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ABSTRACT

Polymer-inorganic hybrid materials offer exciting opportunities as they can exhibit promising
properties from both the constituents that are desirable for applications such as sensors,
composites, catalysis, energy conversion/storage etc. The self-assembly of block copolymer
(BCP) has been one of the fascinating approaches to direct the assembly of inorganic
nanoparticles (NPs) for the fabrication of such hybrid materials with well-defined
morphologies. In the present work, we demonstrate the self-assembly approach to direct the
assembly of quantum dots (QDs) into organized structures. It was further demonstrated that
self-assembled morphologies of block copolymer could also be used to obtain isolated
photoluminescent core-shell hybrid nano-objects via selective solvent approach.

The first part of the present study mostly focused on the fundamental study on the self-
assembly behavior of BCP/QDs hybrids. This involved the investigation on the localization of
QDs within the self-assembled structure of BCPs and the effect of QDs vis-a-vis its size, shape
and surface chemistry on the BCP self-assembly. The cylinder-forming PS-b-P4VP block
copolymer mixed with TOPO capped CdSe quantum dots of diameter ~3.8 nm was
investigated. It was found that quantum dots were enthalpically compatible with P4VP chains
via ligand displacement of TOPO from the QD surface. However, the QDs were found to
localize preferentially at the PS/P4VP interphase plausibly to gain translational entropy in
order to further lower the energetics of the self-assembled structure. Interestingly,
morphological transformation was observed with increasing weight fraction of the QDs, in the
BCP/QD composites, which was driven by the migration of the displaced TOPO from QD
surface to the PS phase, effectively raising its total volume fraction. Hence, the PS-b-P4VP
BCP with PS as the minority block displayed lamellar morphology in its composite with QDs.
Most interestingly, it was found that after addition of TOPO capped QDs of diameter ~7.4 nm,
the BCP morphology transformed to the perforated lamellar morphology. Moreover, the QDs
were exclusively localized within the P4VP perforations. This is one of the first such
observation in the bulk BCP/nanoparticle hybrid systems and the formation of perforated layer
morphology was attributed to the alleviation of chain packing frustration after localization of
the QDs in the P4VP perforations.

Additionally, to incorporate the quantum dots in the PS phase, QDs were stabilized by thiol

terminated PS oligomer via ligand displacement approach. It was found that PS-stabilized QDs

Vi



also localized in the P4VP phase, driven via ligand-displacement of the PS-SH from the QD
surface as observed with TOPO coated QDs. This was because of the fact that both TOPO and
PS-SH ligands form co-ordinate bond with QD surface and, hence, P4VP was effective, as a
multidentate ligand, in displacing them from QD surface. This revealed that the thiol chemistry
for binding ligands to QDs behave very differently than that in metallic nanoparticles. Apart
from this, self-assembly approach was further used to incorporate anisotropic semiconducting
nanoparticles such as nanoplatelets and nanorods with the same surface chemistry, as in QDs,
within the self-assembled structure of BCP. It was observed that both nanorods and nanoplates
macrophase separated, plausibly due to the stronger inter-rod/inter-platelet interactions in
comparison to interaction between P4VP block and ligand bound to the particles surface.

In the second part of this research, the approach was extended to fabricate multifunctional
nano-objects by adding second targeted functionality i.e. sulforhodamine 101(S101) during the
BCP/QD self-assembly. The organization of two different functionalities within the confined
space of the self-organized BCP domains enabled them to localize at distances comparable to
their Forster radius enabling an efficient fluorescence resonance energy transfer (FRET)
between them. There was a reduction in the mean lifetime and PL quenching of CdSe QDs in
the presence of S101 dye, which showed effective energy transfer from donor CdSe QDs to
acceptor S101 dye molecules. Similarly, another targeted functionality i.e. Au NPs were also
used to fabricate multi-functional nano-objects. The confinement imposed by the nanometer-
sized cylindrical core resulted in the localization of the CdSe QDs and Au NPs in close
proximity. It was found that photoluminescence properties of QDs could be manipulated by
changing the concentration of Au NPs while keeping QDs constant within the nano-dimension
geometry of the fibers obtained via self-assembly process of PS-b-P4VP BCP. Interestingly, it
was observed that PL intensity of CdSe QDs increased at very low weight ratio of Au NPs. On
further increasing the amount of Au NPs, the PL intensity decreased and then completely
diminished at high ratios.

