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ABSTRACT 

Due to the tremendous potential application of noble metal (especially gold (Au)) 

nanoparticles and metal-organic frameworks (MOFs) in both biomedical and catalysis areas, they 

have been intensively studied. A controllable integration of these two materials oftentimes 

generates combined and/or synergetic properties. Although great efforts have been applied to 

synthesize well-defined MOF-metal nanoparticle composites, none of them have reported MOFs 

based on lanthanide (e.g., gadolinium (Gd)) metal centers.  

Therefore, in this dissertation, two different approaches have been proposed to effectively 

combine Au nanoparticles (AuNPs) with GdMOFs. The first method relied on the surface 

modification of GdMOF nanoparticles with poly(acrylic acid) (PAA) prepared by reversible 

addition-fragmentation chain transfer (RAFT) polymerization. The RAFT produced PAA 

contains thiocarbonyl thiol end-groups that can be reduced to thiols and used to coordinate the 

PAA with GdMOF nanoparticles. PAA contains carboxylic acid groups that offer binding sites 

for Au ions that can be subsequently reduced to AuNPs. The nanocomposites were successfully 

synthesized and presented excellent performance as a bimodal imaging agent for magnetic 

resonance imaging (MRI) and x-ray computed tomography (CT). In addition, to demonstrate the 

versatility of these nanocomposites, they were used to catalyze the reduction of 4-nitrophenol 

with sodium borohydride. These results demonstrated that the GdMOF supported AuNPs provide 

exceptional catalytic performance when compared to GdMOF-Au composites that were not 

modified with PAA and plain AuNPs. 
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In an effort to control the Au/Gd ratio more precisely, another approach was employed to 

prepare AuNP core-GdMOF shell nanostructures for use as multi-modal contrast agents. This 

was achieved using a ligand exchange process, where the cetyltrimethylammonium bromide 

(CTAB)-stabilization layer on pre-synthesized Au nanorods (AuNRs) was replaced with 

mercaptosuccinic acid (MSA). The MSA molecules, with carboxylic acid groups, facilitated the 

heterogeneous nucleation and growth of GdMOF shell on the surfaces of AuNRs. 

Well-controlled core-shell nanoparticles were produced with promising contrast capability in 

bimodal imaging for MRI and CT. The methodology utilized in the synthesis also found success 

in preparing other MOF shells. 

Extending the RAFT polymer modification of nanoparticles to micro-sized polymer particles 

was also investigated. The capability to selectively attach RAFT agent on the original lobe of the 

dumbbell shaped polystyrene (PS) particles allowed for a subsequent RAFT polymerization to 

functionalize the original lobe with RAFT polymers. However, great challenges remained in an 

attempt to selectively functionalize the second lobe. Despite this, the method of utilizing a 

hydrophilic monomer to swell the PS seed particles demonstrated promising results to further 

modify the second lobe with RAFT agents. 

In summary, inorganic/organic composite particles have been prepared with different 

strategies. In each case, surface modification with either polymers or small molecules was found 

to be crucial to effectively integrate multiple components into the same structure. The methods 

provided in this thesis not only demonstrated their applications in either bioimaging or catalysis, 



v 

but also offer great opportunities to prepare other composite materials for expanding 

applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................... iii	  

TABLE OF CONTENTS ............................................................................................................... vi	  

LIST OF FIGURES ........................................................................................................................ x	  

LIST OF TABLES ...................................................................................................................... xvii	  

LIST OF SCHEMES .................................................................................................................. xviii	  

ACKNOWLEDGEMENTS ......................................................................................................... xix	  

CHAPTER 1 INTRODUCTION .................................................................................................... 1	  

CHAPTER 2 RESEARCH BACKGROUND AND MOTIVATION ............................................ 8	  

2.1 Metal-organic framework-noble metal nanocomposites ..................................................... 8	  

2.2 Applications of MOF-noble metal composites in the biomedical field ............................ 10	  

2.2.1 Noble metal nanoparticles used in bioimaging and therapy .................................... 11	  

2.2.2 MOFs used in bioimaging and therapy .................................................................... 15	  

2.2.3 Biomedical imaging techniques and combinations .................................................. 18	  

2.2.4 Bimodal imaging contrast agents ............................................................................. 20	  

2.3 Applications of MOF-noble metal composites in catalysis .............................................. 27	  

2.3.1 Noble metal nanoparticles for catalysis ................................................................... 27	  

2.3.2 MOFs for catalysis ................................................................................................... 31	  

2.4 Synthesis of MOF-noble metal nanoparticle composites ................................................. 34	  

2.5 Surface modification of nano-/micro-sized particles ........................................................ 39	  

2.5.1 Surface modification to promote the synthesis of composite materials .................. 40	  

2.5.2 RAFT polymers for surface modification of particles ............................................. 42	  

2.5.3 Synthesis of anisotropic particles by RAFT modification ....................................... 45	  

2.6 Summary ........................................................................................................................... 46	  



vii 

CHAPTER 3 POLY(ACRYLIC ACID) BRIDGED GADOLINIUM METAL-ORGANIC 
FRAMEWORK GOLD NANOPARTICLE NANOCOMPOSITES AS 
CONTRAST AGENTS FOR COMPUTED TOMOGRAPHY AND 
MAGNETIC RESONANCE IMAGING .................................................................. 48	  

3.1 Introduction ....................................................................................................................... 48	  

3.2 Materials and experimental ............................................................................................... 51	  

3.2.1 Materials .................................................................................................................. 51	  

3.2.2 Instrument and characterization ............................................................................... 52	  

3.2.3 Experimental ............................................................................................................ 53	  

3.3 Results and discussion ...................................................................................................... 56	  

3.3.1 General introduction of synthetic route ................................................................... 57	  

3.3.2 Synthesis of GdMOF nanoparticles ......................................................................... 58	  

3.3.3 Synthesis of PAA with RAFT polymerization and surface modification of 
GdMOF nanoparticles with PAA ............................................................................. 59	  

3.3.4 Load AuNPs onto PAA-modified GdMOF nanoparticles ....................................... 61	  

3.3.5 MRI and CT contrast capability test with GdMOF-Au nanocomposite .................. 64	  

3.4 Conclusions ....................................................................................................................... 66	  

CHAPTER 4 CONTROLLABLE GOLD NANOROD CORE-GADOLINIUM METAL 
ORGANIC FRAMEWORK SHELL NANOCOMPOSITES AS A 
MULTI-MODAL CONTRAST AGENT FOR MRI AND CT ................................ 67	  

4.1 Introduction ....................................................................................................................... 67	  

4.2 Materials and experimental ............................................................................................... 70	  

4.2.1 Materials .................................................................................................................. 70	  

4.2.2 Instrumentation and characterization ....................................................................... 71	  

4.2.3 Experimental ............................................................................................................ 72	  

4.3 Results and Discussion ..................................................................................................... 74	  

4.3.1 General introduction of synthetic route ................................................................... 75	  



viii 

4.3.2 Synthesis of AuNRs ................................................................................................. 76	  

4.3.3 Ligand exchange effect on core-shell structure ....................................................... 77	  

4.3.4 Characterization of the core-shell structure synthesized with optimized 
reaction conditions ................................................................................................... 80	  

4.3.5 PVP effect on core-shell structure ........................................................................... 81	  

4.3.6 Solvent effect on core-shell structure ...................................................................... 83	  

4.3.7 Effect of precursor concentration on shell thickness ............................................... 84	  

4.3.8 MRI and CT results for core-shell nanocomposites ................................................ 86	  

4.3.9 Versatility of the ligand exchange method by synthesizing other MOF shell ......... 90	  

4.4 Conclusions ....................................................................................................................... 91	  

CHAPTER 5 GOLD NANOPARTICLES SUPPORTED ON POLYMER MODIFIED 
GADOLINIUM METAL ORGANIC FRAMEWORK 
NANOSTRUCTURES FOR HETEROGENEOUS CATALYSIS .......................... 93	  

5.1 Introduction ....................................................................................................................... 93	  

5.2 Materials and experimental ............................................................................................... 96	  

5.2.1 Materials .................................................................................................................. 96	  

5.2.2 Instrumentation and characterization ....................................................................... 96	  

5.2.3 Experimental ............................................................................................................ 97	  

5.3 Results and Discussion ................................................................................................... 100	  

5.3.1 Synthesis of GdMOF nanoparticles ....................................................................... 101	  

5.3.2 Synthesis of PAA via RAFT polymerization ......................................................... 102	  

5.3.3 Surface modification of GdMOF nanoparticles with PAA and formation of the 
Gd-PAA-Au nanocomposites ................................................................................ 103	  

5.3.4 Catalytic performance of nanocomposites in reduction of 4-nitrophenol ............. 110	  

5.4 Conclusions ..................................................................................................................... 119	  



ix 

CHAPTER 6 POST FUNCTIONALIZATION OF DUMBBELL-SHAPED PARTICLES 
BASED ON REVERSIBLE ADDITION−FRAGMENTATION 
CHAIN-TRANSFER (RAFT) POLYMERIZATION ............................................ 121	  

6.1 Introduction ..................................................................................................................... 121	  

6.2 Materials and experimental ............................................................................................. 123	  

6.2.1 Materials ................................................................................................................ 123	  

6.2.2 Instrument and characterization ............................................................................. 124	  

6.2.3 Experimental .......................................................................................................... 124	  

6.3 Results and Discussion ................................................................................................... 128	  

6.3.1 Synthesis of polystyrene (PS) dimers with well-controlled geometry ................... 129	  

6.3.2 Conjugation of amines on the original lobes of the PS dimer ............................... 130	  

6.3.3 Synthesis of the RAFT agents: DATC and DATC-succinimide ........................... 130	  

6.3.4 Polymerization using spherical particles with and without RAFT agent 
modification ........................................................................................................... 131	  

6.3.5 Selective growth of polymer brushes via RAFT polymerization on the original 
lobe of dimers ........................................................................................................ 133	  

6.3.6 Growing polymer brushes via RAFT polymerization on the second lobes of 
dimers ..................................................................................................................... 134	  

6.4 Conclusions ..................................................................................................................... 137	  

CHAPTER 7 CONCLUSIONS AND OUTLOOK .................................................................... 139	  

7.1 Conclusions ..................................................................................................................... 139	  

7.2 Outlook ........................................................................................................................... 144	  

REFERENCES ........................................................................................................................... 150	  

 

 

 



x 

LIST OF FIGURES 

FIGURE 2.1   a) Scheme of surface plasmon resonance effect for a spherical metal 
nanoparticle. b) Schematic drawing of Au/Ag nanoparticles show 
strong absorption, scattering (due to SPR effect) and surface 
modification with targeting ligand for other biomedical applications. 
Calculated spectra of Mie theory absorption (red dashed curve), 
scattering (black dotted curve) and extinction (green solid curve) for 
gold nanospheres with diameter of c) 40 nm and d) 80 nm. ........................ 12 

FIGURE 2.2   Representative UV-vis spectra and TEM images for Au nanoparticles 
with different shapes and sizes. a) and d) 15 nm Au nanospheres, b) 
and e) short Au nanorods with aspect ratio of 3.3 and c) and f) long Au 
nanorods with aspect ratio of 15. ................................................................. 13 

FIGURE 2.3   X-ray images mouse hind legs in vivo. a) Before injection; b) 2 min 
post tail vein injection of Au nanoparticles; c) 2 min after equal weight 
of iodine based contrast agent (Omnipaque). Arrow points to leg with 
tumor and increased vascularity. d) NIR transmission images of mice 
show intensity line-scans of NIR extinction at tumor sites for control, 
intravenous, and direct administration of PEG-Au nanorods. e) 
Average change in tumor volume for HSC-3 xenografts following 
near-infrared treatment by control, intravenous, and direct 
administration of PEG-Au nanorods. ........................................................... 14 

FIGURE 2.4   a) Top: Schematic representation of the tetrahedra built up from trimers 
of chromium octahedra and 1,4-bdc moieties or 1,3,5-btc groups in 
MIL-101 and MIL-100, respectively. Bottom: Schematic representation 
of the mobil-39 (MTN) zeotype architecture of MIL-100 and MIL-101; 
left: the smaller A cages (yellow spheres with 20 T) and larger B cages 
(green spheres with 28 T); right: a unit cell (lines connect the T centers). 
b) Ibuprofen release from MIL-101 and MIL-100. c) Ibuprofen delivery 
(mg IBU/g dehydrated material vs t) from MIL-101 and MIL-100 in 
comparison with MCM-41. d) SEM images of GdMOF nanoparticles 
with a repeating unit of Gd(bdc)1.5(H2O)2 and e) the corresponding 
T1-weighted MRI images of GdMOF nanoparticles with different size 
in comparison with clinical used Gd-chelate agent, Omniscan. f) 
Luminescence images of GdMOF nanoparticles doped with 5 mol % of 
Eu3+ and 5 mol % of Tb3+. g) Schematic drawing iron(III) MOF using 
2-amino-bdc as organic linkers to provide sites for covalent attachment 
of biologically relevant cargoes: amino-containing nanoparticles (1a), 
silica-coated particles (1a@silica), and BODIPY-loaded particles (1b) 
and ethoxysuccinato-cisplatin (ESCP) prodrug-loaded particles (1c). ......... 17 

FIGURE 2.5  Schematic representation of nanoparticle-assisted multimodal imaging 
techniques with their applications for (A) MRI/OI, (B) MRI/PET, (C) 
CT/PET, and (D) CT/SPECT. ....................................................................... 21 



xi 

FIGURE 2.6  a) Schematic illustration of Gd chelates (DTDTPA) functionalized Au 
nanoparticles (red circle is Gd3+ ion). b) TEM image of 
Au-Gd(DTDTPA) nanoparticles (inset: high resolution TEM image). c) 
Synchrotron Radiation Computed Tomography (SRCT) images of 
samples with various Au-Gd(DTDTPA) nanoparticles concentration. 
(For 1-7, 10.00, 7.00, 5.60, 2.80, 1.40, 0.56, 0.14 mg/mL Au, sample 8 
is Au@DTDTPA-Gd50 with 5.60 mg/mL Au). d) T1-weighted MRI 
images of water as negative control (H2O) and of aqueous 
nanoparticles of Au-Gd(DTDTPA) with increasing amount of Gd. ............ 25 

FIGURE 2.7  a) Scheme for synthesis of Cy3-DNA–GdIII@AuNP conjugates. b) 
Time dependent cellular uptake of DNA–GdIII@Au nanoparticles in 
comparison with DOTA–GdIII in NIH/3T3 and HeLa cells. c) 
T1-weighted MR image of NIH/3T3 cells incubated with 20 mm and 
5.0 mm (GdIII concentrations) DNA–GdIII@Au nanoparticle and 
DOTA–GdIII for 24 hrs. d) Confocal fluorescent images of NIH/3T3 
cells incubated with 0.2 nm particle concentration of Cy3-DNA–
GdIII@AuNPs for 4.0 h and a 24 h leach in fresh media and 1 mm 
DAPI (4’,6-diamidino-2-phenylindole) for 10 min. (blue (DAPI) and 
red (Cy3–DNA-GdIII@AuNPs) channel, scale bar = 50 µm). ................... 26 

FIGURE 2.8  a) Schematic illustration of different ligands stabilized Au 
nanoparticles. Different ligands used include citrate, PEG thiolate of 
different lengths, and mono, bifunctional, polymeric and dendritic 1, 2, 
3-triazoles terminated with PEG 400 or 2000. b) The corresponding 
reactivity of all the ligand-stabilized Au nanoparticles in a). c) Outer 
diameters and the percentages of surface-exposed atoms, edge atoms, 
and corner atoms in icosahedron nanoparticles. .......................................... 28 

FIGURE 2.9  a) Representative model of metal centers utilized in MOF catalysts: 
Cu3(btc)2 and illustration of its catalytic applications. b) Example of 
metalloligands used in MOFs for catalysis: Zn2(tcpb) (Zn-por-1) and its 
catalytic application for acyl-transfer reaction. c) Organic linkers 
incorporated into MOFs’ for catalysis: schematic view of three 
different metal complexes (Au, V and Mn) coupled with IR-MOF3 
through amine groups and demonstration of their catalytic properties in 
the epoxidation of olefins for Mn, V and the three-component coupling 
reaction for Au. ............................................................................................ 32 

FIGURE 2.10  a) Schematic view of MOF repeating units. Various strategies for the 
synthesis of MOF-noble metal composites: (b) incorporation of dopants 
in the metal centers; (c) grafting metal complexes through functional 
organic linkers; and (d) entrapment of particles within the framework. 
Two methods to incorporate metal nanoparticles within MOFs: e) 
impregnation/infiltration or f) embedding the particles during the 
self-assembly process (one-pot approach). .................................................. 35 

FIGURE 2.11  SEM and TEM (inset) images of the core–shell Au@MOF-5 NPs with 
shell thicknesses of a) (3.2+/-0.5) nm, b) (25.1+/-4.1) nm, and c) 



xii 

(69.0+/-12.4) nm. d) SEM image of core–shell Pd@ZIF-8 
nanocomposites and e) TEM image of core−shell Pd@ZIF-8 
nanocomposites. TEM images of Pd cube@ZIF-8 in f) [001] and g) 
[100] view directions. h) Scheme of the controlled encapsulation of 
different nanoparticles in ZIF-8 crystals benefited from surface 
modification of nanoparticles with PVP. Single type of nanoparticles 
can be distributed in the central areas ((h)i) or off the central areas ((h) 
ii), and as two types of nanoparticles in the central areas ((h) iii) or one 
type in the central area but the other type in the transition layers ((h)iv) 
of the MOF crystals. TEM images represent the successful 
encapsulation of i) only one type of nanoparticles (13 nm Au 
nanoparticles) and j) different nanoparticles (34 nm Au 
nanoparticle-rich cores, 13 nm Au nanoparticle-rich transition layers). ..... 37 

FIGURE 2.12  Polymer modified particles prepared by LRP and illustration of the 
parameter space for tailoring the structure and properties of 
polymer-grafted particles. ............................................................................ 41 

FIGURE 2.13  Generalized mechanism for RAFT polymerization. .................................... 42 

FIGURE 2.14  Modification of nanoparticles with RAFT prepared polymers via the 
“grafting to” method: Modification of Au nanoparticles with RAFT 
polymers with a) and without b) reduction of the thiocarbonyl thiol 
end-groups. c) Modification of GdMOF nanoparticles with in-situ 
reduction of the thiocarbonyl thiol end groups into thiol. ........................... 43 

FIGURE 2.15  Bimodal polymer brushes prepared by RAFT polymerization on silica 
nanoparticles via a step-by-step process. ..................................................... 44 

FIGURE 3.1.  a-b) TEM images of unmodified GdMOF nanoparticles, c-d) TEM 
images of PAA modified GdMOF nanoparticles. ........................................ 58 

FIGURE 3.2  a) FTIR of unmodified GdMOF nanoparticles (black), homopolymer 
PAA (red) and PAA modified GdMOF nanoparticles (blue). b) TGA of 
unmodified GdMOF nanoparticles (blue), and PAA modified GdMOF 
nanoparticles (red). ...................................................................................... 60 

FIGURE 3.3  a) XRD patterns for GdMOF before and after PAA deposition. b) 
Structure illustrating the repeating unit, which is 
Gd(1,4-BDC)1.5(H2O)2, for GdMOF structure. ......................................... 61 

