), 3.02 (s, 6H, -CH2-N(CH3),-CHz), 2.97 (4,

2H, -CH2-CH>-S03), 2.09 (m, 4H, -CH>-CH>-CH>-N(CH3),-CH>-CH>-CH>-).
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In summary, the ZW-NH> was confirmed by '"H NMR spectroscopy, which reveals
that the resonance at 1.40 ppm corresponding to the Boc methyl groups appears after the
Boc protection reaction (Figure 12) and new resonances corresponding to methylene
groups of the 1,3 propane sultone are observed after reacting with 1,3 propane sultone
(Figure 13). In the '"H NMR spectrum of ZW-NH; (Figure 14), the disappearance of the

resonance at 1.27 ppm confirms the removal of Boc methyl groups by HCI.
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Figure 14. "TH NMR spectrum of ZW-NH; (in D>0)
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4.1.3 Synthesis of chemically modified PIMA

The chemically modified PIMA was carried out through a ring-opening reaction.
The chemical structure of chemically modified PIMA was confirmed by the FTIR spectrum.
By comparing the FTIR spectra of chemically modified PIMA and PIMA shown in Figure
15, it is observed that a new peak emerges at 1073 cm™! after ZW-NHa reacted with maleic
anhydride in PIMA. The board peak at 1073 cm™! contributes to the S=O stretching of the
sulfoxide group present in ZW-NHo». After the ring-opening reaction of PIMA, the FTIR
spectrum of the resulting chemically modified PIMA shows two peaks at 1388 and 1364
cm’!, which contributes to the C-H stretching vibrations of the methyl groups (-(CHa-
C(CHa3)2)s-) in the main chain of HR-PIB, which remains unchanged. These results suggest

that the chemically modified PIMA was successfully synthesized.
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Figure 15. FTIR of PIMA and Chemically modified PIMA
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4.2 Polymer Ligands exchange and Optical properties of CsPbBr; QDs and p-QDs

The optical properties of CsPbBr; QDs and p-QDs are of great interest in their
potential use in various applications, such as in photovoltaics and optoelectronics.
Therefore, understanding the mechanisms that affect their stability and optical properties
is crucial for their effective utilization. Several factors could influence the stability of QDs,
such as moisture, certain solvents, oxygen, and heat. These factors can cause degradation
and lead to the formation of defects. Therefore, it is essential to investigate the stability and
optical properties of QDs and p-QDs. Additionally, the properties of the ligands used to
passivate the surface of the QDs could also affect their stability and optical properties. For
instance, some ligands may have a better affinity towards the surface of the QDs, leading

to improved passivation and stability, while others may not be as effective.

The optical properties of CsPbBr; QDs and p-QDs were analyzed through UV-Vis
spectroscopy and PL spectroscopy as presented in Figure 16. Interestingly, the results
indicate that the exchange of the ligand led to a slight shift in both absorption and emission
peaks towards shorter wavelengths. This shift can be attributed to various factors, including
surface passivation and ligand-capping effects, which can alter the energy levels and
excited state of the QDs. However, the blue shift observed in the spectra of the p-QDs is
even more complex and may be due to the photo-oxidation process, which can create free
radicals and reactive oxygen species that attack the surface of QDs and the passivation

layer of QDs, leading to the formation of surface defects and trap states. This process, along
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with chemical degradation, can lead to the release of heavy metal ions, instability of the

QDs surface, and effective size shrinkage’®!

, ultimately causing a uniform reduction in
size and corresponding blue shift observed in the PL spectra of p-QDs can also result from
a decrease in absorption cross-section of individual QDs, implying a reduction in their

effective size. 8%

The degradation of CsPbBr; QDs upon exposure to oxygen and humidity is a
critical challenge to their practical applications since it leads to the formation of surface
defects, nonradiative recombination centers, and a decrease in the overall intensity of the
QDs. Moreover, the reduction in the size of the semiconducting core of the QDs increases
the band gap energy, further contributing to the observed blue shift in their spectra (Figure
17). However, p-QDs have slightly faster degradation rates than CsPbBr3; QDs, the p-QDs
still have strong and stable fluorescence emission after seven days, with the emission peak
at 475 nm. This indicates that the band gap and crystalline structure of p-QDs were
relatively unaffected by the degradation process, and the material still has the potential to
be utilized in practical applications that require stable and long-lasting optical properties
under ambient conditions. In summary, the stability test results suggest that p-QDs are

stable under ambient conditions and retain their strong and stable fluorescence emission.