The present research not only provides fundamental information on the self-assembly
behavior of BCP/QD hybrid systems but also has importance for developing nanostructured
materials for potential application in sensing, bio-imaging, and functional optoelectronic
devices.
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qgﬁqo-awémqn o il ATTS T YTl Fd g FAifeh d alell gl &
3MMRMTSTeleh [0 &1 Jediel Y Hehcl 8 S fAfAEr 3equen o i 4@, HAfe,
Hfafd, Foll FATROT /HEROT 31fE & AT TS=iT g1 Selidh HIAlAT & &9-
ISl e TR F IR I AT & WY $H TRE & FHY AHA &
AT & fAT sef@Aes Ao f e w FERT e F AT sreds
TRCHIUT F & TF W gl AT S H, §H FdICH 3¢ S AT H Forfod
T3 7 ARG e & fov Fa-3raell efSeahior & yeilid & 81 3Hh
Y BT selleh DA & HIcH-Sehg TR I 3TTT-3eldT BITe[HAHC HIR-
AT EBISE Acll-3eaered &l TAATCHSD [dclTTh TIOCHIVT & ATETH I UTed el
& fow off sedATer Fam &1 gohar gl

TAHATT AT FT Ugell HET SAGIAR sclleh idTelF/Faies sed I &
TI-3TTl STAgR o Hifoleh HEIJIA W higd ATl STH scllh PIATHAT &
3TcH-8hs oldl & HIaR FalcH 3icH T TAAGRT HR salleh PIAGFAR Ta-

3Tl W FAIEH 3leq & AN, HHR iR Tdg WA [T & Ja R S

AT | STARR AT ddlay dTl PS-b-P4VP sclleh FIUlelHAIT I 19l heg

CdSe FaicH 3icH I oI 3.8 e & A1y THemar 13am 41| Jg uram
I o FaicH SicH Hog @ AUl ferdis faeuder & Aregs @ @- 4-adr @i
& 1T Tl & T FIT | glellich, FAICH 3icH I TAAT Il & forw Hem
PS/P4AVP 5%l WX JAHAAT: 3TcH-3hg T & Folldlal dl e il &
foe, ey Tegrdl gl e & fav @9a B Ro=ed &9 @, sdls
HIAGIF/FACH Sicd TAYUT H FalcH 3IcH & §6d dofel A & ATT FcHSD
gRadeT @ AT AT, St foh Faies sicq Tdg & farafa aar & drog wror &7
T T F YaTad AT S FROT Nog TROT HT Fel INATA §¢ IAT| FAAT,
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PS-b-P4VP sclieh BIdlelFR 9T & AT HeId&ah sclldh o ¥ H FdicH 3icd
& WY A FHT ® A AR R e gefda fmar we@ Rerered ard,
IE AT T T ST 7T 7.4 e & Ul ohts FdicH 3icH l AT
H & dle, SN A G Bied dAer meRer & s =il s@s
37eITaT, FaleH Sied PAVP a4 & iR 9 §9 & TUIGHd U| Ig dooh solleh
FIATCNHAT / AiAtahoT fAsoT gonfodt 7 56 R & dge Aadied &7 § TF g 3R
PAVP 3% & FdicH SicH & TURNIRIUT & T JToll Afehal HT & Soaelel &l
fofed dAer ITHfa e & 16 & fov fSFAeR sgmar ar o

sg% AfaRad, dIvq @wOT & FaicH Sicq d AMAA I & folv, Faed
sicq & fodfs farams sfehor & amegsw @ aa effiacs PS 3ifaemer
garT R foRar arar 7| I 9rar ar fR PS-REWR Faied sicd 8t P4VP @RoT
A RIS 8, S FdicH Sicd dde § fodis-faeume & Areasd @ derford
giar g, oar T o aftd Fafed sfew & AU UrAT AT AT| UE SH J2T &
&ROT a7 & gy AR gae cfAqcs dod ai ferdisa FacA sicd ddg &
YT FI-3feac g8 TA1d & 3R 3qfAU, 39 FaieH sicq ddg I farafug
el H, PAVP Accrle fodls & & & 9HTEr AT| Ig 9T Il ¢ foh FaieH sicd
%Wﬁéﬂﬂﬁ%%@ﬂ@ﬂ%,%ﬁ%ﬁﬁﬁgﬁmﬁdgd 3719