FIGURE 3.4  a) TEM images of hybrid AuNP/GdMOF nanocomposite with HAuCl4 
as the gold precursor, where the darker (black) dots are the AuNPs. b) 
The size distribution of AuNPs on PAA modified GdMOF 
nanoparticles were analyzed by measuring 200 AuNPs from TEM 
images. TEM images of c) GdMOF particles mixed directly with 0.44 
mL 0.01M HAuCl4 solution, d) PAA modified GdMOF nanoparticles, 
stirred for 24 h with subsequent reduction of Au ions. ................................ 62 



xiii 

FIGURE 3.5  a) UV-vis spectra of unmodified GdMOF (solid black curve), PAA 
modified GdMOF (green dash curve), and hybrid AuNP/GdMOF 
nanocomposite (solid red curve). b) Normalized and zoomed in UV-vis 
spectra of all three samples from the blue dashed rectangle in a). c) 
UV-vis spectrum of 1,4-bdc. d) UV-vis spectrum of a solution of 4 nm 
AuNPs and e) TEM images for the 4 nm AuNPs (inset is the TEM 
image with higher magnification). ............................................................... 63 

FIGURE 3.6  T1-weighted MRI images of: a) unmodified GdMOF nanoparticles, b) 
GdMOF/AuNP nanocomposites, and c) chelate based Gd contrast agent 
(Magnevist) at various Gd concentrations in DIUF water. Relaxation 
rate (1/T1) of: d) unmodified GdMOF nanoparticles and e) 
AuNP/GdMOF nanocomposite and f) chelate based Gd contrast agent 
(Magnevist) as a function of the concentration of Gd. g) CT images of: 
pure AuNPs, Gd-PAA-Au composite and the iodine-based contrast 
agent Omnipaque with different Au or iodine concentration. All 
concentrations are listed on top of each sample’s CT image. ...................... 65 

FIGURE 4.1  Schematic of the synthetic route for AuNRs core-GdMOF shell 
structures by modifying the surface of AuNRs. The as-synthesized 
AuNRs are stabilized with the CTAB surfactant bilayer (left). The 
CTAB was replaced with MSA via ligand exchange (middle) and 
eventually coated with a uniform GdMOF layer (right). ............................. 76 

FIGURE 4.2  a) TEM images of AuNRs, b) AuNRs length distribution by counting 
100 particles from TEM images (average length 56 ± 6 nm) and c) 
UV-vis spectrum of AuNRs dispersed in water. .......................................... 77 

FIGURE 4.3  TEM images of AuNPs stabilized with different molecules: a) CTAB, 
b) sodium citrate and c) MSA. TEM images of AuNP core-GdMOF 
shell prepared with different surfactant stabilized AuNPs seed: d) 
CTAB-AuNRs seed, e) citrate-Au nanospheres seed and f) 
MSA-AuNRs. g, h, i) TEM images of sample d, e, f) with lower 
magnification to investigate the agglomeration effect. ................................ 79 

FIGURE 4.4  a) Representative TEM images of AuNRs core-GdMOF shell structure. 
b), c) and d) STEM EDS elemental mapping profiles of Au, Gd and 
Au+Gd for the core-shell structure showing in image e), which was a 
STEM image of the core-shell structure. f) Line-scan profile of 
core-shell nanoparticles, which shows an approximately 2.5 nm 
uniform shell thickness. ............................................................................... 81 

FIGURE 4.5  AuNR core-GdMOF shell synthesized a) with and b) without PVP, 
where the [Gd] = 0.00225M. ........................................................................ 83 

FIGURE 4.6  Solvent effect studies for AuNR core-GdMOF shell structure, where 
different DMF/EtOH ratio was applied during the synthesis. The 
DMF/EtOH ratio was varied from a) 6:4, b) 8:2 and c) 9.5:0.5 
respectively. ................................................................................................. 84 



xiv 

FIGURE 4.7  TEM images of AuNR core-GdMOF shell with various GdMOF shell 
thickness by changing the GdCl3 precursor concentration: a) [Gd3+] 
=0.000225M, shell thickness 1.7 ± 0.5 nm; b) [Gd3+] =0.00225M, shell 
thickness 3.0 ± 1.1 nm; c) [Gd3+] =0.0045M, shell thickness 3.5 ± 0.7 
nm; d) [Gd3+] =0.009M, shell thickness 5.5 ± 1.1 nm; e) [Gd3+] 
=0.0146M, shell thickness 7.4 ± 1.8 nm and f) [Gd3+] =0.0225M, shell 
thickness 10.5 ±3.5 nm. High resolution TEM images (a1, a2 and b1, 
b2) for sample a) and b) are included on the right of the corresponding 
TEM images. ................................................................................................ 85 

FIGURE 4.8  Plot of GdMOF shell thickness on the AuNRs versus [Gd3+]. The shell 
thicknesses were counted from 100 nanoparticles from TEM images. ....... 86 

FIGURE 4.9  a) Representative MRI images of AuNR core-GdMOF shell 
nanocomposties, plain GdMOF nanoparticles and Magnevist at 
different Gd concentrations. All the concentrations are listed on top of 
each sample with units of mM. b) Plot of 1/T1 versus Gd concentration. ... 88 

FIGURE 4.10  CT images of the iodine-based contrast agent Omnipaque, pure AuNRs 
and AuNR core-GdMOF shell nanocomposites with different 
concentration of iodine (for Omnipaque) or Au (for AuNRs and 
core-shell nanocomposites). All concentrations are listed on top of each 
sample with units of mg/mL. ....................................................................... 88 

FIGURE 4.11  AuNR core-MOF shell with other MOFs: a and b) MOF-5 
(Zn4O(bdc)3) shell, c and d) IRMOF-3 (Zn4O(bdc-NH2)3) shell, e and f) 
MIL-100(Fe) ) (Fe3O(X)(H2O)2 [btc]2·nH2O) shell. ..................................... 90 

FIGURE 5.1  a) Negative ion MALDI-TOF mass spectrum and b) FTIR spectrum of 
PAA prepared by RAFT polymerization. .................................................. 102 

FIGURE 5.2  TEM images with high and low magnification of a) and b) Gd-PAA-Au 
nanocomposites prepared with HAuCl4 as the gold precursor, c) and d) 
Gd-PAA-Au nanocomposites prepared with AuCl3 as the gold 
precursor. Size distribution of e) Gd-PAA-Au (HAuCl4) and f) 
Gd-PAA-Au (AuCl3) based on the particle size from TEM images. ......... 105 

FIGURE 5.3  TEM images with high and low magnification of a) and b) unmodified 
GdMOF nanoparticles mixed with the HAuCl4 precursor, c) and d) 
unmodified GdMOF nanoparticles mixed with the AuCl3 precursor and 
followed by reduction with NaBH4. ........................................................... 108 

FIGURE 5.4  UV-vis spectra of a) the reagents (GdCl3, 1,4-bdc bridging ligand, 
PAA) used for preparing GdMOF nanoparticles, GdMOF 
nanoparticles, PAA-modified GdMOF nanoparticles and Au 
coordinated Gd-PAA nanoparticles, b) spectra of samples used for 
catalysis study: GdMOF-AuNPs composite prepared with two different 
precursors with both PAA-modified GdMOF and unmodified GdMOF 
nanoparticles, c) PAA-DATC and PAA after reduction of the 
end-groups to thiol groups. ........................................................................ 110 



xv 

FIGURE 5.5  a) UV-vis spectra of 4-nitrophenol and 4-nitrophalate. b) Catalytic 
behavior test using pure GdMOF nanoparticles by monitoring the peak 
intensity of 4-nitrophelate at 400 nm from time = 0 min to 20 min. ......... 113 

FIGURE 5.6  Representative UV-vis absorption spectra of 4-nitrophenol reduced by 
NaBH4 in the presence of a) Gd-PAA-Au (HAuCl4), b) Gd-PAA-Au 
(AuCl3), c) GdMOF+HAuCl4 and d) GdMOF+AuCl3 as catalysts. .......... 114 

FIGURE 5.7  a) Conversion of 4-nitrophenol versus time with Gd-PAA-Au 
(HAuCl4) (black curve), Gd-PAA-Au (AuCl3) (red curve), 
GdMOF+HAuCl4 (blue curve) and GdMOF+AuCl3 (pink curve) as the 
catalysts. b) Plot of ln(Ao/At) vs reaction time for Gd-PAA-Au 
(HAuCl4) (black curve), Gd-PAA-Au (AuCl3) (red curve), 
GdMOF+HAuCl4 (blue curve) and GdMOF+AuCl3 (pink curve) as 
catalysts. ..................................................................................................... 116 

FIGURE 5.8.  a) UV-vis spectrum of reduction of 4-nitrophenol with NaBH4 and 3 
nm citrate-stabilized AuNPs as the catalyst. b) The corresponding 
conversion and c) plot of ln(Ao/At) versus reaction time using the 3 nm 
AuNPs as the catalyst. ................................................................................ 117 

FIGURE 5.9   Representative UV-vis absorption spectra of 4-nitrophenol reduced by 
NaBH4 in the presence of a) recycled Gd-PAA-Au (HAuCl4) or b) 
recycled Gd-PAA-Au (AuCl3) as catalysts. c) Plot of ln(Ao/At) vs 
reaction time for rate constant determination with Gd-PAA-Au 
(HAuCl4) (black curve), Gd-PAA-Au (AuCl3) (red curve). d) 
Representative TEM image of Gd-PAA-Au (AuCl3) after being 
recycled. .................................................................................................... 119 

FIGURE 6.1  Schematic showing the modification of the original lobe of polystyrene 
dimers with RAFT agent and consequently growth polymer brushes. ...... 128 

FIGURE 6.2  SEM images of: a) Uncrosslinked PS sphereswith diameter about 1.1 
µm; b) Crosslinked polystyrene speres (CPS) with diameter around 1.7 
µm; PS dimers with its original lobe c) bigger and d) smaller than the 
second lobe. (The red arrows point at the original lobes, while the 
green arrows indicate the second lobes). ................................................... 129 

FIGURE 6.3  The fluorescent images of the amine-modified dimer after it is mixed 
with neutral FITC dye, which couples strongly with amine groups on 
the original lobe: a) larger original lobe, b) smaller original lobe. ............ 130 

FIGURE 6.4  1H NMR for RAFT agent DATC (bottom) and DATC-succinimide 
(top). ........................................................................................................... 131 

FIGURE 6.5  Representative scanning electron, bright field optical, and fluorescent 
microscopy images of NIPAm-fluorescein (o-MA) modified a,b,c) 
polystyrene spheres without cross-linker BIS; d,e,f) polystyrene 
spheres with cross-linker BIS and g,h,i) DATC-succinimide 
functionalized CPS spheres without cross-linker BIS. .............................. 132 



xvi 

FIGURE 6.6  a) and c) SEM images of Au nanoparticles on the original lobe of 
polystyrene dimers. b) and d) Fluorescent images after polymerization 
of NIPAm-fluorescein(o-MA) with DATC-succinimide on the dimers. 
a) and b) the original lobe is bigger than the second lobe; c and d) the 
original lobe is smaller than the second lobe. ............................................ 134 

FIGURE 6.7  SEM images of dimers synthesized with RAFT agent a) DATC and c) 
PPBD added during the swelling stage. Corresponding fluorescent 
images after polymerization of NIPAm and fluorescein (o-MA): using 
dimers functionalized with b) DATC and d) PPBD. ................................. 135 

FIGURE 6.8  SEM (a,c,e) and fluorescent images (b,d,f) of MAA and styrene 
swelled dimer with different monomer amounts: a and b) 0.82mL 
styrene and 0.18mL MAA (30 mol%), c and d) 0.93mL styrene and 
0.07mL MAA (10 mol%), e and f) 0.40mL styrene and 0.03mL MAA 
(10 mol%). ................................................................................................. 136 

FIGURE 6.9  Schematic illustration to modify the second lobe with 
hydroxyl-terminated RAFT agent and subsequently initiate RAFT 
polymers through polymerization. ............................................................. 137 

FIGURE 7.1  TEM images with different magnifications of AuNR core-GdMOF 
shell synthesized at room temperature using: a, b) reverse-emulsion 
method of GdMOF with CTAB, hexanol and hexane, and c,d) CTAB 
in water. ...................................................................................................... 145 

FIGURE 7.2   Chemical structure of 2-aminoterephthanlic acid. ..................................... 148 

FIGURE 7.3  a) SEM image, b) bright-field optical image and c) fluorescent image 
of NIPAm and ethidium bromide-N, N’ bisacrylamide incorporated 
into the second lobe (smaller lobe) through toluene-evaporation based 
swelling method. ........................................................................................ 148 

  



xvii 

LIST OF TABLES 

TABLE 2.1   Comparison of different imaging modalities. .............................................. 19 

TABLE 4.1   Shell thickness of GdMOF on AuNRs with different solvent ratio. ............ 84 

TABLE 4.2   Shell thickness of GdMOF with different Gd3+ concentration .................... 86 

TABLE 5.1   pH of nanoparticles, gold precursors and nanocomposites in water. ......... 107 

TABLE 5.2  ICP-MS measurements for Au and Gd concentration of a) 
Gd-PAA-Au(HAuCl4), b) Gd-PAA-Au (AuCl3), c) GdMOF+HAuCl4 
and d) GdMOF+AuCl3 with three replicates for each sample. .................. 112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xviii 

LIST OF SCHEMES 

SCHEME 3.1.  A schematic of the synthestic procedures for a) deposition of PAA onto 
GdMOF nanostructures, b) loading of Au3+ ions onto PAA modified 
GdMOF nanostructures, followed by c) reduction of the Au3+ to Au 
nanoparticles. d) A schematic representation of the structure of the 
hybrid GdMOF-PAA-Au nanostructures. The GdMOF core is shown in 
blue, the PAA chains as light blue chains and the AuNPs in gold. .............. 57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 

ACKNOWLEDGEMENTS 

The thesis has received numerous guidance and assistance from my advisors and colleagues 

at Colorado School of Mines. It would not have been possible without these individuals who 

contributed generously to the completion of the work presented in this thesis. 

First and foremost, I would like to give sincere gratitude to my advisors, Prof. Stephen Boyes 

and Prof. Ning Wu for their invaluable support and encouragement. Their philosophy of 

performing scientific research has set a great example that can benefit the next phase of my 

career. Dr. Boyes has been extremely generous to offer me the opportunities to work on the 

projects that I am personally interested in. This does not only make my Ph.D research more 

joyful, but also builds my confidence and independence to conduct research. I would also like to 

thank Dr.Ning Wu for his guidance and help during my research. His enthusiasm and philosophy 

toward research are very good examples for me to follow in the future.  

I am very grateful to be able to work with both of them in the last five years. Great 

appreciation also goes to the professors who served on my thesis committee: Dr. Daniel M. 

Knauss, Dr. Matthew W. Liberatore, Dr. David T. Wu, for their valuable advice and insightful 

discussions.  

I would also like to acknowledge the external supports from Ms. Kendra Huber and Dr. 

Natalie Serkova at University of Colorado Health Sciences Center for their help with MRI and 

CT tests. Jingjing Wang and Dr. Manuel Montano offered tremendous help regarding ICP-MS 

tests. Dr. Feng Lin, Dr. Kaiyang Niu, Dr. Yue-Biao Zhang from Lawrence Berkeley National 



xx 

Laboratory and Dr. Dong Su from Brookhaven National Laboratory have been extremely helpful 

in XRD and all the STEM characterizations.  

The thesis has received precious advice and encouragement from numerous professors and 

staff, including Dr. Yuan Yang, Prof. Yongan Yang, Prof. Brian Trewyn, Prof. Ryan Richards, 

Prof. Moises A. Carreon and Prof. David Marr. I would also like to express my gratitude to Prof. 

Keith Neeves, Mr. Gary Zito and Mr. John Chandler for all the help with characterization and the 

thoughtful discussions. Deep appreciation also goes to Mr. Edward Dempsey, Mr. Joseph 

Stranahan, Ms. Ramona Figueroa, Ms. Angela Knighton, Ms. Christine Ralston, Mr.Morris 

Berton, and Ms. Heather Christensen for their technical support and expertise. 

It has been great to work with all the group members in both groups. All the previous work 

finished by Dr. Misty Rowe, Dr. Jay Hotchkiss and Ms.Wilasinee Hatakeyama offers great 

guidance to my research. Dr. Melissa R. Kern, Ms. Patrizia Smith, Dr. Liping Zhu and Mr. 

Frederick Prehn have been extremely helpful to discuss questions, offer helpful with certain 

experiments and also create joyful and precious memories in the past few years. I would like to 

express special thanks to Ms. Sijia Wang to help me to get started with the project in Prof. Ning 

Wu’s group. I am deeply grateful to be able to work with all other group members, including Mr. 

Fuduo Ma, Mr. Yang Guo, Mr. Xingfu Yang, Mr. Jingjing Gong and Mr. Tao Yang in Prof. 

Ning Wu’s group. The experience to work in both chemistry and chemical engineering 

department has an imperceptible influence on me to think as a chemist as well as an engineer.  I 

would like to extend my appreciation to all the undergraduate students worked with me, Jessica 



xxi 

Hamlin, Alexis Worcester and Pornsuda Pongtanee. All the group members in Dr. Knauss and 

Dr. Liang’s groups, Dr. Yating Yang, Dr. Yifan Li, Ms. Anusree Iyer, Mr.Derek Strasser, Mr. 

Feilong Liu, Ms. Wan Zheng, Dr. Liangju Kuang for sharing their valuable experience and 

friendship. 

I would like to thank all the funding resources and SIVA therapeutics company. I would also 

like to thank the department for providing teaching assistance positions during my PhD study. 

Finally, I would like to express highest gratitude to the backbone support from my family and 

friends: my parents, sister, and fiancé. 

 

 

 

 

 

 

 
 
  



1 

CHAPTER 1 

INTRODUCTION 

The synergetic properties of inorganic/organic composite materials allow them to make 

major contributions to numerous applications, including but not limited to catalysis,1 

biomedicine,2 electronics,3 and renewable energy.4,5 Noble metal nanostructures represent a 

family of materials with distinctive properties, such as localized surface plasmonic resonance 

and rich surface chemistry.6 However, their promising applications have been hindered by their 

chemical and physical instabilities caused by the high surface energy.7 Metal organic 

frameworks (MOFs), with tunable porosities and flexible chemical functionalities, are ideal 

candidates to stabilize these noble metal nanostructures by forming inorganic/organic 

composites.  

The controllable synthesis of novel composite materials is of great importance to achieve true 

synergetic properties, which, however, remains a grand challenge for the scientific community.8 

This is particularly evident in the development of new biomedical imaging technologies. While 

advances in biomedical imaging have been responsible for tremendous advances in clinical 

diagnosis, no single technique includes all the required capabilities for comprehensive 

biomedical imaging. To overcome this limitation, researchers have recently focused on the 

development of multimodal imaging agents.9 In the search for effective multimodal imaging 

agents, nanoscale diagnostic systems that incorporate multimodal diagnostic imaging capabilities 

are emerging as the next generation of imaging agents and have the potential to dramatically 

improve the outcome of the imaging, diagnosis and treatment of a wide range of diseases.10 

While there is almost unanimous agreement that these next generation, targeted nano-diagnostic 
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devices will provide clinically important imaging agents, they have yet to reach clinical 

realization due to problems with the design, manufacture, and stability of the devices.  

Among all the diagnostic techniques, x-ray computed tomography (CT) is one of the most 

prevalent diagnostic tool in clinic because of its cost effectiveness, wide availability and 

anatomical imaging ability.11 However, it suffers from low limited soft tissue resolution because 

of the similar electron density between tissues. Magnetic resonance imaging (MRI), on the other 

hand, has been reported to be superior to CT in imaging soft tissues, mucus and bone marrow.12 

Moreover, MRI offers functional measurements utilizing dynamic contrast-enhanced MRI, 

diffusion-weighted MRI, functional MRI and pharmacologic MRI13–16. The combination of these 

two imaging modalities does not only provide complementary diagnostic information, but also 

potentially offer opportunities to monitor the therapy. 