28



(a) (b)

204 CeFbEr, QDS 10004 CsPbBr, QDs
p-QDs p-QDs
154 800
= _
+ T 600 4
=1
< 104 o
© &
o >
g B 400
o 2 o
£ @
R 2
2 £
< 200 -
0.0
0
-05 T T T 1 T T T 1
400 450 500 550 600 400 450 500 550 800
Wavelength (nm) Wavelength (nm)

Figure 16. (a) UV-Vis spectra of CsPbBr3 QDs (black line) and CsPbBr3 p-QDs (red

line). (b) PL spectra of CsPbBr3 QDs (black line) and CsPbBr3; p-QDs (red line).
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Figure 17. Long-term light emission of (a) CsPbBr3z QDs and (b) CsPbBr3; p-QDs solution
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4.3 Composite films of SIBS and CsPbBr3 p-QDs

The optical properties of 073T and 062T SIBS thin films with different molar ratios
of p-QDs were characterized using PL spectroscopy (Figures 18 and 19). The hybrid films
emit pure and blue light when observed under UV light, which suggests that the
incorporation of SIBS did not significantly affect the light emission of the p-QDs.
Moreover, the observed light emissions of the hybrid films were consistent with the results
obtained from the PL peak measurements, which showed a wavelength of 476nm. These
findings demonstrate the compatibility and potential of p-QDs as a versatile luminescent

material for the development of hybrid organic-inorganic thin film with optical properties.

we employed the PL spectrum to evaluate the stability of the films. The SIBS/QDs
hybrid films, which served as control samples (Figure 18a and 19a), show significant
degradation after 7 days, with most of the QDs’ crystalline structure being damaged by
oxygen and moisture, resulting in a loss of their optical properties. Notably, despite the
films exhibiting degradation, degradation is much slower and their optical properties
remained unchanged without any peak shifting, indicating that most QDs could maintain
their crystalline structure after 7 days. This suggests that the polymer ligands effectively
provided QDs with the high affinity of SIBS, which the ability of the polymer to block
ambient oxygen from reaching the QDs’ surface is the probable reason for the protection

of QDs against photoinduced degradation.”
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Interestingly, an increase in PL intensity is observed for the SIBS/QDs film (Figure
18a) and SIBS/p-QDs film (Figure 19b) on day 5, which may be attributed to
photobrightening.®* This phenomenon is believed to be caused by photoactivation and has
been linked to various factors, including the passivation of surface traps.®® Moisture
exposure can have positive effects on the properties of perovskite QDs. It has been found
that controlled exposure to a certain level of moisture can decrease the trap density in the

materials.®
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Figure 18. PL spectra of (a) 073T SIBS/CsPbBr3 QDs hybrid film and (b) 073T SIBS/p-

QDs hybrid film with a molar ratio of 1 : 1
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Figure 19. PL spectra of (a) 062T SIBS/CsPbBr3 QDs hybrid film and (b) 062T SIBS/p-

QDs hybrid film with a molar ratio of 1 : 1

4.4 Morphology Study of SIBS/p-QDs Hybrid Films

The phase behavior of BCP is determined by two critical factors: yN, which is a
product of the Flory-Hoggins parameter () and the degree of polymerization (N) of the
blocks, and the fraction of the total volume occupied by one of the blocks (f). The degree
of the segregation between the two blocks is typically influenced by the temperature and
the chemical composition of the blocks,3® with y representing the level of segregation. BCP
tends to assume one of the seven specific ordered phases, primarily determined by the

relative lengths of the two constituent blocks.”®

The morphology and phase behavior have been studied in our previous work.}” The

AFM phase images obtained in this study reveal the microphase-separated morphology of
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SIBS films and SIBS/p-QDs hybrid films. The hexagonally packed cylindrical microphase
separation structure between the PS and PIB blocks of SIBS is evident in the images, with
bright and dark domains representing the PS and PIB domains, respectively. The contrast
in the material properties between these domains is visible in the phase image, indicating
a typical example of microphase separation in block copolymers. The control samples,
consisting of 073T SIBS (Figure 20a, b) and 062T SIBS films (Figure 21a, b), exhibit a
consistent microphase separation structure, with the difference being observed in their
cylinder orientations. The 073T film shows vertical alignment, while the 062T SIBS film
displays a tilted orientation. The bright domains are associated with the stiffer material,
indicating that the interaction between the tip and the sample is dominated by repulsive

forces.®’