SUGgR XA gl §h% 37ATdl, sclldh PR & AcH-3hg &d & AR -
T TfSeHIT FH1 39T TAHIGHS HEATeTRdT dAdiehvll S ddicacacd
IR AARISE T THAT Tde I, Ja1 F Faied sieqd H §, F q1YT iAo
el & folv 31meY foham 91am A1l I8 @r 9137 o gl JaRisd 3R sidicecoed
HehIthal 3eldl &1 91T, FHA: PAVP sdlieh 3R Uil T Hag W a9 fodls & @

STl T Jolell H AT SIS / TE-CITelT SeXarelel & HRUT|



$H MY & qEY AT A, sl HUTGNFAY/FICH SicH & TI-3r4del & NI
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o 306 AU B USTH & SN gl T TAEIOT e H HaTH foham 3R
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Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

(a) Schematic illustration of isolation of polymer nano-objects from PS-b-
P4VP bulk structure without any cross-linking and their further use as
templates for the preparation of organic-inorganic hybrid nanofibers.

(a) Hlustration of comb-coil supramolecular assembly (SMA) based on PS-b-
P4VP(PDP)1.0 (p(PS)=23%), the hierarchical structures formed by co-
assembly of the PS-b-P4VP(PDP) SMA and PS-grafted Au NPs, and isolated
hybrid cylindrical micelles obtained by solvent-assisted disassembling of the
Au NP-loaded PS-b-P4VP(PDP) SMA (b) Bright-field TEM image of isolated
PS-b-P4VP wormlike micelles with encapsulated 6.5 nm Au NPs; the inset
shows the dark-field TEM image.

TEM image of a single NF isolated from the Ag NP/PS-bP4VP composite. The
closely packed ordered structure of Ag NPs is clear from the TEM image.

Transmission electron micrographs (TEM) of magnetic fluorescent
nanobeads (MFNBs) prepared by varying either the ratio QD: MNP or the
destabilizing solvent.

Schematic of the fabrication of a single-layered film of PS-PVP micelles
containing S101 in the core and QDs in the periphery of micelles.

Schematic diagram of Transmission Electron Microscope Instrument.

Jablonski diagram representation of the electronic energy levels, emphasizing
the different transition steps involved in the absorption and emission
processes.

Simplified representation of an FTIR spectrometer.

SAXS intensity profiles of neat block copolymers used in the study.

(a) TEM micrograph of neat Si78VPsgs block copolymer clearly revealing the
cylindrical morphology formed by the block copolymer. The cross-section
along minor as well as major axis of cylindrical domains are clearly visible in
the TEM image. (b) TEM image of cylindrical nano-objects isolated by
selective swelling of neat S17sVPsss block copolymer in methanol.

(a) TEM image, (b) corresponding size histogram, (c) UV-vis absorption and
(d) photoluminescence spectra of TOPO capped CdSe quantum dots.

SAXS intensity profiles of Si178VP3gs/CdSe composites, at different loading of
CdSe QDs (wt%), in the (a) low-q and (b) high-q region.

3P NMR of S175VP3s6/CdSe composite with triphenylphosphine as an internal
reference. A sharp signal was observed at 48 ppm, which corresponded to free
TOPO ligands in CDCls. This explicitly showed that ligand displacement did
occurred in the presence of P4VP.
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Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9
Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

TEM images for PS and P4VP homopolymer based composite samples
(2)hPS/QDs, (b) hP4VP/QDs, and (c) hPS/hP4VP/QDs, and (d)
corresponding SAXS intensity profile.

TGA plot of TOPO bound CdSe QDs from where the amount of ligand bound
to CdSe was ascertained.