In an attempt to realize multi-modal imaging of MRI and CT, multi-modal scanners and 

multimodal imaging contrast agents are developed simultaneously. However, multimodal 

imaging contrast agents become superior to multi-modal scanners because it is cumbersome to 

integrate different instruments together. Moreover, the introduction of multimodal imaging 

contrast agents can offer multimodal imaging and enhanced contrast simultaneously. To choose 

the proper contrast media for combination, gadolinium (Gd) (III), which stands in the center of 

lanthanides, was selected because it has nine coordination cite, seven unpaired electrons and a 

large magnetic moment, can dramatically influence the water proton relaxation and hence 

exhibits excellent MRI contrast17. On the other hand, gold (Au), which holds high atomic 

number and high x-ray attenuation coefficient, become an ideal contrast agent candidate for 

x-ray based CT imaging. Au nanoparticles (AuNPs), with tunable sizes and rich surface 

modification chemistry, became more attractive to ensure longer circulation time and improved 
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biocompatibility18–20. Several strategies have been proposed by other groups to effectively 

combine AuNPs and Gd(III) together21–23 . However, they are all based on Gd(III) chelates, 

which suffers from low payload of Gd(III) per particle and lack of further surface modification. 

Therefore, based on the previous research developed in our group: (1) Gd metal-organic 

framework (GdMOF) nanoparticles were synthesized with tunable size and shape24, (2) well 

established reversible addition-fragmentation chain transfer (RAFT) polymerization technique to 

synthesize various homo- and co-polymers25,26 (3) capability to use RAFT-polymers modify 

AuNPs27,28 and GdMOF nanoparticles29,30, we developed two different strategies to synthesize 

AuNPs-GdMOF nanocomposites. The AuNPs-GdMOF composite materials synthesized in this 

work were motivated by their biomedical application as bimodal imaging contrast agents for 

MIR and CT imaging. However, to demonstrate the many other potential applications for these 

new systems, the use of the composite materials as heterogeneous catalysts was also 

investigated.  

Due to the diverse applications as well as various components associated with the proposed 

nanocomposites, a comprehensive background must be provided. Therefore, Chapter 2 is started 

with a brief introduction of MOF-noble metal nanoparticles composites (Section 2.1), followed 

by a discussion on the diverse applications of noble metal nanoparticles and MOFs separately in 

the biomedical area. More specifically, the urgent need for bimodal imaging contrast agents is 

then introduced, with focus on hybrid noble metal nanoparticles-MOF composites (Section 2.2). 

Even though the preparation of Au nanoparticles-GdMOF composites was motivated by the 

search for new bimodal imaging contrast agents, it is hard to overlook their great potential in the 

development of new heterogeneous catalysis with well-controlled morphology and composition. 

Thus, the catalytic application of noble metal nanoparticles and MOFs is described in Section 2.3. 
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To realize the application of these new materials in both biomedical and catalytic areas there has 

been substantial research on the development of new synthetic methodologies. Section 2.4 

discusses this research and outlines the techniques used so far to prepare noble metal 

nanoparticles-MOF composites. A common theme for the methods used in preparing these 

nanocomposites is the importance of surface or interface chemistry in achieving well-defined 

integration of the metal nanoparticle-MOF composites and this is the focus of Section 2.5, with 

an emphasis on surface modification with polymers. However, not all polymers have the 

capability to functionalize surfaces. As such, specialized polymerization techniques are required 

to insure the suitability of polymers for surface modification. In particular, this research has 

focused on polymers prepared using reversible addition-fragmentation chain transfer (RAFT) 

polymerization and, accordingly, RAFT polymerization is discussed in detail. Finally, extending 

surface modification through RAFT can be applied to particles to create anisotropy on the 

surfaces of nanoparticles and was briefly introduced in Section 2.5 as well. 

As mentioned previously, the development of new synthetic methodologies is critical in the 

preparation of well-defined MOF-noble metal nanoparticles composites. Therefore the initial 

research chapters of this dissertation are focused on two different approaches for the preparation 

of multimodal imaging agents based on Au-GdMOF nanocomposites. In the first approach 

(Chapter 3), poly(acrylic acid) (PAA) synthesized by RAFT polymerization was deposited onto 

the surface GdMOF nanoparticles as a bridge to coordinate Au ions. The Au ions were 

subsequently reduced to Au nanoparticles (AuNPs) to effectively yield an Au/GdMOF 

nanocomposite. Surface modification of the GdMOF nanoparticles with PAA and the type of Au 

salt used were shown to be crucial steps for the integration of the AuNPs and for the formation of 
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well-defined nanocomposites. The resulting nanocomposites show promising performance as 

multi-modal imaging contrast agents for MRI and CT applications.  

The second approach for the preparation of multimodal imaging agents based on Au-GdMOF 

nanocomposites, detailed in Chapter 4, is achieved by tailoring the surface chemistry of 

pre-synthesized AuNPs to produce core/shell Au/GdMOF nanocomposites. Initially, thiol 

terminated carboxylic acid molecules were introduced onto CTAB-stabilized AuNPs by ligand 

exchange. The carboxylate functional groups on the AuNPs provided heterogeneous nucleation 

sites for Gd (III) ions in the preparation of a GdMOF coating around the AuNPs. The surface 

modification of AuNPs with a carboxylic acid functional thiol was found to be vital; otherwise, 

the GdMOF is formed both on the surface of the AuNPs and in the bulk solution by 

homogeneous nucleation. The performance of these core/shell structures as multimodal contrast 

agents for MRI and CT was then investigated. In addition, several other MOF materials (e.g., 

Zn-based MOF and Fe-based MOF) were also integrated with AuNPs to form core/shell 

nanostructures. Finally, the versatility of this method has the potential to lead to the creation of 

new multifunctional composites that have potential application in many different fields, 

including catalysis, multimodal imaging and drug delivery. 

As stated, MOF-noble metal nanoparticles composites do not only act as bimodal contrast 

agents, they also have tremendous potential for use in heterogeneous catalysis. In Chapter 5, the 

Au-GdMOF nanocomposites synthesized in Chapter 3 were used as a heterogeneous catalyst in 

the reduction of 4-nitrophenol with sodium borohydride. Results demonstrated that these 

nanocomposites provide improved reaction rates, when compared to plain Au nanoparticles of 

similar size. While the catalytic performance is improved, characterization of the 

nanocomposites after use demonstrated that the stability of MOF is reduced. However, even 
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though the MOFs had reduced stability, the nanocomposite catalysts still show excellent 

performance after multiple reaction cycles. As the stability of the MOF structure is heavily 

dependent upon the reaction conditions, other reactions, such as oxidation of carbon monoxide 

and aerobic oxidations of alcohols in organic solvents, are believed to improve the stability of the 

MOFs, while still taking advantage of the enhanced catalytic performance of the nanocomposites, 

and are listed in future work. 

With the great advantages offered by RAFT polymers and the crucial role of surface 

modification to fabricate well-controlled composite materials, Chapter 6 outlines the extending 

use of RAFT polymerization in the modification of dumbbell shaped polystyrene organic 

particles. The proposed method has the advantages of the capability to incorporate a wide range 

of monomers under mild reaction conditions, the ability to prepare well-defined functional 

polymers, and a polymerization technique free of metal catalysts, when compared to other 

surface modification methods. The well-developed seeded emulsion polymerization and 

crosslinking induced elastic forces offer opportunity to generate polystyrene (PS) particles with 

dumbbell shape. The dumbbell shape gives anisotropy in geometry but not on surface chemistry. 

To further enhance the anisotropy in surface functionalities, RAFT agent was selectively 

attached to the original lobe through the reaction of succinimide-terminated RAFT agent and 

amine-silane molecules embedded in the original lobe of PS particles. The subsequent RAFT 

polymerization was conducted. Using fluorescent probes (fluorescent monomer), we were able to 

demonstrate that only the original lobe was modified with RAFT agent and RAFT polymers. 

Moreover, the great challenge in terms of modification of the second lobe still remained after 

endeavor with different strategies. The method by adopting hydrophilic monomer to swell the PS 

seed particles show promising results to further modify the second lobe with RAFT agents. 
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Further studies need to be explored to realize the post-modification of the second lobe by RAFT 

polymerization. 

Finally, Chapter 7 includes the main conclusions from each of the proceeding chapters and 

proposed future work based on the accomplishments of this dissertation. Overall, the materials 

and methods utilized in this research have demonstrated that ability to be prepared new 

multimodal imaging agents and heterogeneous catalyst and have the potential to be translated 

into other composite materials synthesis. 
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CHAPTER 2 

RESEARCH BACKGROUND AND MOTIVATION 

2.1 Metal-organic framework-noble metal nanocomposites 

Metal-organic frameworks (MOFs), also known as highly coordinated porous polymers, are 

composed of inorganic units (metal ions or clusters of metal ions) and organic ligands (bridging 

ligands or linkers) through reticular synthesis.31,32 Depending on the species of the selected metal 

ions (coordination number) and the organic linkers (2 or multi-functionalities), one-, two- or 

three-dimensional MOFs can be synthesized with numerous morphologies and properties.33,34 

More than 20,000 different MOFs have been developed and reported in the past decade due to 

the flexibility of inorganic and organic units to choose from.35–38 Two of the extraordinary 

features of MOFs are their enormous surface area, up to 10,000 m2/g, and extremely high and 

tunable porosity (greater than 50% of the MOFs’ bulk volume).35,39,40  

The outstanding physical properties possessed by MOFs offer great potential in 

applications41 including gas storage and purification,42–44 adsorption-based separation,45–47 

heterogeneous catalysis,48–50 bio-imaging, and drug delivery.51–55 MOFs have tunable pore size 

from microporous (<2 nm) to mesoporous (2-50 nm) and, thus, were intensively used for gas 

storage. One distinctive feature of MOFs over other porous materials is the capability to 

incorporate functional surface groups that can selectively interact with specific guest molecules. 

To name a few examples, Cu2(pzdc)2(pyz), where pzdc is pyrazine-2,3-dicarboxylate and pyz is 

pyrazine, was used to separate similar gas molecules, such as acetylene (C2H2) and carbon 

dioxide (CO2). In this case, the oxygen fixed on the surface of the channel provide basic sites for 

the selective adsorption of C2H2 because of the acidic protons in C2H2.44 Similarly, selective 

inclusion of small molecule drugs55,56 (e.g., cisplatin and busulfan) inside the cavities has been 
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demonstrated by soaking the MOFs in drug solutions. Furthermore, the metal center and organic 

linker compartments can be selectively combined to deliver novel properties. For example, 

MOFs with metal ions, such as Gd3+, Mn2+ and Fe3+, show imaging contrast response.49 On the 

other hand, by choosing either a hydrophobic or hydrophilic linker, hydrophilic drugs (such as 

urea and benzonphenone) or hydrophobic drugs (such as doxorubicin and ibuprofen) can be 

encapsulated into iron (III) MOFs.56 

Despite the feasibility and versatility of the vast combination of metal centers and organic 

ligands, the limited coordination number and steric hindrance still rule out the arbitrary design of 

MOFs with the ideal architectures and functionalities.57 In order to explore the full potential of 

MOFs, exogenous species that are not involved in the MOFs formation can be introduced into 

the system to impart new and/or synergistic features. Different functional materials, such as 

polymers,58,59 magnetic nanoparticles,60 carbon nanotubes,61 graphene,62 silica,63–65 and metal 

nanoparticles66–69 have been incorporated with MOFs effectively to achieve composites with 

novel properties, such as proton conductivity,57 targeted drug delivery,60 gas storage,61 catalytic 

activity,70 and so on. To list a few examples, our group reported that the contrast capability of 

gadolinium (Gd) based MOFs in magnetic resonance imaging (MRI) can be tuned by modifying 

the surface with either hydrophobic (e.g., polystyrene) or hydrophilic polymers (e.g., 

poly(N-isopropyl acrylamide)).29 Also, Camille et al. reported a copper based MOF/graphene 

composites that demonstrates high ammonia adsorption due to the binding of ammonia to the 

copper cites and the synergetic effect between the MOF/graphene layers.62 

The present thesis is heavily involved with MOFs based nanocomposite materials to achieve 

multi-functionalities, including catalysis, MRI and X-ray based computed tomography (CT) 

imaging. Among all the functional components, the superior physiochemical properties of metal 
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nanoparticles, especially noble metal nanoparticles, have received considerable attention, which 

has resulted in their proposed application in many different areas including catalysis,71,72 

electronics,73 bio-sensing,74 cancer therapy,75,76 and bioimaging.77,78 However, the high surface 

area and surface energy of noble metal nanoparticles, which are the key features to enable 

enhanced reactivity, cause aggregation of the nanostructures and consequentially prevent their 

ideal functions. Many synthetic strategies (e.g. using effective organic surfactants,79,80 creating a 

polymer81,82 or silica shell83,84 on the nanoparticles surface, and loading nanoparticles inside the 

channels of mesoporous silica85,86) have been proposed to control the size and shape of noble 

metal nanoparticles. Comparing to these composite materials, MOF-noble metal nanocomposites 

have great advantages. First of all, MOFs have higher surface area and flexible building blocks, 

therefore, the collective properties and enhanced performance that are not accessible with the 

individual constituents can be achieved by combining them. Moreover, the excellent 

performance of individual metal nanoparticles can be preserved by eliminating possible 

agglomeration.8,87–89 Even though numerous applications of MOF-noble metal composites have 

been investigated in literature,8,66,67,90 the work discussed in this thesis will be strictly focused on 

the applications in biomedical (especially bioimaging) and catalysis (reduction of 4-nitrophenol 

in aqueous solution) respectively.   

2.2 Applications of MOF-noble metal composites in the biomedical field 

Nanotechnology has the potential to revolutionize cancer treatment and diagnosis with novel 

properties and improved performance when compared to conventional systems.91 Certain 

nanoparticles are attractive over traditional therapeutic and diagnostic systems for biomedical 

applications because of their many advantages, among which are: (1) their small size and 

correspondingly high surface area allow them to readily access the desired cells;92 (2) their 
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tunable size and morphology allows for different and defined physiochemical properties as well 

as controllable circulation time in vivo; and (3) the ability to modify the surfaces of the 

nanoparticles with biocompatible molecules or targeting ligands.93 Among all the different 

nanoparticle systems, noble metal nanoparticles and, more recently, nano-MOFs have attracted a 

great deal of interest for use in biological applications.94,95 The application, advantages, and 

some examples of noble metal nanoparticles and nano-MOFs in biomedical area will be 

introduced in the following sections. 

2.2.1 Noble metal nanoparticles used in bioimaging and therapy 

Noble metal nanostructures such as gold (Au), silver (Ag) and platinum (Pt) possess unique 

optical properties, including localized surface plasmon resonance (SPR), which enables their use 

in biomedical applications. The SPR effect (as shown in Figure 2.1 a)) originates from the 

resonant oscillation of the free electrons across the metal nanoparticles with the frequency 

matched incident light (electromagnetic field).96,97 This coherent oscillation can either scatter 

light (used in bioimaging) or absorb light (Figure 2.1 b)) and consequently convert it to heat 

(photothermal therapy and drug delivery applications).7 It is well-known that the SPR effect can 

be tuned precisely by altering the size or shape of these nanostructures. This was evidenced not 

only in experiments but also in theoretical calculations. Starting with the size effect, based on the 

calculated efficiencies of the absorption and scattering for 40 nm and 80 nm gold nanospheres, 

one can notice the dramatic change of optical properties by simply tune the size of the 

nanoparticles, as shown in Figure 2.1 c) and d).98 This calculation has also been confirmed by 

experimental results. For example, Ziegler and Eychmuller reported a tunable absorption band at 

520 nm for Au nanoparticles with a diameter of 30 nm to 590 nm for Au nanoparticles with a 

diameter of 118 nm.99  
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FIGURE 2.1 a) Scheme of surface plasmon resonance effect for a spherical metal nanoparticle. 
(Reprinted with permission from97. Copyright (2003) American Chemical Society.) b) Schematic 
drawing of Au/Ag nanoparticles shows strong absorption, scattering (due to SPR effect) and 
surface modification with targeting ligand for other biomedical applications. (Reprinted with 
permission from7. Copyright (2008) American Chemical Society.) Calculated spectra of Mie 
theory absorption (red dashed curve), scattering (black dotted curve) and extinction (green solid 
curve) for gold nanospheres with diameter of c) 40 nm and d) 80 nm. (Reprinted with permission 
from98. Copyright (2006) American Chemical Society.) 

 
In addition to tailoring the size, the SPR absorption band can also be tuned by composition 

and shape changes. As an example, ultraviolet (UV)-visible spectra (absorption) and TEM 

images of some Au nanoparticles that were synthesized in our lab are shown in Figure 2.2. As 

the morphology changes from spherical to rod-like, the SPR band was altered from one 

transverse SPR band for the Au nanospheres (Figure 2.2 a) and d)) into two longitudinal and 

transverse SPR bands for the Au nanorods (Figure 2.2 b), c), e), and f)). The formation of 

longitudinal and transverse SPR bands in Au nanorods is attributed to oscillation of electrons 

along the length as well as the width, respectively. Moreover, when the aspect ratio (length/width) 
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was tuned, the longitudinal SPR band (the band above 600nm in the UV-vis spectra (Figure 2.2 b) 

and c))) can also be adjusted.  

 
FIGURE 2.2 Representative UV-vis spectra and TEM images for Au nanoparticles with different 
shapes and sizes. a) and d) 15 nm Au nanospheres, b) and e) short Au nanorods with aspect ratio 
of 3.3 and c) and f) long Au nanorods with aspect ratio of 15. 

 
Driven by the distinctive optical properties and the well-established synthesis of a large 

variety of noble metal nanoparticles, they have been utilized for diagnosis,20,74,100,101 biophysical 

studies7 and medical treatment.75,76 Even though, Au and Ag nanoparticles are both potential 

candidates if only the tunable optical properties were considered, when the comprehensive 

picture, including stability, cytotoxicity, facile bioconjugation, and highly monodispersed 

nanostructures with various morphologies, are taken into consideration, Au nanoparticles are 

arguably the best choice.96 In terms of Au nanoparticles for bioimaging, one example was to use 

them for CT. In theory, Au has a higher atomic number (Au, 79) and higher absorption 

coefficient (at 100keV, gold, 5.16 cm2 g-1) than clinically used CT contrast agents that are based 

on iodine (I, 53; at 100keV, I, 1.94 cm2 g-1).19 Therefore Au should have better contrast 

capability than iodine based media. This was experimentally demonstrated by administrating 1.9 
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nm Au nanoparticles into mice with a control of the iodine based contrast agent. As illustrated in 

Figure 2.3 a-c), Au nanoparticles show much higher contrast than iodine contrast agents.20 In 

addition to the capability toward diagnosis, Au nanoparticle based therapy is also feasible.  A 

good example is photothermal therapy using Au nanorods, which was reported by El-Sayed’s 

group.102 In this work, thiolated poly (ethylene) glycol (PEG) was covalently bounded to the 

surface of Au nanorods to improve biocompatibility. After the direct and intravenous injection of 

the pegylated Au nanorods, near-infrared (NIR) transmission imaging was utilized to monitor the 

particle accumulation. As shown in Figure 2.3 d), directly injected tumor sites showed NIR 

intensity 2.18 times that observed by intravenous administration and 4.35 times that observed for 

the control (PBS buffer) at 2 min nanorod diffusion. The tumor volume also dramatically 

decreased by direct and intravenous injection in comparison with the control (Figure 2.3 e) after 

exposure to NIR light. 

 
FIGURE 2.3 X-ray images mouse hind legs in vivo. a) Before injection; b) 2 min post tail vein 
injection of Au nanoparticles; c) 2 min after equal weight of iodine based contrast agent 
(Omnipaque). Arrow points to leg with tumor and increased vascularity. (Reprinted with 
permission from20.). d) NIR transmission images of mice show intensity line-scans of NIR 
extinction at tumor sites for control, intravenous, and direct administration of PEG-Au nanorods. 
e) Average change in tumor volume for HSC-3 xenografts following near-infrared treatment by 
control, intravenous, and direct administration of PEG-Au nanorods. (d and e are reprinted with 
permission from102) 

 



15 

2.2.2 MOFs used in bioimaging and therapy 

Unlike noble metal nanoparticles, MOFs are highly coordinated porous structures 

synthesized with metal ions and organic linkers (mostly multifunctional carboxylates, sulfonates, 

phosphonates, and imidazolates). Tuning the architectures of MOFs through altering the metal 

and/or bridging ligands has enabled the development of different structures, as well as expanding 

the available applications for these systems.34 Recently, these MOFs have been designed with 

nanoscale (compatible with intravenous administration)103 and controlled morphology, which 

opens the door for their potential application in the biomedical area.  