Interestingly, the SIBS/p-QDs hybrid film with a molar ratio of 5 : 2 (Figures 20d
and 21d) displays an unaltered microphase structure. This observation suggests that the
addition of a moderate amount of p-QDs to the SIBS matrix does not significantly affect
the balance between the interfacial energy and the entropic loss associated with the
microphase separation.®® The lack of significant morphology changes in the hybrid film
may be attributed to the similar chemical composition and interaction parameters between
the PIB chains in SIBS and the p-QDs may promote their homogenous distribution within
the matrix, thus avoiding any drastic changes in the morphology. However, hybrid films
with a relatively high content of p-QDs, as depicted in Figures 20f and 21f, show no

observable microphase separation structure, suggesting that the p-QDs interact with the
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block copolymer. The significant impact of p-QDs on the morphology of the hybrid film
is evident from the disrupted cylindrical microphase separation structure, indicating a
strong interaction between p-QDs and SIBS. The non-uniform of p-QDs in the hybrid film
leads to their aggregation in clusters due to the dominant attractive forces of the p-QDs.
This aggregation, coupled with the high presence of p-QDs, can significantly alter the
morphology of the microphase-separated structure of SIBS. Specifically, the interfacial
energy decrease, leading to a disruption of the microphase separation morphology.
Additionally, the disruption of the p-QDs throughout a given domain, including at the
PS/PIB boundaries, reduces the number of unfavorable PS/PIB contacts, ultimately
decreasing the interfacial tension between the phases.*®%! These results highlight the
importance of understanding the intricate interplay between the chemical composition and
morphology of BCPs and their interaction with p-QDs, which can have a significant effect

on their microphase behavior.

34



Figure 20. AFM phase images of (a) pure 073T SIBS film and (b) its higher

magnification. (c) 073T SIBS/p-QDs hybrid film with a molar ratio of 5 : 2 and (d) its
magnification. (e) 073T SIBS/p-QDs hybrid film with a molar ratio of 1 : 1 and (f) its

magnification.
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Figure 21. AFM phase images of (a) pure 062T SIBS film and (b) its higher

magnification. (c) 062T SIBS/p-QDs hybrid film with a molar ratio of 5 : 2 and (d) its
magnification. (e) 062T SIBS/p-QDs hybrid film with a molar ratio of 1 : 1 and (f) its

magnification.
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CHAPTER V. CONCLUSION AND FUTURE WORKS

This study provides a promising approach for synthesizing functional polymeric
ligands for MHP QDs, and integrating the p-QDs with a block copolymer TPE matrix for
the creation of flexible and stretchable optical materials. The p-QDs exhibit a slight blue
shift in their absorption and emission peaks, which can be attributed to their reduced
nanocrystal size and decreased trap states. When incorporated into copolymer matrix such
as SIBS, the p-QDs with polymeric ligands show a strong affinity for the polymer matrix,
resulting in a more stable hybrid film compared to SIBS/QDs films.

Furthermore, the morphology of the SIBS/p-QDs hybrid films reveals that the at
high loadings of p-QDs, they cansubstantially alter the microphase separated morphology
of the copolymer matrix. The p-QDs are also expected to be aligned with the PIB block
due to the strong affinity with the polymer ligand.These findings suggest the potential for
creating stable, stretchable, hybrid optical materials with nanometer size control of the

internal structure.

While the current work focuses on synthesizing and designing polymeric ligands
and conducting stability tests for p-QDs and SIBS/p-QDs hybrid films, more systematic
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study is needed for these hybrid materials. For instance, XRD and X-ray scattering can
provide insights into the crystalline structure of p-QDs as well as their spatial alignment in
the soft matrix. Additionally, DSC and TGA analysis can help elucidate the phase

transitionsand thermal stabilities of the hybrid materials.
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