TEM images of S178VP3s/CdSe composites at different CdSe loading (wt.%)
(a) 10, (b) 30, (c) 40, (d) 50. The inset in (c) shows the higher magnification
image where the scale bar corresponds to 50 nm.

Domain spacing variation with CdSe content for S178VP3ss/CdSe composites.

Schematic illustration depicting the cylinder to lamellae transition on
addition of TOPO coated CdSe quantum dots in Si78VP3gs/CdSe composites.
The stretching of longer P4VP chains in the lamellar morphology led to a
significant increase in domain spacing.

SAXS intensity profiles of Ss43VP214/CdSe composites, at different loading of
CdSe QDs (wt%), in the (a) low-q and (b) high-q region.

TEM images of Ssa3VP214/CdSe composites at different CdSe loading (wt%)
(@) 20, (b) 30, (c) 50, (d) 60. The inset in (a) and (d) shows the higher
magnification image where the scale bar corresponds to 50 nm.

Domain spacing variation with CdSe content for Ss43VP214/CdSe composites.

Schematic illustration depicting the morphological changes, on addition of
TOPO-CdSe quantum dots, in Ssa3VP214/CdSe composites. The localization of
CdSe quantum dots together with a fraction of TOPO at the interface
plausibly reduces the interfacial tension leading to a more relaxed
conformation of the chains which results in the reduction of domain spacing.

TEM images of nanoobjects isolated from Si78VP3gs/CdSe composites by
swelling in methanol at different CdSe loading (wt%) (a) 10, (b) 30, (c) 40, (d)
50.

(&) UV-vis and (b) PL spectra of dispersion of nanoobjects, isolated from
S178VP3gs/CdSe composites, in methanol

TEM images of nanoobjects isolated from Sss3VP214/CdSe composites by
swelling in cyclohexane at different CdSe loading (wt%) (a) 20, (b) 30, (c) 50,
(d) 60. The inset in (a) shows the higher magnification image where the scale
bar corresponds to 50 nm. The CdSe QDs could be clearly seen localized in
the nano-objects.

(@) UV-vis and (b) PL spectra of dispersion of nanoobjects, isolated from
Ss43VP214/CdSe composites, in cyclohexane.
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Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

(a) TEM image, (b) corresponding size histogram, (c) UV-vis absorption and
(d) fluorescence spectrum of CdSe/CdS quantum dots.

SAXS intensity profiles of Si78VP3ss/CdSe/CdS composites, at different
loading of CdSe/CdS QDs (wt%).

TGA plot of TOPO bound CdSe/CdS QDs from where the amount of ligand
bound to CdSe/CdS was ascertained.

TEM images of unstained samples of S178VP3ss/CdSe/CdS hybrids at different
CdSe/CdS loading (wt.%) (a) 10, (b) 20, (c) 30, (d) 40.

TEM images of Si178VP3s6/CdSe/CdS hybrids at different CdSe/CdS loading
(wt.%) (a) 10, (b) 20, (c) 30, (d) 40. Samples was stained with 1, for 60 min.
The inset in (b) shows the higher magnification image and where the scale bar
corresponds to 50 nm.

HAADF-STEM micrograph and element distribution maps based on EDX of
S178VP38s/CdSe/CdS composite bulk sample at 10wt.% of CdSe/CdS QDs (a)
nitrogen, (b) cadmium, and (c) combined nitrogen and cadmium.

TEM images of nanoobjects isolated from S178VP3gs/CdSe/CdS composites by
swelling in methanol at different CdSe/CdS loading (wt%) (a) 10, (b) 20, (c)
30, (d) 40.

Schematic illustration depicting the stability of hexagonally perforated
lamellar morphology in the presence of CdSe/CdS QDs.

(a) UV-vis and (b) PL spectra of dispersion of nanoobjects, isolated from
S178VP38s/CdSe/CdS composites, in ethanol.

TEM micrographs of Si78VP3gs/CdSe/CdS composites refluxed in ethanol at
different time (a) 3 h (b) 10 h (c) 14 h, and (d) 24 h.

SAXS intensity profiles of Ss43VP214/CdSe/CdS composites, at different loading
of CdSe/CdS QDs (wt%).