To design MOFs to be used in biomedical area, multiple approaches can be addressed by 

fully explore the architectures of MOFs. Firstly, MOFs are well known for their remarkably high 

surface area and controllable pore size. These properties not only lead their applications toward 

gas separation and storage discussed earlier, but also offer great opportunities in drug delivery. A 

plausible design to achieve this is to manipulate the porosity.104.The large pore volumes of MOFs 

offer great advantages in drug delivery over other porous materials, such as mesoporous silica 

and zeolites, because the higher pore volume means higher drug loading capacity.25 Moreover, a 

prolonged release can be achieved because MOFs have tunable pore size from microporous to 

mesoporous that can incorporate drug molecules with comparable size in the cavities54. 

The first MOF investigated in biomedical application was pioneered by Férey and 

co-workers.105 MOFs belonging to the MIL (Materials of Institut Lavoisier) family were 

investigated as potential drug delivery carriers. As shown in Figure 2.4 a), two types of 

chromium MIL (BTC (benzene-1,3,5-tricarboxylate) in MIL-100 and BDC 

(1,4-benzenedicarboxylate) in MIL-101) materials with different pore structures were 

investigated for incorporation of Ibuprofen. MIL-101 with larger cage sizes (29 and 34 Å) and 
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pore volumes (12700 and 20600 Å3) was capable to load unprecedented amount of Ibuprofen 

(~1.4g/g of dehydrated MIL-101). On the contrary, MIL-100 with smaller pores (25 and 29 Å) 

adsorbed a much lower amount of Ibuprofen (0.35g/g of dehydrated MIL-100) event though the 

pore volume remained relatively large (8200 and 12700 Å3). The difference in loading amount 

was attributed to the smaller apertures in MIL-100, which limited the introduction of Ibuprofen. 

Figure 2.4 b and c) display the delivery of Ibuprofen, loaded in MIL-100, MIL-101 and a control 

material MCM-41 (Mobil Composition of Matter No. 41, with comparable pore sizes of 

MIL-100 and MIL-101, 36 Å), in simulated body fluid (SBF). For the hydrated MIL-100 and 

MIL-101, it took 3 days and 6 days, respectively, to completely release Ibuprofen, where the 3 

days difference was speculated to be due to the higher proportion of aromatic rings in the 

skeletons of MIL-101 increasing the interaction between the Ibuprofen and MIL-101. Moreover, 

in comparison with MCM-41, the dehydrated form of MIL-101 shows a four times higher drug 

payload and slower (6 days for MIL-101 vs. 2 days for MCM-41) release. A more systematic 

study by the same group demonstrated that they were able to load different anticancer drugs into 

various iron-based MOFs. For example, the drug busulfan shows exceptionally high loading, 

which was reported as 25wt% in (Fe) MIL-100. This is 5 times higher than utilizing polymer 

nanoparticles and 60 times higher than liposomes as drug carriers, and was attributed to the rigid 

pore structure of the MIL-100 material. Furthermore, by adapting the organic linkers, the 

hydrophobicity of MOFs can be adjusted for loading either hydrophobic or hydrophilic drugs.56  

Different from exploiting the apertures of MOFs, another strategy in biomedical application 

of MOFs takes advantage of the metal sites. This was first developed in Lin’s group,52 almost the 

same time as the first MOF was reported for drug delivery, as detailed above. As shown in 

Figure 2.4 d), when Gd3+ ions were introduced into the MOFs, nanoparticles with controlled 
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morphology were synthesized. Due to the paramagnetic properties of Gd3+, the MOF 

nanostructures showed MRI contrast enhancement (Figure 2.4 e). The incorporation of more than 

one type of metal ions (Gd3+ and Eu3+ or Tb3+) during the preparation of MOFs enable the 

introduction of multimodal imaging capability. The Gd3+ allows for MRI imaging, while the 

incorporation of Eu3+ or Tb3+ provides fluorescence imaging capabilities (Figure 2.4 f)).52  

 
FIGURE 2.4 a) Top: Schematic representation of the tetrahedra built up from trimers of 
chromium octahedra and 1,4-bdc moieties or 1,3,5-btc groups in MIL-101 and MIL-100, 
respectively. Bottom: Schematic representation of the mobil-39 (MTN) zeotype architecture of 
MIL-100 and MIL-101; left: the smaller A cages (yellow spheres with 20 T) and larger B cages 
(green spheres with 28 T); right: a unit cell (lines connect the T centers). b) Ibuprofen release 
from MIL-101 and MIL-100. c) Ibuprofen delivery (mg IBU/g dehydrated material vs t) from 
MIL-101 and MIL-100 in comparison with MCM-41. (a, b and c are reprinted with permission 
from105. Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.) d) SEM 
images of GdMOF nanoparticles with a repeating unit of Gd(bdc)1.5(H2O)2 and e) the 
corresponding T1-weighted MRI images of GdMOF nanoparticles with different size in 
comparison with clinical used Gd-chelate agent, Omniscan. f) Luminescence images of GdMOF 
nanoparticles doped with 5 mol % of Eu3+ and 5 mol % of Tb3+. (d, e and f are reprinted with 
permission from52. Copyright (2006) American Chemical Society.) g) Schematic drawing 
iron(III) MOF using 2-amino-bdc as organic linkers to provide sites for covalent attachment of 
biologically relevant cargoes: amino-containing nanoparticles (1a), silica-coated particles 
(1a@silica), and BODIPY-loaded particles (1b) and ethoxysuccinato-cisplatin (ESCP) 
prodrug-loaded particles (1c). (g is reprinted with permission from106. Copyright (2009) 
American Chemical Society.)  
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In addition to adding different metal ions, novel properties can also be introduced through a 

different combination of the organic linkers. For example, by replacing a percentage of the 

bridging ligand (1,4-bdc) with 2-amino-bdc, amine groups were incorporated into an iron(III) 

MOF to provide sites for covalent attachment of biologically relevant cargoes, including an 

optical contrast agent (a BODIPY dye) to realize multi-modal imaging or an 

ethoxysuccinato-cisplatin anticancer prodrug to accomplish simultaneous diagnosis and therapy 

(Figure 2.4 g)).106  

2.2.3 Biomedical imaging techniques and combinations 

Given that there are a wide range of applications for both noble metal nanoparticles 

(especially Au nanoparticles) and MOFs in the biomedical field, we are focusing on their 

applications in the field of bioimaging and diagnosis, particularly in the case of cancer. Despite 

the significant advances made in the treatment of cancer, such as chemotherapy, surgery, 

radiotherapy and photothermal therapy, it still remains the second leading cause of death in 

United States.107 While the development of new treatment methodologies remains a major focus 

of cancer research, recently researchers and clinicians have started to pay more attention to 

detection and diagnosis. The primary reason for this is that it has been identified that the success 

rate in the treatment of cancer is significantly enhanced if it can be detected at an earlier stage.108 

Thus, there is an urgent need for the development of more powerful diagnostic modalities and/or 

protocols in an effort to further improve the mortality and morbidity rates in cancer.  

Currently, the modalities used in bioimaging include optical imaging (OI), CT, positron 

emission tomography (PET), single photon computed tomography (SPECT), ultrasound (US), 

and MRI.109 Each imaging modality has specific advantages and disadvantages, as listed in Table 

2.1. As a consequence, no one imaging modality provides all of the clinical information required 
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and it is important to combine different modalities together to gain more accurate and 

comprehensive information about the patients’ condition. As such, there has been a recent focus 

on the development of multi-modal imaging technologies. In addition to acquiring 

complementary information for a definitive diagnostic conclusion, the integration of multiple 

techniques can monitor therapy and guide treatments.110 

TABLE 2.1 Comparison of different imaging modalities.109  
 Advantages Disadvantages 

PET- 
SPECT 

High sensitivity, quantitative, 
no penetration limit 

Low spatial resolution, 
radiation risks, high cost 

CT 
Anatomical imaging, bone and 

tumor imaging, 
high temporal resolution 

Not quantitative, radiation 
risks, limited soft tissue 

resolution, limited molecular 
applications 

 
MRI 

 

Morphological and functional 
imaging, no penetration limit, 

high spatial resolution 

Low sensitivity, high cost, time 
consuming scan and  

processing 

OI 

Low cost, easy manipulation, 
high sensitivity, detection of 

fluorochromes in live and dead 
cells 

Photobleaching, limited 
penetration, 

low spatial resolution, 
auto-fluorescence disturbing 

US Safety, low cost, wide 
availability, real time 

Limited resolution and 
sensitivity, low data 

reproducibility 
 
One of the avenues to achieve this has been to integrate multiple imaging instruments in 

tandem, namely multi-modal scanners. The most promising examples are PET/CT and 

SPECT/CT multi-modal scanners, which combine CT with nuclear imaging modalities and have 

been applied in clinic practice. Inspired by the success of PET/CT and SPECT/CT, the next 

frontier was PET/MRI and SPECT/MRI, where MRI can offer functional measurements utilizing 

dynamic contrast-enhanced MRI, diffusion-weighted MRI, functional MRI and pharmacologic 

MRI.13–16 However, while these new instruments are very effective, the large cost to switch all 

the existing standalone CT, PET, SPECT, and MRI instruments to multi-modal scanners and the 
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engineering difficulties in incorporating instruments that are based on different operational 

mechanisms becomes a big concern.111 

2.2.4 Bimodal imaging contrast agents 

An alternative approach in the development of multi-modal imaging technologies has been to 

design contrast agents, which work in multiple imaging modalities, can integrate different 

imaging techniques together, and also bring enhanced contrast simultaneously.10 Contrast agents 

are materials that are used in diagnostic imaging methodologies to help distinguish the diseased 

tissue or region from the healthy ones. This approach can also be carried out in two different 

ways. The first method is to use a cocktail of different contrast agents, which involves separately 

dosing the different imaging agents before performing the specific imaging technique. However, 

the major drawback associated with this method is that it assumes the contrast agents follow the 

same in vivo pathway and deliver imaging information for the same diseased site, which is not 

always a valid assumption as different contrast agents may image different biological phenomena. 

The second approach, which is more promising and has recently received considerable attention 

from researchers, is to design hybrid materials that can access two or even more imaging 

techniques. To date, numerous multi-modal imaging contrast agents have been developed for 

different diagnostic applications, as summarized in Figure 2.5, however, none of these systems 

have yet to be used in the clinic. As such, there is a need for further research in this area to 

enable translation of these new multi-modal contrast agents from the lab to the clinic.  

Given the tremendous opportunities presented by the integration of MRI/OI, MRI/PET, 

CT/PET and CT/SPECT (Figure 2.5), it is not surprising that other hybrid combinations are 

being explored. Recently there has been an increasing interest to combine MRI and CT 

together.12,112–114 
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FIGURE 2.5 Schematic representation of nanoparticle-assisted multimodal imaging techniques 
with their applications for (A) MRI/OI, (B) MRI/PET, (C) CT/PET, and (D) CT/SPECT. 
(Reprinted with permission from109. Copyright © 2011, Royal Society of Chemistry) 

 
Among all the imaging modalities mentioned in Section 2.2.3, CT is one of the most 

prevalent diagnostic tool in clinic because of its cost effectiveness, wide availability and 

anatomical imaging capabilities.11 Over 70 million clinical CT scans are performed each year in 

the United States.115 In comparison to MRI, the high temporal resolution allows CT to even be 

able to capture cardiac motion.19 CT images are obtained by using a rotating X-ray around the 

desired object while the detector is positioned on the opposite side from the irradiation source. It 

measures the absorption of X-rays and distinguishes bones or tissues based on different X-ray 

attenuation.116 The intrinsic principles of CT, based on X-ray attenuation, make CT an excellent 



22 

candidate for bone imaging. However, because of the absence of contrast within different soft 

tissues, it is necessary to administrate contrast agents for most of the CT scans not focusing on 

bone.18 Currently, clinically used CT contrast agents are based on iodine or barium. However, 

the short in vivo circulation time and non-specific nature of iodinated and barium compounds, 

owing to the nature of small molecules, required large doses of the contrast agent and makes 

targeting specific tissues or regions of the body difficult. In the search for new CT contrast 

agents that potentially overcome some of the issues associated with the traditional systems, Au 

nanoparticles were applied as contrast agents for CT imaging in 2006 by Hainfeld and 

coworkers.20 Their seminal study with Au nanoparticles of approximately 2 nm demonstrated 

that when used as a CT contrast agent, Au nanoparticles could indeed overcome significant 

limitations of regular iodine-based agents, such as short imaging time, occasional renal toxicity 

and poor contrast in large patients. Furthermore, in vivo animal studies demonstrated the 

advantages of using Au nanoparticles to overcome these challenges. With a large atomic number 

(Au, 79) and high absorption coefficient (Au, 5.16 cm2 g-1, at 100keV), Au nanoparticles provide 

greater contrast than both iodine (I, 53; I, 1.94 cm2 g-1 at 100keV) and barium (Ba, 56; Ba, ~2 

cm2 g-1 at 100keV) at a lower X-ray dose.19 Moreover, the larger size of Au nanoparticles, when 

compared to the small molecule contrast agents, offers longer circulation time and the possibility 

to introduce further functionality by surface modification of the nanoparticles.  

Even though CT scan has become a routine test in clinic, it suffers from limited soft tissue 

resolution because of the similar electron density between tissues. MRI, on the other hand, has 

been reported to be superior to CT in imaging soft tissues, mucus and bone marrow.12 MRI 

works based on the same mechanism as nuclear magnetic resonance (NMR), where the contrast 

(signal) originates from the magnetization of the nuclear spins (usually of water protons). When 
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no magnetic field is applied, all the protons (mostly from water) are randomly rotating in the 

body. The alignments are changed upon the application of a magnetic field to reach a steady state 

with a net magnetization in equilibrium. Then a radiofrequency pulse is generated and applied to 

the system to excite some of the protons to change their alignment from lower energy state to 

higher energy state. However, the pulse is only applied with short time period. Once the pulse is 

removed, the high energy state protons relax back to the equilibrium state and, thus, release 

energy that can be converted to signals in NMR or images in MRI through different data 

process.117 Two types of MRI signal can be obtained during the relaxation stage: T1-weighted (T1 

is the spin-lattice or longitudinal relaxation time) and T2-weighted (T2 is the spin-spin or 

transverse relaxation time).  

The fundamental principle behind the adjustment of contrast in MRI is to alter the water 

protons’ relaxation times. In order to affect the relaxation times of water protons, the contrast 

agent must be paramagnetic.17 The operating principle of MRI and requirement for contrast 

agents lead to two types of contrast agents: (1) Gd based chelate materials for T1-weighted MRI 

to create brighter contrast, known as a positive contrast agent, and (2) iron based contrast agents 

for T2-weighted MRI to produce darker images, known as negative contrast agents. Gd(III), 

which stands in the center of lanthanides, has nine coordination sites, seven unpaired electrons, a 

large magnetic moment, and can dramatically influence water proton relaxation.17 Moreover, the 

ease of identifying lesions using the brighter images of T1-weighted MRI makes Gd based 

contrast agents much more popular in the clinic.117 Therefore, Gd based contrast agents have 

been the most intensively studied MRI contrast media and also successfully translated into 

clinical use.  
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The first patented MRI contrast agent, Gd (III) diethylenetriaminepentaacetate (DTPA) 

(Magnevist), is still the most widely used clinical contrast agent. Gd (III) chelates are the most 

common form of Gd-based contrast agents. Coordination chemists play an important role to tune 

the chelates with high contrast performance as well as low toxicity.118 However, Gd chelates are 

small molecules, which suffer from short circulation times, lack of specificity, and modest 

relaxivity.52 On the contrary, Gd-based nanoparticles with tunable size can overcome these 

limitations. Lin’s group reported monodispersed GdMOF nanoparticles with a high payload of 

Gd and controllable morphology, which show excellent contrast capability when compared to Gd 

chelate materials.119 Moreover, our group developed a method based on reversible 

addition-fragmentation chain transfer (RAFT) polymerization to modify GdMOF nanoparticles 

with polymers, resulting in improved biocompatibility and imaging performance.29,30 Motivated 

by the excellent performance of GdMOF nanoparticles and the capability to modify the surface 

to introduce new functionality, we have developed GdMOF based composite contrast agents for 

multi-modal imaging in MRI and CT. 

Given all the advantages of Au nanoparticles for enhanced CT contrast and Gd for improved 

MRI performance, as discussed above, research has been carried out to combine these two 

materials together. The general route that has been used is to pre-synthesize Au nanoparticles 

with the desirable size and shape and post-modify the surface with Gd chelates. Different Gd 

based chelates have been incorporated including DTPA 

(diethylenetriamine-N,N,N',N'',N''-pentaaceticacid) and its derivatives,21,22,101,120–122 DTTA 

(alkyne-deriveddiethylenetriamine),113 and DNA-conjugated chelates.23 In spite of all different 

chelates were developed, they almost all follow the same manner in terms of how to conjugate 

with Au nanoparticles. That is, as illustrated in Figure 2.6 a), a thiol-terminated chelate is 
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attached to the surface of Au nanoparticles. Afterwards, the chelate conjugated Au nanoparticles 

are treated with Gd3+ ions to initiate the coordination of Gd3+ ions with chelates. A representative 

TEM image of the Gd3+ chelates modified Au nanoparticles with a diameter of 2.4 nm is shown 

in Figure 2.6 b). The conjugates show both MRI and CT contrast as demonstrated in Figure 2.6 c) 

and d). With increasing concentration of Au and Gd, stronger contrast was obtained in CT and 

MRI, respectively. The major drawbacks with the above approach include limited Gd3+ loading 

per particle, which requires higher doses of nanoparticles, and difficulty in further surface 

modification, which can limit cell penetration and the ability to target the multimodal contrast 

agent.  

 
FIGURE 2.6 a) Schematic illustration of Gd chelates (DTDTPA) functionalized Au 
nanoparticles (red circle is Gd3+ ion). b) TEM image of Au-Gd(DTDTPA) nanoparticles (inset: 
high resolution TEM image). c) Synchrotron Radiation Computed Tomography (SRCT) images 
of samples with various Au-Gd(DTDTPA) nanoparticles concentration. (For 1-7, 10.00, 7.00, 
5.60, 2.80, 1.40, 0.56, 0.14 mg/mL Au, sample 8 is Au@DTDTPA-Gd50 with 5.60 mg/mL Au). 
d) T1-weighted MRI images of water as negative control (H2O) and of aqueous nanoparticles of 
Au-Gd(DTDTPA) with increasing amount of Gd. (Reprinted with permission from21. Copyright 
(2008) American Chemical Society.) 
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FIGURE 2.7 a) Scheme for synthesis of Cy3-DNA–GdIII@AuNP conjugates. b) Time dependent 
cellular uptake of DNA–GdIII@Au nanoparticles in comparison with DOTA–GdIII in NIH/3T3 
and HeLa cells. c) T1-weighted MR image of NIH/3T3 cells incubated with 20 mm and 5.0 mm 
(GdIII concentrations) DNA–GdIII@Au nanoparticle and DOTA–GdIII for 24 hrs. d) Confocal 
fluorescent images of NIH/3T3 cells incubated with 0.2 nm particle concentration of Cy3-DNA–
GdIII@AuNPs for 4.0 h and a 24 h leach in fresh media and 1 mm DAPI for 10 min. (blue (DAPI, 
(4’,6-diamidino-2-phenylindole)) and red (Cy3–DNA-GdIII@AuNPs) channel, scale bar = 50 
µm). (Reprinted with permission from23. Copyright © 2009 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim.) 

 
With the focus on enhancing cell permeability, a Gd (III) enriched polyvalent DNA–Au 

nanoparticle conjugate (DNA–GdIII@AuNP) was developed by Song and coworkers.23 The 

synthesis scheme (Figure 2.7 a)) involves thiol-labeled DNA oligomers being attached to Au 

nanoparticles surface. In addition, the oligomer contains five conjugation sites for covalent 

attachment of Gd complexes though the click chemistry. The resulting conjugates were 

demonstrated to have significant high cellular uptake in comparison with those without DNA 

conjugation (Figure 2.7 b)). Moreover, a fluorescent dye was used to label the conjugates, which 

permitted multi-modal imaging in both MRI (Figure 2.7 c)) and fluorescent microscopy (Figure 

2.7 d)). The fluorescence was also able to probe the cellular uptake and intracellular 
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accumulation of the conjugates. However, the issue associated with low Gd (III) loading amount 

per particle still remains. As discussed earlier, this can potentially be resolved by introducing 

GdMOF nanoparticles. Therefore, in this thesis, two different approaches will be introduced to 

realize the effective combination of GdMOFs with Au nanoparticles.  

2.3 Applications of MOF-noble metal composites in catalysis 

Although the primary focus of the work performed in this dissertation is on the development 

of MOF-noble metal composites for use as multi-modal imaging agents for MRI and CT, there 

has been considerable interest in literature on use of these nanocomposites in heterogeneous 

catalysis. As such, the catalytic performance of the prepared Au nanoparticle-Gd MOF 

nanocomposites is examined in Chapter 5 of this document and the following sections will 

briefly review the use of noble metal nanoparticles, MOFs, and nanocomposites of the two for 

catalysis.   

2.3.1 Noble metal nanoparticles for catalysis 

By comparing the dissociative chemisorption energies for oxygen on metal surfaces (i.e. how 

easy the metal can be oxidized), it can be seen that noble metals, especially Au, are usually 

considered inert.72 Surprisingly, when sized down to nanometer dimensions, noble metal 

nanoparticles are active as catalysts even under mild conditions. The first major discovery of 

using Au nanoparticles for catalysis was the oxidation of CO at a temperature far below 0 oC 

reported by Haruta et.al in 1987.123 In this seminal work, ultra-fine Au nanoparticles were 

prepared by co-precipitation with one of the oxides of 3d transition metals of group VIII, namely, 

Fe, Co and Ni. The super low reaction temperature for oxidation of CO was unprecedented and it 

was attributed to the ultra-small size as well as high monodispersity of the nanoparticles. Ever 

since the discovery that Au nanoparticles could be used for catalysis, a tremendous amount of 
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research has been conducted using Au nanoparticles with different sizes and shapes to catalyze 

various reactions, where some of them have been applied in industrial processes, such as aerobic 

oxidation of methanol to methyl formate124 and bulk production of vinyl acetate and vinyl 

chloride.125 The driving forces behind Au nanoparticle based catalysis research are mainly 

divided into two areas: (1) preparing the nanoparticles (unsupported or supported) with the aim 

of producing high catalytic activity; and (2) understanding the underlying mechanism of the 

catalytic process.  

c

 
FIGURE 2.8 a) Schematic illustration of different ligands stabilized Au nanoparticles. Different 
ligands used include citrate, PEG thiolate of different lengths, and mono, bifunctional, polymeric 
and dendritic 1, 2, 3-triazoles terminated with PEG 400 or 2000. b) The corresponding reactivity 
of all the ligand-stabilized Au nanoparticles in a). (a and b are reprinted with permission from129. 
Copyright © 2014, Royal Society of Chemistry.) c) Outer diameters and the percentages of 
surface-exposed atoms, edge atoms, and corner atoms in icosahedron nanoparticles. (Part c is 
reprinted with permission from71. Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim.) 
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In terms of improving catalytic activity, the influence of the size of Au nanoparticles has 

been intensively studied. It was reported that the reaction rate increases as the particles size 

decreases,126,127 which can be explained by the increasing surface area and increased unsaturated 

coordination sites. However, there is also conflicting report for small molecule 

cetyltrimethylammonium bromide (CTAB) stabilized Au nanoparticles, as it was reported that 

Au nanoparticles with medium size (13nm) rather than the smallest size (3.5nm) were the most 

efficient ones.128 The contradictory results reported in literature was a result of the mechanism of 

nanoparticle catalyzed reaction being ambiguous and often times dependent on multiple factors, 

including the metal nanoparticle shape, the selected catalytic reaction, and the ligands (or surface 

chemistry) of metal nanoparticles. For example, Ciganda and coworkers reported the dramatic 

influence of stereo-electronic effects of the ligands on Au nanoparticles when studying the 

reduction of 4-nitrophenol.129 Several ligands include citrate, PEG thiolate of different lengths, 

and mono, bifunctional, polymeric and dendritic 1,2,3-triazoles terminated with PEG 400 or 

2000 were used to stabilize the Au nanoparticles as shown in Figure 2.8 a). All the apparent 

kinetic constants are summarized in Figure 2.8 b), and the results indicate that the best stabilizers, 

thiolates, show slowest reaction rate, followed by the citrate ligand. This is due to the 

stabilization of these two types of ligands being based on electronic interactions, which affects 

the electrons behavior during catalysis. The neutral ligand triazoles, that form only weak 

coordination bonds with Au nanoparticles, were also used in comparison. Indeed, a higher 

reaction rate was found with these systems. In addition to this electronic effect from the ligands, 

stereo influence was also demonstrated by comparing polymer chains of different lengths and 

dendrimers with the same stabilizing functionality (i.e. triazoles). Dendrimers with the highest 

steric hindrance show the lowest reactivity followed by the higher molecular weight polymer 
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chains. Thus, the researchers concluded the electro-steric effect from ligands plays a vital role in 

catalysis. This is just one example for one of the factors that may affect the catalytic performance 

of Au nanoparticles, and demonstrates how extremely complex the system becomes when all 

other factors occur simultaneously. However, it is generally accepted that smaller sized particles 

provide higher reactivity, which can be explained by referring to Figure 2.8 c).71 The surface area, 

edges and corners of Au nanoparticles hold higher percentages of the total atoms when the size is 

decreased (except, the edge for 1.1 nm Au nanoparticles). The rough surfaces, edges and corners, 

with defective or unsaturated sites are believed to be most active in the catalytic process.130,131 

The remarkable catalytic activity of ultra-small sized Au nanoparticles (diameter ≤ 5nm) can 

be explained by quantum size effects, charge transfer between nanoparticles and the substrate, 

interactions between reactants-substrate-nanoparticles, the oxidation state of gold ions, and 

defected (low-coordinated) Au atoms on the edges or corners.72 However, the high surface 

energy associated with small sized nanoparticles oftentimes causes agglomeration issue and the 

small sized nanoparticles require high centrifugation speed for recycling. In order to utilize the 

nanosize effects of Au in catalysis while overcoming the drawbacks of nanoparticles, Au 

nanoparticle catalysts are usually combined with an auxiliary component, forming 

nanocomposites. In this regards, different substrates, such as metal oxides,131 mesoporous 

silica,85,86 carbon materials, zeolites, polyelectrolyte brushes,132 and MOFs have been 

investigated as supports or encapsulators for Au nanoparticles.127,133 MOFs are superior than 

other reported supporting materials because: (1) MOFs have high surface area and tunable pore 

structures where metal nanoparticles can be loaded with large amount and defined sizes; (2) 

MOFs can bring novel functionalities to the composite by altering the metal sites or organic 

linkers during synthesis; and (3) MOFs can be post-functionalized to further expand the 



31 

properties of the nanocomposites. All these advantages have been introduced earlier when 

discussing MOFs in biomedical application (Section 2.2.2) and will be further introduced later 

when introducing MOFs for catalysis (Section 2.3.2). The distinctive features of MOFs make 

them ideal to be used as a support for Au nanoparticles and also other metal nanoparticles.    

2.3.2 MOFs for catalysis 

Porosity is an important descriptor for the performance of a catalyst support, as it can not 

only modify the overall catalytic activity but also the reaction selectivity.134 Because of their 

tunability of MOF porosity, MOFs can be excellent catalysts by tailoring their architectures. 

Approaches utilizing pure MOFs (not MOF composites) in catalysis generally fall into three 

categories. The first category is when the coordination center is replaced or doped with a 

catalytic active species, such as transition metal centers. The intrinsic Lewis acidity, redox 

properties, and unsaturated coordination sites of the metal nodes provide opportunities for 

catalysis within MOFs.135 One example of this was the MOF HKUST-1 ([Cu3(btc)2(H2O)3], btc 

= 1,3,5-benzenetricarboxylate), in which the coordinated water can be removed, leaving behind 

the Lewis acid Cu(II) sites. The anhydrous MOFs were used in three different reactions - (1) 

isomerization of a pinene oxide to campholenic aldehyde, (2) cyclization of citronellal and (3) 

rearrangement of the ethylene acetal of 2-bromopropiophenone - where the MOF served as the 

Lewis acid catalyst (Figure 2.9 a)).136 To obtain a high yield, the first reaction must be catalyzed 

with a suitable Lewis acid. This property can be used to probe the catalytic MOF to determine 

whether the catalytic behavior originated from the Lewis acid sites. The second reaction was 

used to monitor the acidity of the MOF catalyst because the products were highly selective under 

different acidity. The third reaction provided further information to identify whether the MOF 

catalysts were hard or soft Lewis acids because the desired product can only be obtained with 
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hard Lewis acids. The combined results from all three reactions show that the reactive site of the 

MOF catalyst was the Cu (II) metal centers and this catalyst [Cu3(btc)2] was a hard Lewis acid.  

 
FIGURE 2.9 a) Representative model of metal centers utilized in MOF catalysts: Cu3(btc)2 and 
illustration of its catalytic applications. b) Example of metalloligands used in MOFs for catalysis: 
Zn2(tcpb) (Zn-por-1) and its catalytic application for acyl-transfer reaction. c) Organic linkers 
incorporated into MOFs’ for catalysis: schematic view of three different metal complexes (Au, V 
and Mn) coupled with IR-MOF3 through amine groups and demonstration of their catalytic 
properties in the epoxidation of olefins for Mn, V and the three-component coupling reaction for 
Au. (All 3 parts were reprinted with permission from 135. Copyright © 2014, Royal Society of 
Chemistry) 

 
In the second category, metalloligands that have been successfully applied in homogeneous 

catalysis, can be introduced into the MOFs structure as the bridging ligand. By incorporating the 

porphyrin derivative ligand 5,15-dipyridyl-10,20-bis(pentafluorophenyl)-porphyrin (por-1) 
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during the synthesis of a Zn based MOF (Zntcpb, tcpb= 

1,2,4,5-tetrakis(4-carboxyphenyl)-benzene), a new MOF, Zn2(tcpb)(Zn-por-1), was synthesized 

(Figure 2.9 b)).137,138 It was demonstrated that the reaction rate in the acyl-transfer reaction of 

N-acetylimidazole and 3-pyridylcarbinol was more than 2000 times higher by using the novel 

MOF as the catalyst relative to the uncatalyzed reaction. This new strategy created MOFs with a 

single independent framework, which implied a high degree of porosity, in contrast with other 

pillared paddlewhell MOFs.137,138 The third approach involves taking advantage of organic 

linkers used in traditional catalysis to realize catalytic performance in MOFs. Different 

functionalities, such as pyridyl, bipyridyl, amide, amino, sulfoxy, pyrrolidine, urea, binol, 

N-heterocyclic carbine and catechol, imbedded in the organic linkers can act as coordination 

sites or guest interaction sites and offer great opportunities for catalysis. The MOF IRMOF-3 

(Zn4-O (bdc-NH2)3, bdc= terephthalic acid), reported by Yaghi’s group, has pendant amine 

groups in the porous structure that are available for post-modification with catalytic active 

moieties.139 As shown in Figure 2.9 c), three different metal complexes of V, Au and Mn (at 

relatively low amounts) could be coupled with the MOF without losing its structural integrity. 

Rosseinsky et al.140 synthesized IRMOF-3-V through a condensation reaction, where a 

salicylidene (sal) was reacted with the amine groups in IR-MOF3, and subsequently coordinated 

with V(O)(acac)2·H2O (acac = acetylacetonate). Even though the material showed poor turnover 

frequencies (rate per exposed metal atom at the surface) and loss of the integrity of the MOF 

structure, the method proposed was instructive for complex binding. Similarly, IRMOF-3-sal-Au 

was prepared through the reaction of an Au precursor (NaAuCl4) with the active sites on the 

MOF by Corma.133 In this case, the Au(III)-containing IRMOF-3 demonstrated higher activity 

and selectivity for domino coupling and cyclization reactions in liquid phase than homogeneous 
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and Au-supported catalysts previously reported. Moreover, the Au(III) remained after several 

catalysis cycles. In another system, a manganese (II) acac complex was combined with 

IRMOF-3 by post-synthetic modification.141 Using IRMOF-3-Mn as catalyst for the epoxidation 

of cyclohexene, formed cyclohexene oxide with excellent selectivity (92%) and conversion 

(68%). Again, the structure of IRMOF-3 was retained, as determined by x-ray diffraction and 

Fourier transform infrared spectroscopy. All the strategies applied in developing MOF catalysts 

can be transferred into metal nanoparticle-MOF composite materials by selectively modifying 

the MOF compartment.  

2.4 Synthesis of MOF-noble metal nanoparticle composites 

Motivated by the tremendous potential of noble metal nanoparticles and MOFs in both 

biomedical and catalytic applications, there has been considerable attention paid to the 

controllable fabrication of hybrid noble metal nanoparticle-MOF materials to explore the 

combined or synergetic properties. Before using MOFs as supports or encapsulators, other 

materials such as mesoporous silica or carbon have been used to avoid the aggregation of noble 

metal nanoparticles. When preparing noble metal nanoparticle-silica composite materials, the 

weak metal/oxide affinity was resolved by synthesizing Au hydroxide nanoparticles, which have 

improved affinity to silica and are eventually able to be converted into Au nanoparticles.142 Also, 

CTAB-stabilized Au nanoparticles were coated with mesoporous silica where the CTAB served 

as an organic template for the silica layer deposition.143 On the other hand, a 

coordination-assisted synthetic approach was developed to entrap monodispersed Au 

nanoparticles in ordered mesoporous carbon.144 The inherent porosity within these materials 

makes them ideal host materials to fill their channels or cavities with guest molecules. MOFs 

hold some significant advantages over these regular supports. For example, the porosity and 
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geometry of MOFs can be better controlled by modifying the synthesis parameters, and the metal 

centers in the MOFs can themselves become active sites with functional properties as discussed 

earlier in Section 2.2.2 and Section 2.3.2.  

As shown in Figure 2.10, noble metal components can be incorporated into MOFs  through 

either the metal center (dopants) (Figure 2.10 a) or the organic ligands (metal complexes) (Figure 

2.10 b) and c)). In addition to these two strategies, alternative methods are to entrap noble metal 

nanoparticles in the cavities of MOFs or encapsulate noble metal nanoparticles with the MOF 

shell (Figure 2.10 d)-f)).57 

 
FIGURE 2.10 a) Schematic view of MOF repeating units. Various strategies for the synthesis of 
MOF-noble metal composites: (b) incorporation of dopants in the metal centers; (c) grafting 
metal complexes through functional organic linkers; and (d) entrapment of particles within the 
framework. Two methods to incorporate metal nanoparticles within MOFs: e) 
impregnation/infiltration or f) embedding the particles during the self-assembly process (one-pot 
approach). (Reprinted with permission from 57. Copyright (2014) American Chemical Society.) 
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In an attempt to entrap nanoparticles in the cavities of MOFs, the self-diffusion rates of 

molecules of appropriate size inside the pores of MOFs are found to be only slightly lower than 

in the solution.48 Therefore, immobilized metal nanoparticles in MOFs have been prepared 

through the impregnation or infiltration method. This method takes advantage of the 

well-defined pore size of MOFs to obtain nearly monodisperse metal nanoparticles in the cavities 

of MOFs. This is usually conducted by soaking the MOFs in a metal precursor solution, where 

the capillary forces would draw the solution into the pores of MOFs. Metal nanoparticles of 

defined size can then be prepared by reduction of the metal ions and become immobilized inside 

the pores of the MOF structure. This method is usually known as impregnation or infiltration. 

However, this method relies on capillary forces for impregnation and, therefore, has poor control 

of the total metal loading amount.68  

Unlike the impregnation or infiltration method, the core-shell method involves using metal 

nanoparticles as templates and coating them completely with a MOF structure. This approach 

can solve the major issues associated with the impregnation method, such as the migration of 

metal ions in to the pores of the MOF and potential agglomeration of metal nanoparticles on the 

surface of the MOF structure. Moreover, the large library of different metal nanoparticles with 

defined size, shape and composition that can be easily used in the core-shell method, making this 

method extremely versatile in preparing new and interesting materials.  

Despite these advantages, self-assembly in bulk rather than on the surface of metal 

nanoparticles become the biggest challenge during the coating of metal nanoparticle templates 

with MOF structures. Two possible reasons to explain this behavior are differences in the surface 

chemistry and lattice mismatch between the metal nanoparticles and the MOF. As such, there has 

been a large amount of research focusing on overcoming these problems.  
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FIGURE 2.11 SEM and TEM (inset) images of the core–shell Au@MOF-5 NPs with shell 
thicknesses of a) (3.2+/-0.5) nm, b) (25.1+/-4.1) nm, and c) (69.0+/-12.4) nm. (a, b and c are 
reprinted with permission from reference145. Copyright © 2013 WILEY-VCH Verlag GmbH & 
Co. KGaA, Weinheim.) d) SEM image of core–shell Pd@ZIF-8 nanocomposites and e) TEM 
image of core−shell Pd@ZIF-8 nanocomposites. TEM images of Pd cube@ZIF-8 in f) [001] and 
g) [100] view directions. (d-g are reprinted with permission from reference90. Copyright (2014) 
American Chemical Society.) h) Scheme of the controlled encapsulation of different 
nanoparticles in ZIF-8 crystals benefited from surface modification of nanoparticles with PVP. 
Single type of nanoparticles can be distributed in the central areas ((h)i) or off the central areas 
((h) ii), and as two types of nanoparticles in the central areas ((h) iii) or one type in the central 
area but the other type in the transition layers ((h)iv) of the MOF crystals. TEM images represent 
the successful encapsulation of i) only one type of nanoparticles (13 nm Au nanoparticles) and j) 
different nanoparticles (34 nm Au nanoparticle-rich cores, 13 nm Au nanoparticle-rich transition 
layers). (h-j are reprinted with permission from reference146. Copyright © 2012, Rights Managed 
by Nature Publishing Group.)  
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For example, by taking advantage of the nucleation rate difference between noble metal 

nanoparticles and MOFs, Tang’s group145 was able to synthesize Au-MOF-5 core-shell structures 

with controllable shell thickness from 3.2 nm to 69 nm using a one-pot synthesis method (Figure 

2.11 a)-c)). It was proposed that Au nanostructures form relatively faster under their reported 

synthetic condition than the MOF-5 coating. Thus, the shell thickness can be easily tuned by 

altering the concentration of Au precursor. In addition, studies have demonstrated the importance 

of the solvent in formation of the core-shell structure, with the use of ethanol being crucial for 

the MOF-5 to grow preferentially on the surface of the Au nanoparticles rather than in bulk, by 

changing the coordination environment of the metal ions. 