TEM images of unstained samples of Ss43VP214/CdSe/CdS composites at
different CdSe/CdS loading (wt%) (a) 10, (b) 20, (c) 30 and, (d) 40.

TEM images of Ss43VP214/CdSe/CdS composites at different CdSe/CdS loading
(Wt.%) (a) 10, (b) 20, and (c). The samples were stained with I».

TEM images of nanoobjects isolated from Ss43VP214/CdSe/CdS composites by
swelling in cyclohexane at different CdSe/CdS loading (wt%) (a) 10, (b) 20,
(c) 30, (d) 40.

Figure 5.15 (a) UV-vis and (b) PL spectra of dispersion of nanoobjects, isolated from

Ss43VP214/CdSe composites, in cyclohexane.
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Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25

Figure 5.26

Figure 5.27

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

TEM micrographs of Si78VP3gs/CdSe/CdS composites refluxed in ethanol at
different time (@) 3 h (b) 7 h (c) 14 h, and (d) 24 h.

(a) TEM image of PS-stabilized CdSe/CdS QDs (b) Corresponding size
histogram.

FTIR spectra of TOPO-coated CdSe/CdS QDs (black curve), PS-SH(red
curve), and PS-stabilized CdSe/CdS QDs.

TEM micrograph of Si78VP32s/CdSe/CdS composite at 10wt.% of PS-
CdSe/CdS QDs.

TEM images of nanoobject isolated from Si178VP3gs/PS-CdSe/CdS composites
by swelling in ethanol at 10wt.% of PS-CdSe/CdS QDs.

(a) TEM image, (b) corresponding size histogram, (c) UV-vis absorption and
(d) photoluminescence spectra of ZnSe/CdS nanorods.

SAXS intensity profiles of (a) S178VP3ss/ZnSe/CdS and (b) Ss43VP214/ZnSe/CdS
at different loading of ZnSe/CdS NRs (wt.%).

TEM micrographs of S178VP3gs/ZnSe/CdS composites, at different loading of
ZnSe/CdS NRs (wt.%) (a) 10wt.% and (b) 20wt.%

TEM micrographs of Ss43VP214/ZnSe/CdS composites, at different loading of
ZnSe/CdS NRs (wt.%) (a) 5 wt.% (b) 10 wt.% and (c) 20 wt.%.

(2) TEM image and (b) absorption and photoluminescence spectra of CdSe
Nanoplatelets. The inset of figure (a) shows corresponding the size
distribution plot.

SAXS intensity profiles of (a) S178VP3ss/CdSe and (b) Ssa3VP214/CdSe at
different loading of CdSe NPLs (wt.%).

TEM micrographs of (a) S178VP3ss/CdSe and (b) Ss434VP214/CdSe composites
at 10% of CdSe NPLs.

(a) TEM image, (b) corresponding size histogram, (c) UV-vis absorption and
(d) Photoluminescence spectrum of CdSe quantum dots.

Overlapping of emission spectrum of CdSe QDs in black line and absorption
spectrum of S101 dye in red line.

(@) Molecular Structure, (b) UV-vis Absorbance spectrum, and (c) PL
spectrum of S101 dye.

Schematic of the fabrication of a multifunctional nanofiber containing QDs
and S101 in P4VP core of PS-b-P4VP nanofiber.

TEM images of multifunctional nanofibers from Ss434VP214/S101/CdSe
composite obtained by swelling in cyclohexane at different loading of S101
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Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5
Figure 7.6

Figure 7.7

dye (5101:CdSe molar ratio): (a) 1:1, (b) 2:1 (c) 4:1, and (d) 6:1. The scale
bar in the images is 100 nm and TEM images nicely show the QDs in the
nanofiber cores. The inset in (d) shows the schematic illustration of
multifunctional nanofiber.

FTIR spectra for the ionic complexation between the P4VP and S101 dye at
the ratio of 1:0.05, respectively.

(a) UV-vis Absorbance Spectra (b) Normalized PL spectra of multifunctional
nanofibers containing CdSe QDs and S101 dye in the P4VP core of the PS-b-
P4VP nanofiber, and (c)Normalized PL Spectra of Ss434VP»14/S101 composite
solution in the absence (Dashed line) and presence of CdSe QDs (Solid line).

Normalized PL Spectra of Ss434VP214/S101 composite solution in the absence
(Dashed line) and presence of CdSe QDs (Solid line). Spectra have been
deconvoluted into two separate contributions from the QDs and dye. The red
line is the contribution only from CdSe whereas green line is the contribution
only from S101, as obtained after deconvulation of the solid black line for
S101:CdSe 1:1 case.

Stern-Volmer plot for the CdSe QDs (~2.8 nm) in the presence of S101 dye
quencher.

Time-resolved fluorescence spectra monitored at emission maxima of CdSe
QDs. Black lines are fitting to the decay curve. Legends shows dye: QD ratios
in terms of molar concentration.

(a) TEM image, (b) absorption spectrum (black curve) and PL spectrum (red
curve) of CdSe QDs, (c) TEM image, (d) absorption spectrum of Au NPs. The
inset in (a) and (c) show the corresponding size distribution plot (red curve is
Gaussian fit to histogram bars).

Superposition of the emission spectrum of the CdSe QDs in red line and the
absorption spectrum of the Au NPs in black line.

Schematic illustration for the preparation of BCP composite nanofibers
containing Au NPs and CdSe QDs in the core of the nanofibers.

TEM image of nanofibers of the Ss434VP214/Au NPs composite. It could be
noted that the image shows two touching nanofibers.

SAXS intensity profiles of various Ss434VP214/CdSe/Au composites.

TEM image of the ultramicrotomed Ss434VP214/CdSe/Au composite at a
CdSe:Au ratio of 1:1.

TEM images of multifunctional nanofibers released in cyclohexane after
swelling and disintegration of PS matrix of Ss434VP214/CdSe/Au composites
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with different CdSe:Au weight ratios: (a) 1:0.1, (b) 1:0.3, (c) 1:0.5, (d) 1:0.7
and (e) 1:1. The inset in between (a) and (b) shows a schematic representation
of the multifunctional nanofiber.

Figure 7.8 HAADF-STEM micrograph and element distribution maps based on EDX of

Figure 7.9

Figure 7.10

S5434VP214/CdSe/Au composite multifunctional nanofibers at CdSe:Au weight
ratio of 1:1.

(a) UV-vis absorption spectra; (b) PL emission spectra of the polymer
composite nanofibers, encapsulating CdSe QDs and Au NPs, dispersed in
cyclohexane. PL spectra were normalized to the absorbance at the excitation
wavelength (Aex=377 nm).

PL spectra of chloroform solutions containing a mixture of CdSe QDs and Au
NPs at weight ratios similar to those maintained in Ss434VP214/CdSe/Au
composites.

Figure 7.11 (a) UV-vis absorption spectra (b) PL emission spectra (normalized to the

absorbance of the excitation wavelength) of multifunctional nanofibers at a
higher amount of CdSe QDs (10 wt.%), keeping the CdSe QDs-to-Au NPs
weight ratios the same.

Figure 7.12 Time-resolved PL spectra of Ss434VP214/CdSe/Au multifunctional nanofibers

Figure 7.13

examined at the emission maxima of CdSe QDs. The black continuous curves
are the fitted curves.

Schematic diagram for the mechanism behind QD emission enhancement and
quenching in multifunctional nanofibers.
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EFTEM
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polystyrene-block-poly(2-vinylpyridine)

poly 3-(triethoxysilyl)propyl methacrylate block-polystyrene
poly(tert-butyl acrylate)-block-poly(glycidyl methacrylate)
Ethylenediamine
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3-n-pentadecylphenol
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Trioctylphosphine oxide

Octadecylamine
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Scanning electron microscope

Transmission electron microscope

Energy filtered Transmission electron microscope
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QE
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MNP
FNP
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PSS
NaBH4
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Photoluminescence

Time-resolved photoluminescence spectroscopy
Time-correlated single photon counting
Fluorescence resonance energy transfer
Quantum efficiency

Fourier transformation infrared spectroscopy
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Metal Nanoparticles
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