A different approach to obtain core-shell structures involves altering the surface chemistry of 

the preformed metal nanoparticles.60,147,148 Both small molecules and polymers have been used to 

modify the surface of nanoparticles before coating with a MOF structure. For example, CTAB 

was utilized to bridge metal nanoparticles (e.g., Pd cube and Au octahedron) and 

zeoliticimidazolate-framework-8 (ZIF-8) surfaces and to facilitate the core-shell formation.90 

Figure 2.11 d)-g) display the Pd nanocubes encapsulated in ZIF-8 nanocrystals. This was the first 

reported nanocrystal core-ZIF-8 shell nanocomposite that has specific lattice alignment between 

the metal core and the porous shell. The CTAB bilayer serves as a structure-directing agent to 

enable the shell development, despite the mismatch between the lattice of metal nanoparticles 

and the ZIF-8. On the other hand, other groups reported core-shell structure by employing 

polymer (polyvinylpyrrolidone, PVP) to promote the growth of MOF shells through the 

coordination between the pyrrolidone rings (C=O) and metal ions as well as the hydrophobic 

interaction of the apolar groups of PVP and organic linkers.146,149 As illustrated in Figure 2.11 h), 

PVP stabilized nanoparticles of different sizes, shapes and compositions can be encased in ZIF-8 
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crystals. The nanoparticles can be distributed in a controlled manner by altering the addition 

sequence either addition at the beginning (T0) or after a certain time (T) of MOF synthesis. TEM 

images (Figure 2.11 i)) confirmed the successful encapsulation of 13 nm Au nanoparticles in the 

center of ZIF-8. One representative demonstration for spatial distribution was shown in Figure 

2.11 j), where Au nanoparticles with 2 different sizes were distributed in ZIF-8 with a 34 nm Au 

nanoparticle-rich core and a13 nm Au nanoparticle-rich transition layer. 

Although these controllable metal nanoparticle core-MOF shell composites were developed, 

none of them reported a MOF shell based on the lanthanide metal ions (e.g, Gd3+). The high 

coordination number and complicated coordination chemistry discussed in Section 2.2.4 were 

speculated for this system not being previously reported. Moreover, all the previously reported 

methods for metal nanoparticle core-MOF shell synthesis mainly relied on the surfactant species. 

A major component of this research is to explore the core-shell morphology by producing a 

nanocomposite with an Au nanoparticle core and a shell of GdMOF, which can be employed in 

multi-modal imaging. 

2.5 Surface modification of nano-/micro-sized particles 

One of the primary challenges in preparing well-defined hybrid nanocomposites is 

overcoming the inherent difference between the original individual components and the final 

combined composite structure. In overcoming this challenge, it is important to realize that the 

surface or interface chemistry plays a vital role in directing the successful fabrication of the 

desired composite materials. As discussed earlier, in many cases synthetic methods to prepare 

metal nanoparticle-MOF composites result in preferential growth of the MOF structure 

separately in the bulk when the surface environment of the metal nanoparticles is not tailored to 

promote surface growth. As such, it is important to either choose components that have 
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compatible properties or tune the surface chemistry of the metal nanoparticles to achieve the 

desired composite structure.  

2.5.1 Surface modification to promote the synthesis of composite materials 

In comparison to modifying particles with small molecules, such as organic dyes150 and short 

hydrocarbon chains,151 polymer modification allows for more opportunities to change both the 

physical and chemical properties of particles.152,153 Regardless of the dimension difference when 

looking at large scale solid surfaces compared to micro- or nano- particles, the fundamental 

principles used in surface modification with polymers translate well to both systems. Typically 

there are two surface modification approaches, “grafting from” and “grafting to”, to form 

covalently attached polymer chains. Selection of a particular method depends on the desired 

functionalities (or performance) and the reaction conditions.154 The “grafting to” method relies 

on the attachment of pre-synthesized polymers via reaction between functional sites on the 

surface and reactive groups (either end groups or along the backbone) of the polymer. The 

primary advantage of this method is that there is better control over the composition, topology, 

functionality and molecular weight of the polymer attached to the surface, as it has been 

pre-synthesized and fully characterized before it is attached to the surface. However, the grafting 

density of polymers obtained using the “grafting to” method is relatively low, especially in 

comparison to the “grafting from” method. In the “grafting from” method, small molecules 

(monomers) polymerize from active surface sites and subsequently form covalently attached 

polymer chains. This method usually provides high grafting densities but can be limited by the 

need to introduce suitable initiating sites of the surface. 

Various advantages make living radical polymerization (LRP) unique in its ability to produce 

well-defined uniform surfaces as shown in Figure 2.12.152 These include: (1) well-controlled 
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molecular weight and low polydispersity; (2) feasibility to tune the polymer chains with different 

composition, topology and functionality; and (3) the capability to design the chain-end 

functionality to facilitate the surface modification of particles. LRP techniques, such as atom 

transfer radical polymerization (ATRP), reversible addition–fragmentation chain transfer (RAFT) 

polymerization and nitroxide mediated polymerization (NMP) have been successfully utilized for 

modification of various particles.26,28,155–157 In order to minimize the extent of the background, 

the following discussion will focus on RAFT polymerization, as this method will be employed in 

the research reported in this thesis.  

 
FIGURE 2.12 Polymer modified particles prepared by LRP and illustration of the parameter 
space for tailoring the structure and properties of polymer-grafted particles. (Reprinted with 
permission and adapted from 152. Copyright (2014) American Chemical Society.) 
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2.5.2 RAFT polymers for surface modification of particles 

RAFT polymerization has received great interest as a LRP technique because of the 

versatility in reaction conditions, well-controlled polymer properties, the ability to polymerize 

monomers of containing almost any functionality, and the opportunity to take advantage of the 

end-group functionality.158,159 Typically, a RAFT polymerization includes an initiator, monomer, 

RAFT agent and reaction solvent. There are several steps involved in the RAFT polymerization 

mechanism, including initiation, pre-equilibrium, re-initiation, main equilibrium, propagation 

and termination (Figure 2.13). The most important step in the RAFT process is the main 

equilibrium, in which the radicals can be transferred between growing chains to ensure all chains 

propagate equally and hence produce defined molecular weights and a low PDI.160  

 
FIGURE 2.13 Generalized mechanism for RAFT polymerization. 
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FIGURE 2.14 Modification of nanoparticles with RAFT prepared polymers via the “grafting to” 
method: Modification of Au nanoparticles with RAFT polymers with a) and without b) reduction 
of the thiocarbonyl thiol end-groups. c) Modification of GdMOF nanoparticles with in-situ 
reduction of the thiocarbonyl thiol end groups into thiol. (Part c is reprinted with permission and 
adapted from29. Copyright (2009) American Chemical Society.)  

 
More recently, RAFT polymerization has received increasing attention for use in surface 

modification because of its capability to controllably polymerize the widest range of functional 

monomers. Moreover, it is usually conducted under mild conditions without the use of metal 

catalysts (such as those used in ATRP method). Furthermore, the end-group functionalities of 

RAFT-synthesized polymers make them ideal for surface modification of particles via the 

“grafting to” method. The thiocarbonyl thiol end groups that the majority of polymer chains 

prepared by RAFT polymerization have, can interact directly, or be converted into thiols and 

then interact, with a wide range of particles (Figure 2.14).27,28 In the case of the surface 

modification of Au nanoparticles, either method can be used to attach the RAFT polymers to the 
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particles (Figure 2.14 a) and b)). However, in the case of surface modification of MOF 

nanoparticles, it is essential to convert the end group of the RAFT polymer into a thiol to realize 

the coordination between metal ions of the MOF structure and the polymer chains (Figure 2.14 

c)).29 

In order to improve the grafting density, the “grafting from” method can be used as an 

alternative. Benicewicz’s group conducted systematic studies of polymer brushes on silica 

nanoparticles prepared via RAFT polymerization. They were not only able to grow polymer 

brushes on the surfaces of silica nanoparticles with detailed kinetics studies, but also able to 

synthesize bimodal brushes through step-by-step RAFT polymerization (Figure 2.15).158,159,161–

163   

 
FIGURE 2.15 Bimodal polymer brushes prepared by RAFT polymerization on silica 
nanoparticles via a step-by-step process. (Reprinted with permission and adapted from162. 
Copyright (2012) American Chemical Society.) 
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2.5.3 Synthesis of anisotropic particles by RAFT modification 

Surface modification techniques using RAFT polymerization can be applied to particles to 

create anisotropy on the surfaces of nanoparticles. Anisotropic particles164–166 have received 

significant attention in terms of applications in areas such as self-assembly building blocks,167 

Pickering emulsions168 and catalysis.169 Different strategies have been proposed to fabricate 

Janus or patchy particles with differences in morphology, composition and/or surface 

chemistry.164,166,170 Despite the development of many different synthetic methodologies, 

including microfluidic techniques, controlled phase separation, template-directed self-assembly, 

controlled surface nucleation, and toposelective surface modification,171 each methodology can 

essentially be divided into two categories: bulky synthesis or post-functionalization. Bulky 

synthesis offers the advantage of high throughput but suffers from poor versatility compared to 

other systems. Whereas, post-modification has the capability to functionalize particles with 

well-defined functionalities and site-selectivity. Polystyrene dimers with dumbbell shape have 

been prepared reproducibly by seeded emulsion polymerization, one type of bulk synthesis 

method, with low polydispersity, controlled geometries, and batch sizes.172 However, surface 

chemistry anisotropy for these particles has rarely been reported due to the similar properties on 

both lobes of the dumbbell. By incorporating 3-(trimethoxysily) propyl acrylate (TMSPA) during 

the synthesis of polystyrene dimers, the rich chemistry of silanes can be utilized to modify these 

systems. For example, the amphiphilicity of dimers can be changed by introducing hydrocarbon 

chains of different length on one lobe of the dimers.169  

RAFT polymerization, as discussed above, shows high compatibility with a wide range of 

monomers compared to other LRP techniques. Therefore, interesting properties, such as 

stimuli-responsive behavior, can be introduced when functional polymers with controllable 
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molecular weight are used for surface modifications. Moreover, the end-groups embedded in 

RAFT agents can facilitate their conjugation onto particle surfaces. With all the advantages of 

RAFT polymerization and the success in surface modification of inorganic nanoparticles, such as 

MOFs,29 silica particles,163 and metal nanoparticles,27,173 RAFT polymerization based particle 

surface modification was transferred to polymeric particles with geometric anisotropy. This 

combination will generate anisotropic particles in both geometry and surface functionalities, 

where different applications can be explored such as Pickering emulsion stabilizer174, 

stimuli-responsive related phase transfer175 and interface engineering176. 

2.6 Summary 

In conclusion, inorganic and/or organic composite materials have great potential in many 

different applications. As the most intensively studied inorganic families, noble metal 

nanoparticles and MOFs hold excellent properties to find applications in the biomedical area and 

catalysis. In the bioimaging application, multimodal imaging is an emerging topic to offer 

complementary imaging information and hence promote the early diagnosis of cancer. To realize 

this, a feasible approach is to use multi-modal imaging contrast agents. Two interesting 

modalities, MRI and CT, have attracted increasing interest in research and in clinic. The superior 

contrast ability of Au and Gd in CT and MRI make it desirable to find effective method to 

integrate them together. The previous reported Au-Gd composites are highly relied on Gd chelate 

materials, which has limited loading amount of Gd per particle and lack of further modification. 

Therefore, in this research, GdMOF nanoparticles are used instead to make Au-GdMOF 

composites through two different approaches. The strategies utilized in Au-GdMOF composite 

synthesis also find success for other MOF systems. Moreover, in addition to multi-modal 



47 

imaging, heterogamous catalysis performance of the composite materials show promise of the 

methodologies to prepare other MOF-metal composites for other applications.  
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CHAPTER 3 

POLY(ACRYLIC ACID) BRIDGED GADOLINIUM METAL-ORGANIC FRAMEWORK 

GOLD NANOPARTICLE NANOCOMPOSITES AS CONTRAST AGENTS FOR 

COMPUTED TOMOGRAPHY AND MAGNETIC RESONANCE IMAGING  

3.1 Introduction 

The integration of different functional materials into a single nanocomposite generates new 

opportunities to simultaneously achieve the collective functions of both materials and enable 

enhanced performance for a variety of emerging applications, including but not limited to 

catalysis,177–180 renewable energy,181,182 and biomedicine.183–185 Specifically, multi-functional 

nanomaterials have been intensively studied in the area of biomedicine for drug/gene 

delivery,186,187 diagnosis,188,189 and monitoring of treatment.190–192 The unique features of 

nanoparticles distinguish them from conventional small molecule based biomedicine. First of all, 

nanoparticles possess characteristic physicochemical properties, where multiple applications can 

be achieved in one single particle. For example, gold nanoparticles (AuNPs) with certain shape 

and size can be utilized in imaging as well as photothermal therapy.75,192 Secondly, nanoparticles 

can be easily modified with other functionalities (e.g., polymer, targeting ligand) to realize 

multi-modal properties.192 One area in the biomedical field where nanoparticles have received 

considerable interest is in diagnostic imaging. Different types of nanoparticles have been 

investigated for various bioimaging applications, including natural structures (lipoproteins, 

viruses and ferritin),193 metals (Au, Ag, and Pt),194 metal oxides (Fe3O4 and lanthanide 

oxide),195,196 and semiconducting nanostructures (quantum dots),197 where the specific 

nanoparticle chosen is dependent upon the desired imaging modality. 
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Widely used diagnostic imaging techniques include magnetic resonance imaging (MRI), 

computed x-ray tomography (CT), ultrasound, optical coherence tomography, single photon 

emission computed tomography (SPECT) and positron emission tomography (PET). 

Comprehensive diagnostic information is unlikely to be captured using a single technique due to 

the intrinsic limitations in each individual imaging technique.11 Therefore, multi-modal imaging 

techniques are being developed to integrate the advantages of various imaging techniques into 

one system. Common combinations include PET/CT,198 MRI/PET199, CT/SPECT,200 or 

MRI/optical imaging.201 CT, one of the most readily available and cost-effective imaging 

techniques available clinically, provides high-resolution 3D tomography information 

anatomically but has limited soft tissue resolution because of the similar electron density.109 

Whereas, non-invasive MRI exhibits high spatial resolution, unlimited penetration depth and 

provides excellent contrast for soft tissues.202 Given the great advantages of MRI, it still suffers 

from low sensitivity, high cost and is time consuming.9 Therefore, the combination of CT and 

MRI can deliver more accurate and comprehensive diagnostic information by combining the 

specific advantages of each technique. There are basically two approaches to achieve MRI/CT 

bimodal imaging. The first way is to design multi-modal scanners, where a single device 

contains two different imaging modalities. However, developing this dedicated equipment and 

replacing the currently available individual MRI and CT facilities would become costly.110 The 

alternative approach is the use of multi-modal imaging contrast agents.16 However, in order to 

efficiently achieve this goal, new synthetic methodologies must be developed in order to produce 

materials that provide an efficient contrast agent simultaneously in both CT and MRI. 

Gadolinium (Gd), possessing a large magnetic moment and unpaired electrons in the outer 

shell, performs as an excellent positive contrast agent for MRI.203 Whereas, contrast agents for 
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CT are predominantly based on tri-iodobenzene, which can effectively absorb X-rays. 

Unfortunately, the short circulation time of iodinated compounds, owing to the nature of small 

molecules, prevents CT imaging from gathering more advanced information. Moreover, it is 

difficult to further functionalize the small molecules for targeting or other purposes (e.g. adding 

another imaging agent).20,114 AuNPs have been demonstrated to be suitable as a contrast agent 

for CT imaging20 due to their high atomic number, superior absorption coefficient and tunable 

particle size and morphology. A number of studies21,22,120,204 have reported the combination of 

Au nanospheres and Gd chelates for the preparation of multimodal MRI/CT contrast agents since 

the seminal work of Debouttière et al.205 In addition, further studies, such as Gd chelate modified 

gold nanorods or nanospheres122,206,207 and Gd-enriched DNA AuNP conjugates,23 combining Gd 

chelates with Au nanostructures as multimodal MRI/CT contrast agents have been conducted. 

However, all of these reported Gd/Au-based multi-modal contrast agents for MRI/CT imaging 

involve Gd chelate materials. Owing to the small sizes of Gd chelates and constant surface area 

of AuNPs (with given size and concentration), a low magnetic center (Gd3+) payload per particle 

and limited further functionalization of AuNPs for the introduction of targeting or the 

improvement of biocompatibility impede their full potential in biomedical imaging application.24 

In contrast, GdMOF nanoparticles have a larger size and higher Gd3+ payload, thereby offering 

improved retention time and significant higher relaxivities.202 Also, GdMOF nanoparticles can 

be further functionalized with polymers to improve biocompatibility or with targeting ligands to 

make it possible for targeted diagnosis.29  

In this study, based on our previously developed technique for the modification of GdMOF 

nanoparticles with polymers prepared via reversible addition-fragmentation chain transfer 

(RAFT) polymerization,29 we report for the first time the integration of GdMOF nanoparticles, 
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rather than Gd chelates, with AuNPs through poly(acrylic acid) (PAA) chains, which were 

covalently attached to the GdMOF nanoparticles and acted as the substrate for Au3+ 

coordination. After the coordination of Au3+, a reducing agent was used to prepare Au 

nanoparticles within the surface attached PAA. These hybrid GdMOF/Au nanocomposites, 

presenting both excellent MRI and CT responses, show potential application as a bimodal 

imaging contrast agent.  

3.2 Materials and experimental 

The following sections introduced materials used in this Chapter and described the relevant 

experiments and characterization techniques used. 

3.2.1 Materials 

Cetyltrimethylammonium bromide (CTAB) (99%), gadolinium(III) chloride hexahydrate 

(GdCl3•6H2O) (99.999%), terephthalic acid (1,4-bdc) (98%), methylamine aqueous solution (40 

wt.%), sodium salicylate (NaSal) (99.5%), 2,2’-azobisisobutrylnitrile (AIBN) (98%), chloroauric 

acid (HAuCl4·3H2O), sodium borohydride (NaBH4) and hexanol (98%) were purchased from 

Sigma-Aldrich. Heptane (HPLC grade) and N,N-dimethylformamide (DMF) (HPLC grade) were 

purchased from Mallinckrodt Chemicals. Deionized ultrafiltered (DIUF) water and ethanol were 

purchased from Fisher. Acrylic acid (AA) (stabilized with 200 ppm MEHQ, 99.5%) and 

hexylamine (99%) were purchased from Acros Chemicals. AA was distilled under vacuum and 

then stored in a freezer prior to use. AIBN was recrystallized twice from methanol prior to use. 

Unless otherwise noted, all other chemicals were used as received. ISOVUE Multipack-300 

(30% organically bound iodine, lopamidol Injection 61%) was purchased from Bracco 

Diagnostics. Each mL of ISOVUE Multipack-300 provides 612 mg iopamidol with 1 mg 

tromethamine and 0.39 mg edetate calcium disodium. Magnevist sterile solution (each mL 
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contains 469.01 mg gadopentetate dimeglumine, 0.99 mg meglumine and 0.40 mg 

diethylenetriamine pentaacetic acid) was purchased from Berlex and used as received. 

3.2.2 Instrument and characterization 

Transmission electron microscopy (TEM) was performed on a Philips/FEICM200 with an 

accelerating voltage of 120 kV. Scanning electron microscopy (SEM) was performed on a JEOL 

JSM-7000F with a Thermo Scientific Inc. EDS (energy dispersive x-ray spectroscopy) detector. 

UV-visible spectroscopy was performed on a Thermo Electron Corp., Nicolet Evolution 300 BB 

spectrophotometer with a xenon light source and utilized standard 10 mm quartz cuvettes. 

Fourier transform infrared (FTIR) spectra were collected utilizing a Smart SAGA attachment 

coupled with a Thermo-Electron Nicolet 4700 spectrometer, collecting 16 background scans and 

64 sample scans, and analyzed utilizing Nicolet’s OMNIC software. Zeta potential data for the 

nanoparticles dispersed in water was gathered from a NanoBrook ZetaPALS zeta potential 

analyzer and Smoluchowski model (for aqueous solutions). Inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) data was acquired on a Perkin-Elmer Optima 5300 ICP-AES 

instrument following the EPA 200.7 standardized method. The instrument was calibrated with an 

internal scandium standard and recalibrated if there was greater than 20% drift from the 50 ppm 

concentration. Samples were diluted in a 1% nitric acid solution to give a total volume of 10 mL 

and run against an internal quality control Gd standard from High Purity Standards using a two 

point calibration. Matrix assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-ToF MS) was employed to determine the molecular weight of the PAA. The PAA 

samples were prepared at 5 mg/mL in DIUF water in a sinapinic acid matrix at a mole ratio of 10 

to 3. X-ray diffraction (XRD) on powder nanoparticle samples was performed on a Bruker D2 

Phaser diffractometer using CuKα radiation. Thermogravimetric analysis (TGA) was performed 
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using a TA Q500 equipped with a platinum pan and heated at a rate of 10 °C/ min under air. 

MRI: Samples were placed into a 4.7 Tesla Bruker Pharma Scan MRI with a 31 mm-diameter 

Bruker volume coil. RARE-VTR, to assess longitudinal relaxation time (T1), scan parameters 

were as follows: field-of-view (FOV): 6 cm; slice thickness: 1.5 mm; the repetition time (TR's): 

400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 3000, 4000, 5000, 6500 msec; the echo time 

(TE): 50 msec; number of slices: 2; number of averages: 2; matrix size: 128x128; Flip Angle: 

180 degrees; total acquisition time: 14.1 min.  All images were analyzed with Bruker Paravision 

3.0.2 software. Samples were placed into a Siemens Inveon positron emission tomography–

computed tomography (PET/CT) scanner with low magnification to gather CT images.  Scan 

parameters were as follows: tube voltage (Kvp): 80; current: 500 uA; exposure time: 300 msec; 

magnification: Lo; binning: 4; total acquisition time: 5 min.  Images were analyzed by 

AsiProVM to determine sample intensity. 

3.2.3 Experimental 

Preparation of gadolinium metal organic framework (GdMOF) nanoparticles  

The GdMOF nanoparticles were prepared as reported in literature.52 First, 10g (0.06 mol) 

terephthalic acid was dissolved in 8.34 mL methylamine (40 wt. % in water) solution and the 

resulting methylammonium salt (1,4-bdc) was isolated via solvent removal under reduced 

pressure.  Then 5 mL of a 0.075M (0.0856g, 3.8E-4 mol) 1,4-bdc aqueous solution and 0.05M 

(0.0929g, 2.5E-4 mol) GdCl3 aqueous solution were prepared seperately. Next, 0.0352g (2.2E-4 

mol) NaSal with 14.58g (0.04 mol) of CTAB were mixed with 78.4 mL of 1-hexanol and 721.6 

mL of heptane in a 1L pyrex bottle equipped with a stirring bar. After 10 min vigorously stirring, 

3.6 mL of a 0.075M 1,4-bdc solution was added into the system to allow CTAB to dissolve. 

Finally, 3.6 mL of a 0.05M GdCl3 solution was added into the bottle. The solution was then 
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stirred overnight followed by centrifugation at 5000rpm for 20 min to remove surfactant and any 

unreacted reagents. After discarding the supernatant, the nanoparticles were dispersed in 15 mL 

ethanol, sonicated and then recentrifuged at 5000rpm for 20 min. This was repeated two more 

times. The resulting particles were finally dispersed in 30 mL ethanol and used for further 

modification. This procedure produces one batch (0.05g dipersed in 30 mL ethanol) of GdMOF 

nanoparticles.   

Synthesis of poly(acrylic acid) (PAA) via reversible addition-fragmentation chain transfer 

(RAFT) polymerization  

It has been previously demonstrated that polymers prepared by RAFT polymerization yield a 

thiocarbonylthio end-group functionality that can be reduced to a thiol and used for the 

deposition of the polymer onto GdMOF nanoparticles.29,30 Therefore, the use of RAFT 

polymerization for preparation of the PAA was critical. The RAFT agent S-1-dodecyl 

S’-(α,α-dimethylacetic acid) trithiocarbonate (DATC) was synthesized and purified according to 

the literature procedure.208 AA (40 mL, 0.583 mol) and DMF (90 mL) were added to a Schlenk 

flask and purged in a dry ice bath for 30 min. Then the headspace of the flask was purged for 10 

min. AIBN (0.0686g, 4.18 x 10-4 mol) and DATC (1.5239g, 4.18 x 10-3 mol) were weighed into 

a seperate Schlenk flask and exposed to three vacuum and N2 purge cycles to remove air. The 

AA/DMF solution was then transfered to the AIBN/DATC flask via cannula and reacted for 18 h 

at 60 oC. The resulting polymer mixture was dried at room temperature overnight and then under 

vacuum at 100 oC to remove excess monomer and solvent. (Mn,theoretical=12266 g/mol, 

Mn,experimental = 9765 g/mol, and polydispersity index (PDI) = 1.1). 
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Modification of GdMOF nanoparticles with PAA  

Ethanol (20 mL) and 0.1g of PAA were added to 50 mL round bottom flask, sealed, purged 

with high purity nitrogen for 30 min, and then left under nitrogen. 0.45 mL Hexylamine was 

added to the PAA solution via a syringe and allowed to stir for 1.5-2 h to facilitate reduction of 

the trithiocarbonate polymer end groups to thiol groups. 0.015g GdMOF nanoparticles (9 mL out 

of a 30 mL batch) was mixed with 11 mL of ethanol and transferred into a 50 mL Schlenk flask 

equipped with a stir bar, sealed, purged with nitrogen for 30 min and left under high purity 

nitrogen. The reduced PAA solution was then transferred to the GdMOF nanoparticle solution 

via cannula and the reaction mixture stirred at room temperature under a nitrogen atmosphere for 

24 h. After this time, the unattached polymer chains were removed via three centrifugations 

(5000 rpm, 20 min) with ethanol and once with water, to yield the PAA modified GdMOF 

nanoparticles.  

Synthesis of the hybrid GdMOF-PAA-Au nanocomposites  

1/3 bathches of the PAA deposited GdMOF nanoparticles (i.e. 0.005g GdMOF nanoparticles) 

were dispersed in 10 mL DIUF water in a 25 mL round bottom flask equipped with a stirring bar. 

Then, 0.44 mL of a 0.01M Au precursor (0.0394g, 1E-4 mol, HAuCl4·3H2O in 10 mL DI water) 

aqueous solution was added into the flask with stirring. The mixture was then placed in a 60 oC 

oil bath and stirred for 24 h to facilitate the coordination between Au ions and PAA. After 24 h, 

the solution was taken out from the oil bath and cooled to room temparature. Next, 0.01M 

sodium borohydride was prepared by dissolving 0.0019g (4.98E-5 mol) NaBH4 in 10 mL DIUF 

water in an ice bath. 10 mL of the freshly prepared NaBH4 solution was then added all at once 

into the flask. Stirring was continued for another 10 min. Centrifugation was then applied 

(5000rpm, 20min) with one more washing with DIUF water. 
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Synthesis of the GdMOF supported Au nanocomposites  

The procedure was the same as used to prepare the Gd-PAA-Au nanocomposites, however 

the PAA modified GdMOF nanoparticles were replaced with unmodified GdMOF nanoparticles. 

Briefly, 0.005g (1/10 batches) of GdMOF nanoparticles was dispersed in 10 mL DIUF water in a 

25 mL round bottom flask and followed by addition of 0.44 mL of a 0.01M (0.0394g, 1E-4 mol, 

HAuCl4·3H2O in 10 mL DI water) Au precursor aqueous solution. The mixture was heated in a 

60 oC oil bath for 24 h with stirring. 10 mL of an ice-cold freshly prepared 0.01M (0.0019g, 

4.98E-5 mol, in 10mL DIUF water) NaBH4 solution was added to the mixture solution. The 

reaction was stirred for another 10 min before cleaning The resulting nanocomposites were 

cleaned by centrifuge (5000rpm, 20min) and followed by one more wash with DIUF water. 

3.3 Results and discussion 

The controllable integration of metal nanoparticles (in our case, Au) and MOFs can be 

achieved through different strategies, including loading metal nanoparticles inside the MOF 

cavities,68 encapsulating metal nanoparticles in a MOF shell,8,149 and immobilizing metal 

nanoparticles on the surface of MOFs.209 The first approach is usually accompanied with low 

metal nanoparticle loading because the process is mainly based on the diffusion of metal 

precursors into the pores or channels of MOFs.210 On the other hand, encapsulating metal 

nanoparticles in a MOF shell would overcome the low loading amount, however, this approach 

can be very challenging due to the inherent difference between the two components. Even 

though some literature89,90,145 has reported the successful formation of metal nanoparticle 

core-MOF shell morphology, to the best of our knowledge, none of them have reported the use 

of a lanthanide (e.g, Gd) MOF shell. This is most likely due to the complex coordination 

environment associated with lanthanide ions.211 The third approach for the integration of metal 
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nanoparticles and MOFs is similar to our approach outlined below, where the metal nanoparticles 

are distributed on the surface of MOFs. However, the weak interaction between the MOF 

substrate and the metal nanoparticles in the methods reported so far, commonly leads to 

agglomeration of metal nanoparticles.67,209  

3.3.1 General introduction of synthetic route 

In an attempt to overcome some of the limitations mentioned in each of the above methods, a 

two-step protocol (Scheme 3.1), involving polymer modification of the surface of the GdMOF 

nanoparticles, was designed to increase the affinity between AuNPs and the GdMOF. In the first 

stage in this process, PAA is attached to the surface of the GdMOF nanoparticles via the 

modified end group of the polymer. The second stage involves interaction of Au ions 

([AuClx(OH)4-x]–) to the carboxylate groups on the PAA through complexation and the 

subsequent reduction of the Au ions to AuNPs. The employment of PAA as a bridge will offer a 

stronger interaction between the GdMOF and the AuNPs, which can resolve the agglomeration 

issue as discussed earlier. Moreover, PAA with repeated carboxylic acid groups in the polymer 

chain should facilitate the amount of Au loaded. 

 
SCHEME 3.1. A schematic of the synthestic procedures for a) deposition of PAA onto GdMOF 
nanostructures, b) loading of Au ions onto PAA modified GdMOF nanostructures, followed by c) 
reduction of the Au ions to Au nanoparticles. d) A schematic representation of the structure of 
the hybrid GdMOF-PAA-Au nanostructures. The GdMOF core is shown in blue, the PAA chains 
as light blue chains and the AuNPs in gold. 
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3.3.2 Synthesis of GdMOF nanoparticles 

The GdMOF nanoparticles were synthesized using a reverse microemulsion process as 

reported in literature.119 The magnetic center (Gd3+) was provided via GdCl3 while the bridging 

ligand was 1,4-bdc. In order to obtain the desired morphology and prevent the aggregation of the 

GdMOF nanoparticles, CTAB was introduced as the surfactant. A water to surfactant molar ratio 

of 10 was employed to yield nanoparticles that were 155 +/- 30 nm in length and 30 +/- 11 nm in 

width (Figures 3.1 a) and b)). Powder X-ray diffraction (PXRD) was utilized to determine the 

crystal structure of the GdMOF nanoparticles. The XRD pattern (Figure 3.3 c) black curve) 

showed that they were crystallized into a Gd(bdc)1.5(H2O)2 structure, similar to the bulk phase of 

Tb(bdc)1.5(H2O)2 that has been previously reported.212 Furthermore, the FTIR spectrum of the 

unmodified GdMOF (Figure 3.2 a) black curve) showed that the nanoparticles are composed of 

Gd3+ and 1,4-bdc, as evidenced by the characteristic stretches of the carboxylate and aromatic 

ring of the 1,4-bdc bridging ligand at 1400 cm-1, 1538 cm-1 and 3065 cm-1. The coordinated water 

was also confirmed as a broad peak centered at 3460 cm-1. 

 
FIGURE 3.1. a-b) TEM images of unmodified GdMOF nanoparticles, c-d) TEM images of PAA 
modified GdMOF nanoparticles. 
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3.3.3 Synthesis of PAA with RAFT polymerization and surface modification of GdMOF 

nanoparticles with PAA 

PAA (Mn, theoretical = 12266 g/mol, Mn, experimental = 9765 g/mol, and PDI = 1.1) with a 

trithiocarbonate end group was prepared via RAFT polymerization employing DATC as the 

RAFT agent. The FTIR spectrum of homopolymer PAA is shown in Figure 3.2 a) (red curve). 

There are two representative peaks at 1700-1 and 1635 cm-1, which correspond to the protonated 

and deprotonated form of the carboxylate group, respectively. The trithiocarbonate end group of 

the PAA was then reduced to a thiol group using hexylamine,28,173 which enables the subsequent 

deposition of the PAA chains onto the GdMOF nanoparticles (Scheme 3.1 a)). The prepared 

PAA modified GdMOF nanoparticles were initially characterized using TEM. As can be seen in 

Figure 3.1 c) and d), the PAA coating on the nanoparticles is difficult to observe as PAA and the 

GdMOF nanoparticles have a similar electron density and, hence, similar contrast in the TEM. 

However, when comparing the FTIR spectra of unmodified GdMOF, PAA and PAA modified 

GdMOF nanoparticles (Figure 3.2 a)), it was demonstrated that PAA was successfully deposited 

to GdMOF surfaces. This is evidenced by the representative peak at 1700cm-1 from the 

carboxylic acid groups of PAA along with the C-H stretches at 2800-3000 cm-1 from the 

backbone of PAA chains, which is also present in the PAA modified GdMOF nanoparticles 

(black arrows in Figure 3.2 a) for the blue curve). 

To further demonstrate the successful surface modification of the GdMOF nanoparticles with 

PAA, the zeta potential of the particles, both unmodified and polymer modified, in aqueous 

suspensions was determined. Before PAA modification, the surface charge for GdMOF 

nanoparticles was positive (13.0±1.1 mV), which is mainly due to the Gd3+ at the surface of the 

nanoparticles. After the PAA was deposited on the GdMOF nanoparticles, the zeta potential 
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changed to negative (-9.1±1.5 mV). The negative charge is a result of the deprotonated 

carboxylic acid group of the PAA (pKa of approximately 4.5213) in deionized water (pH = 6.57). 

To further demonstrate the attachment of the PAA to the GdMOF nanoparticles and also estimate 

the grafting density, TGA was performed. As shown in Figure 3.2 b), the weight loss around 150 

°C to 200 °C, which is present in both the unmodified GdMOF and the PAA modified GdMOF 

nanoparticles, was due to the coordinated water within the GdMOF nanoparticle structure. 

However, the PAA modified GdMOF nanoparticles demonstrated a weight loss of approximately 

7% between 350 to 500 oC that was not observed in the unmodified GdMOF nanoparticles. This 

weight loss difference was attributed to the PAA on the surface of the GdMOF nanoparticles, 

which provides further evidence of successful polymer modification of the nanoparticles. Based 

on the TGA data, the grafting density was calculated to be 0.09 chains/nm2. This value is slightly 

lower than the polymer brushes system that are reported in literature,29 but it is reasonable 

because of the “grafting to” technique. 

 
FIGURE 3.2 a) FTIR of unmodified GdMOF nanoparticles (black), homopolymer PAA (red) 
and PAA modified GdMOF nanoparticles (blue). b) TGA of unmodified GdMOF nanoparticles 
(blue), and PAA modified GdMOF nanoparticles (red). 

 
To demonstrate that the surface modification process does not change the morphology or 

structure of the GdMOF nanoparticles, different characterization techniques were carried out 

before and after the PAA modification. First of all, as shown in Figures 3.1 c) and d), TEM 
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images indicate that the GdMOF nanoparticles (compared to Figures 3.1 a) and b)) have good 

morphological stability after going through the modification process. Moreover, XRD 

demonstrated that the peak position and intensity were not changed after PAA modification 

(Figure 3.3 a) red curve). The combination of all of these results confirms the PAA was 

successfully deposited on the surface of the GdMOF nanoparticles and that the structure and 

morphology of the GdMOF nanoparticles was well maintained. 

 
FIGURE 3.3 a) XRD patterns for GdMOF before and after PAA deposition. b) Structure 
illustrating the repeating unit, which is Gd(1,4-bdc)1.5(H2O)2, for GdMOF structure. 

 
3.3.4 Load AuNPs onto PAA-modified GdMOF nanoparticles 

The incorporation of the PAA on the surface of the GdMOF nanoparticles allows for the 

binding of metal ions to the carboxylic acid functionality present on the PAA in aqueous 

solution. Subsequently inorganic nanoparticles can be obtained and bound to the polymer chains 

by reduction of the metal ion modified PAA.27,214 TEM images (Figures 3.4 a)) clearly show 

highly dispersed Au nanoparticles on the PAA modified GdMOF nanoparticles, with an average 

diameter of 4.5 ± 1.3 nm (Figure 3.4 b)), when the HAuCl4 precursor was used to load the Au 

ions onto the PAA. To show the importance of the PAA coating in producing the nanocomposite 
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structure, coordination of Au ions to the unmodified GdMOF nanoparticles was attempted. These 

results show when the GdMOF nanoparticles are modified with PAA, the AuNPs are well 

dispersed on the surface of the nanoparticles (Figure 3.4 d)). Whereas, when unmodified 

GdMOF nanoparticles are used in the same process, the majority of the GdMOF nanoparticles 

have no AuNPs attached and the presence of physically separated AuNPs was also observed 

(Figure 3.4 c)). Hence, it was concluded that the PAA deposition on GdMOF nanoparticles is a 

crucial step for both loading the Au3+ ions and formation of the AuNP/GdMOF nanocomposite.   

 
FIGURE 3.4 a) TEM images of hybrid AuNP/GdMOF nanocomposite with HAuCl4 as the gold 
precursor, where the darker (black) dots are the AuNPs. b) The size distribution of AuNPs on 
PAA modified GdMOF nanoparticles were analyzed by measuring 200 AuNPs from TEM 
images. TEM images of c) GdMOF particles mixed directly with 0.44 mL 0.01M HAuCl4 
solution, d) PAA modified GdMOF nanoparticles, stirred for 24 h with subsequent reduction of 
Au ions. 

To further characterize this system, UV-visible spectra were collected for the unmodified 

GdMOF nanoparticles, the PAA modified GdMOF nanoparticles, and the hybrid AuNP/GdMOF 

nanocomposites (Figure 3.5 a)). All three samples show a similar absorbance around 240 nm and 

a shoulder around 300nm, which belong to the 1,4-bdc bridging ligand (the UV-vis spectrum of 
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pure 1,4-bdc is shown in Figure 3.5 c)). However, while the UV-vis spectra of the unmodified 

and PAA modified GdMOF nanoparticles then decline to baseline from 300 nm to 1000 nm, a 

small peak was observed around 520 nm for hybrid AuNP/GdMOF nanocomposite. In order to 

clearly display this difference, the UV-vis spectra were normalized and expanded from 400 nm 

to 700 nm in Figure 3.5 b). After normalization, the unmodified and the PAA modified GdMOF 

nanoparticles show identical absorbance across this range, since the PAA has no absorbance. 

However, the spectrum for the AuNP/GdMOF nanocomposite has a characteristic peak at 521 

nm that matches the absorbance peak displayed in the UV-vis spectrum of independently 

prepared approximately 4 nm AuNPs (Figure 3.5 d) and e)). As such, the size predicted from 

UV-vis of the AuNP/GdMOF nanocomposites spectrum corresponds well with the size 

determined from TEM images.  

 
FIGURE 3.5 a) UV-vis spectra of unmodified GdMOF (solid black curve), PAA modified 
GdMOF (green dash curve), and hybrid AuNP/GdMOF nanocomposite (solid red curve). b) 
Normalized and zoomed in UV-vis spectra of all three samples from the blue dashed rectangle in 
a). c) UV-vis spectrum of 1,4-bdc. d) UV-vis spectrum of a solution of 4 nm AuNPs and e) TEM 
images for the 4 nm AuNPs (inset is the TEM image with higher magnification). 
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3.3.5 MRI and CT contrast capability test with GdMOF-Au nanocomposite 

To evaluate the performance of the AuNP/GdMOF nanocomposite as a multimodal contrast 

agent for MRI and CT, a series of aqueous solutions at different dilutions were analyzed using a 

Bruker Pharma Scan MRI instrument at 4.7 T and a Siemens Inveon PET/CT scanner with low 

magnification at 80 Kvp. The MRI results demonstrate that with increasing Gd concentration 

(3.34 ppm, 15.75 ppm and 33.4 ppm), the brightness of both the unmodified GdMOF 

nanoparticles and the AuNP/GdMOF nanocomposite increased (Figures 3.6 a) and b)). These 

results also demonstrate that both the unmodified GdMOF nanoparticles and the AuNP/GdMOF 

nanocomposite offer brighter images than the chelate based Gd contrast agent, Magnevist, even 

at lower concentrations (Figure 3.6 c)). When comparing the modified and unmodified GdMOF 

nanoparticles, in each case, samples with a similar concentration of Gd demonstrated a similar 

contrast in MRI. From the MRI studies, the longitudinal relaxation time (T1) for each sample was 

determined and used to calculate the longitudinal relaxivity (r1) for the different GdMOF 

nanoparticle samples (Figures 3.6 d), e) and f)). The r1 for the unmodified GdMOF and the 

AuNP/GdMOF nanocomposite are 4.5 mM-1·s-1 and 4.9 mM-1·s-1, respectively. The similar r1 

values indicate that the MRI contrast ability of the AuNP/GdMOF nanocomposite was not 

hindered by the modification procedure. Furthermore, the r1 of Magnevist was only 3.5 mM-1·s-1 

at a similar Gd concentration, which demonstrates the slightly improved performance of the 

GdMOF nanoparticles.  

To determine the effectiveness of the AuNP/GdMOF nanocomposite as an imaging agent for 

CT imaging, CT images were gathered by using the dispersion of the AuNP/GdMOF 

nanocomposite in water with different concentrations of Au. The results were also compared 

with the clinically used iodine-based CT contrast agent Omnipaque and 12 nm bare AuNPs. The 
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nanocomposites show promising CT contrast capability with very low Au concentration (only at 

1.66 mg/mL). The contrast was comparable with iodine based contrast agents with similar 

concentration (all the images circled out in Figure 3.6 g)). Also, the contrast was similar for the 

bare AuNPs and AuNP/GdMOF nanocomposite at a similar Au concentration. This further 

demonstrates that the CT imaging contrast only relies on the Au concentration rather than 

morphology or sizes of the nanoparticles. We envision that the contrast could be further 

improved by increasing the overall Au concentration. 

 
FIGURE 3.6 T1-weighted MRI images of: a) unmodified GdMOF nanoparticles, b) 
GdMOF/AuNP nanocomposites, and c) chelate based Gd contrast agent (Magnevist) at various 
Gd concentrations in DIUF water. Relaxation rate (1/T1) of: d) unmodified GdMOF 
nanoparticles and e) AuNP/GdMOF nanocomposite and f) chelate based Gd contrast agent 
(Magnevist) as a function of the concentration of Gd. g) CT images of: pure AuNPs, 
Gd-PAA-Au composite and the iodine-based contrast agent Omnipaque with different Au or 
iodine concentration. All concentrations are listed on top of each sample’s CT image. 
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3.4 Conclusions 

We have reported the preparation of a dual-modal imaging contrast agent, AuNP/GdMOF 

nanocomposite, which could be used in both MRI and CT. The AuNP/GdMOF nanocomposite 

were successfully synthesized through deposition of PAA onto the surface of GdMOF 

nanoparticles followed by coordination and reduction of Au3+ ions. Results demonstrated that the 

PAA was critical to the formation of the AuNPs on the GdMOF nanoparticles. The formed 

AuNPs were highly dispersed on surface of the GdMOF nanoparticles, with an average diameter 

of 4 nm. To demonstrate the effectiveness of the AuNP/GdMOF nanocomposites, MRI results 

show that the r1 was 4.9 mM-1·s-1, which is close to that of the unmodified GdMOF nanoparticles 

(r1 = 4.5 mM-1·s-1). Meanwhile, the AuNP/GdMOF nanocomposites also enhance the contrast of 

CT imaging when the Au concentration is as low as 1.66 mg/ml. 
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CHAPTER 4 

CONTROLLABLE GOLD NANOROD CORE-GADOLINIUM METAL ORGANIC 

FRAMEWORK SHELL NANOCOMPOSITES AS A MULTI-MODAL CONTRAST AGENT 

FOR MRI AND CT 

4.1 Introduction 

Noble metal nanoparticles, especially gold nanoparticles (AuNPs), have unique 

physiochemical properties due to the ability to tune their localized surface plasma resonance 

(SPR) behavior by altering the size, shape and composition of the NPs.215 This distinctive 

phenomenon shows great promise for numerous applications, such as catalysis,131,216 

biosensing,74,93 photothermal therapy,7,96,217 and bioimaging.75,77,78 However, the high surface 

energy caused by the large surface area of the metal nanoparticles, often leads to agglomeration, 

which limits their full potential in various applications.88 Therefore, different capping agents, 

such as ionic surfactants,80,218 polymer stabilizers,81,219,220 mesoporous silica,85,144 and carbon,144 

have been developed to stabilize metal nanoparticles. In addition to incorporate a protecting 

agent on the surface, it is desirable that the protecting agent is also a functional material thus 

enabling multifunctional properties.  

One way this can be achieved is by integrating metal nanoparticles with metal-organic 

frameworks (MOFs) as composites. Different from mesoporous carbon or silica, MOFs are 

highly porous structures prepared through selective combination of metal centers with organic 

linkers.39 By selecting appropriate inorganic and organic building blocks, not only provides 

MOFs with the desired pore size and shape,36 but also allows for the introduction of 

multifunctional properties, such as catalytic properties,135 biomedical imaging,53 and gas 

storage.41  
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In Chapter 3, the applications of a composite material based on AuNPs deposited on polymer 

modified GdMOFs as dual-modal contrast agents for magnetic resonance imaging (MRI) and 

computed tomography (CT) was discussed. In that case, we found that the composite material 

delivered reasonable CT and MRI performance. However, there is still potential to further 

improve these types of nanocomposites. The improvement primarily originates from 

improvements in the materials design and includes maximizing the interfacial area, providing 

better control over the ratio between Au and Gd in the composite, and controlling the surface 

functionality. With this in mind, developing an approach to coat AuNPs with GdMOF will 

maximize the interfacial contact, provides a method to control the ratio between Au and Gd by 

controlling the AuNP size and the thickness of the GdMOF coating, and also provide a GdMOF 

surface that can be modified with polymers using the process described in the previous Chapter. 

As such, the preparation of a core-shell nanostructure where AuNPs are encapsulated in a 

GdMOF appears to offer many advantages in the development of new multi-modal contrast 

agents. 

There have been many different strategies proposed to generate well controlled metal 

nanoparticle core-MOF shell nanostructures.8,68,89 For example, C. Tsung and coworkers 

synthesized Pd nanoparticle core-ZIF-8 shell (ZIF-8 = zeoliticimidazolate-framework-8) 

nanocomposites, which for the first time obtained the controlled alignment between components 

with lattices in disparate scales, through a surfactant directed alignment method.90 The successful 

integration of Pd nanoparticles with ZIF-8 was based on the cetyltrimethylammonium bromide 

(CTAB) molecular layer on the Pd nanoparticles acting as the bridging ligand between the two 

different components. On the other hand, other groups have reported the preparation of 

core-shell structures by employing the polymer polyvinylpyrrolidone (PVP) to promote the 
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growth of MOF shells through the coordination between the carbonyl group on the pyrrolidone 

rings and metal ions, in addition to the hydrophobic interaction of the apolar groups (methylene 

and methine groups in the ring and along its backbone) of PVP and organic linkers.146,149 In one 

of the reported systems, PVP stabilized nanoparticles of different sizes, shapes, and compositions 

can be encased in ZIF-8 crystals. The nanoparticles can be distributed in a controlled manner by 

altering the addition sequence, either addition at the beginning or after a certain time of MOF 

synthesis. One representative demonstration for spatial distribution was verified by introducing 

two different sizes of AuNPs at different time146. It was found that AuNPs were distributed in 

ZIF-8 with a 34 nm AuNP-rich core and 13 nm AuNP-rich transition layer. 

However, to date all of these core-shell systems have utilized zinc MOFs as the shell, which 

limits the application of these new materials. To the best of our knowledge, a composite 

consisting of a metal nanoparticle core with a lanthanide (e.g., Gd) MOF shell has not been 

reported. It is possible that the high coordination number (usually 7-9) and complicated 

coordination chemistry of lanthanides have prevented the preparation of this type of MOF 

shell.38,212 However, the introduction of a GdMOF shell provides the opportunity to both use the 

nanocomposites as a contrast agent for MRI and modify the surface of the MOF with polymers 

prepared using reversible addition-fragmentation chain transfer (RAFT) polymerization. 

Herein, we use a surface ligand exchange approach to prepare AuNP core-GdMOF shell 

nanostructures. CATB-stabilized Au nanorods (AuNRs), prepared using a three step seed 

mediated process, were treated with mercaptosuccinic acid (MSA), which has a thiol group and 

two carboxylic acid groups. The strong interaction between the AuNRs and the thiol group of 

MSA facilitates the ligand exchange process, while the carboxylic acid functionalities offer 

heterogeneous nucleation sites for the formation and coordination of the GdMOF shell. With the 
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optimized synthetic condition, AuNR core-GdMOF shell nanoparticles were successfully 

produced and the core-shell structure demonstrated promising contrast performance in both MRI 

and CT. The method used for the core-shell synthesis also found success in preparation of other 

MOF shells. 

4.2 Materials and experimental 

The following sections introduced materials used in this Chapter and described the relevant 

experiments and characterization techniques used. 

4.2.1 Materials  

Gold(III) chloride trihydrate (HAuCl4·3H2O, ≥99.9%), hexadecyltrimethylammonium 

bromide (CTAB, BioUltra, for molecular biology, ≥99.0%), silver nitrate (≥99.0%), 

mercaptosuccinic acid (97%), gadolinium(III) chloride hexahydrate (GdCl3·6H2O), sodium 

citrate, L-ascorbic acid, zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99+%),  2-aminoterephthalic 

acid (99%), 2-methylimidazole (99%), 1,2,4-benzenetricarboxylic acid (Trimellitic acid, 

≥99.0%), iron(III) chloride hexahydrate (FeCl3·6H2O ACS reagent, 97%) and 

polyvinylpyrrolidone (PVP, average molecular weight = 10,000) were purchased from 

Sigma-Aldrich. N,N’-dimethylformamide (DMF, HPLC grade) was purchased from Omnisolv. 

Ethanol (200 proof, reagent grade) was acquired from Pharmco-AAPER. Terephthalic acid 

(benzene-1,4-dicarboxylic acid, 99+%) was obtained from Acros Organics. Nitric acid (for trace 

element analysis, 68-70%) was ordered from Mallinckrodt Chemicals. All other chemicals 

including sodium borohydride (NaBH4) and deionized ultra-filtered (DIUF) water were 

purchased from Fisher. All reagents were used as received without further purification. 
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4.2.2 Instrumentation and characterization 

UV-visible (UV-vis) spectroscopy was performed on a Thermo Electron Corp., Nicolet 

Evolution 300 BB spectrophotometer with a xenon light source and utilized standard 10 mm 

quartz cuvettes. Zeta potential data was gathered from a NanoBrook ZetaPALS zeta potential 

analyzer using Smoluchowski model (for aqueous solutions). Au and Gd concentrations were 

determined by inductively coupled plasma mass spectrometry (ICP-MS) analysis (NexION 

300D, Perkin Elmer). Samples were digested (heated at 100oC in oven) with 50% nitric acid for 

1 h prior to analysis. The ICP-MS was optimized using a standard tuning solution (10 µg L-1 Be, 

Ce, Fe, In, Li, Mg, Pb, U) to optimize for torch alignment, nebulizer gas flow, and deflector 

voltage to ensure the highest sensitivity. Au and Gd standards (SPEX Certiprep) of 1, 10, 50, and 

100 µg L-1 concentrations were prepared in 2% nitric acid (optima grade, Fisher scientific) to 

generate a calibration curve. A 10 µg L-1 indium internal standard (High Purity standards) was 

used throughout the run. Transmission electron microscope (TEM) images were taken from a 

Philips (FEI) CM200 TEM instrument. Diluted samples in water or ethanol were dropped onto 

carbon film supported copper grids and dried before TEM characterization. High-resolution 

TEM images, scanning transmission electron microscopy (STEM) images and energy dispersive 

x-ray spectroscopy (EDS) spectra/maps were obtained using a 200 kV TitanX (S)TEM equipped 

with the windowless SDD Bruker SuperX EDS detector and FEI double tilt ultra-twin low 

background sample holder. MRI: Samples were placed into a 4.7 Tesla Bruker Pharma Scan 

MRI with a 31 mm-diameter Bruker volume coil. RARE-VTR, to assess longitudinal relaxation 

time (T1), scan parameters were as follows: field-of-view (FOV): 6 cm; slice thickness: 1.5 mm; 

the repetition time (TR's): 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 3000, 4000, 5000, 

6500 msec; the echo time (TE): 50 msec; number of slices: 2; number of averages: 2; matrix 
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size: 128x128; flip angle: 180 degrees; total acquisition time: 14.1 min.  All images were 

analyzed with Bruker Paravision 3.0.2 software. Samples were placed into a Siemens Inveon 

positron emission tomography–computed tomography (PET/CT) scanner with low magnification 

to gather CT images.  Scan parameters were as follows: tube voltage: 80 Kvp; Current: 500 uA; 

exposure time: 300 msec; Magnification: Lo; binning: 4; total acquisition time: 5 min.  Images 

were analyzed by AsiProVM to determine sample intensity. 

4.2.3 Experimental 

Synthesis of Au nanorods (AuNRs) 

AuNRs were synthesized using the seed-mediated method reported in literature143,221 with 

minor modifications. Briefly, stock solutions of the surfactant CTAB and the gold precursor 

were prepared in advance. The 0.1M surfactant solution was prepared by dissolving 4.009 g 

(1.1E-02 mol) of CTAB in 110 mL DIUF water by heating in a 50 oC water bath with stirring. 

The 0.01M HAuCl4 solution was prepared by dissolving 0.1969 g (0.5 mmol) HAuCl4•3H2O in 

50 mL DIUF water and was subsequently stored in the fridge for future use. CTAB-capped seed 

AuNPs were prepared by chemical reduction of HAuCl4 with NaBH4. First, 9.75 mL of the 0.1M 

CTAB stock solution was mixed with 250 µl of 0.01M HAuCl4 in a 20 mL scintillation vial. 

Then 0.6 mL of a freshly prepared ice-cold 0.01M NaBH4 solution (0.0038 g, 0.1 mmol NaBH4 

in 10 mL DIUF water) was added to the 20 mL scintillation vial, followed by 10 min vigorous 

stirring. After this time, the seed solution was aged without stirring at room temperature for 1.5 h 

prior to use. The growth solution of AuNRs consisted of a mixture of 95 mL 0.1M CTAB 

solution and 5 mL 0.01M HAuCl4 aqueous solution. Silver nitrate was used to selectively absorb 

specific facets and facilitate the formation of rods rather than spheres. Ascorbic acid, a weak 

reducing agent, was also employed to reduce Au3+ to Au+ before further reduction into Au atom. 
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To do this, 0.7 mL of a 0.01M AgNO3 solution (0.0170 g, 0.1 mmol in 10 mL DIUF water) and 

0.55 mL of a 0.1M ascorbic acid solution (0.0881 g, 0.5 mmol in 5 mL water) were mixed with 

the growth solution. Once ascorbic acid was mixed with the growth solution, the growth solution 

turned from a yellowish color to colorless, which indicates the successful reduction of Au3+ to 

Au+. The formation of AuNRs was initiated by adding 0.12 mL seed solution and the 

temperature was kept at 27 oC (water bath) to avoid crystallization of the CTAB. The reaction 

mixture sat in the water bath overnight without stirring. The AuNRs were cleaned by 

centrifugation at 14000 rpm for 10 min. To remove the excess CTAB and any unreacted 

reagents, the centrifugation was repeated 3 more times with water washing. The number of 

AuNRs produced in each batch was calculated based on the moles of Au precursor used and the 

size of AuNRs from TEM images. Three assumptions were made in this calculation: (1) all of 

the Au precursors were reduced into AuNRs; (2) the shape of AuNRs was assumed to be a 

cylinder; and (3) AuNRs were highly monodispersed, that is, lengths and diameters used in 

calculation were the average values by counting one hundred of AuNRs from TEM images. This 

procedure produces one batch of AuNRs (approximately 6.42E+13 particles per batch). 

Synthesis of citrate-stabilized Au nanospheres 

7.5 mL of a 0.01M HAuCl4•3H2O solution was diluted to 300 mL and then added into a 500 

mL three-neck round bottom flask equipped with a stir bar. The solution was heated to 100 oC 

with refluxing and stirring. When the temperature reached 100 oC, 3.6 mL of a 1.14 wt. % 

trisodium citrate solution (0.114 g in 10 mL water) was added into the flask. The solution was 

heated for another 15 min while stirring. Then the particles were then cleaned by centrifuge at 

14000 rpm for 15 min and repeated with water wash three more times. 
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Surface modification (ligand exchange) of CTAB-capped AuNRs with MSA 

To start, 0.1 g (0.67 mmol) MSA was dissolved in 5 mL DIUF water. Then 1/5 batch 

(approximately 1.28E+13 particles) AuNRs were dispersed in 0.5 mL water and added into the 

MSA solution. The mixture was stirred for 24 h at room temperature. The MSA-capped AuNRs 

were then cleaned with water three times by centrifuge at 14000 rpm for 10 min each time. The 

MSA-capped AuNRs were centrifuged down to a pellet before coating with GdMOF shell. 

Synthesis of AuNR core-GdMOF shell nanocomposites 

For a typical core-shell structure synthesis procedure, 0.25 g PVP (M.W ~ 10,000) was 

dissolved in 6 mL DMF and 4 mL ethanol with sonication. GdMOF precursors were prepared by 

dissolving 0.008 g (2.25E-05 mol) GdCl3•6H2O and 0.001 g (0.9E-05 mol) 1,4-bdc in 10 ml 

DMF/ethanol (1/1, v/v) separately. Then 1 mL of a 0.225 mM GdCl3•6H2O solution was mixed 

with 1/5 batch (approximately 1.28E+13 particles) AuNRs for 10 min to facilitate the 

coordination between the MSA ligand and Gd3+ before mixing with other reagents. Meanwhile, 

the PVP and 1,4-bdc solutions were mixed in a 50 mL Teflon autoclave. The Gd3+ coordinated 

MSA-AuNRs were then transferred into the autoclave. The mixture was mixed well and then 

placed in the oven at 140 oC for 13 h. The resulting core-shell nanoparticles were centrifuged and 

further cleaned with DMF twice and ethanol once (centrifugation at 14000 rpm for 10 min each 

time). All other control experiments were based on this procedure by changing one or two 

reaction parameters each time. These parameters include GdCl3 and 1,4-bdc concentrations, 

reaction temperature, Au nanoparticles with different capping agents and PVP concentration. 

4.3 Results and Discussion 

Controllable integration of inorganic nanoparticles and MOFs could produce various 

multifunctional materials with novel properties.8 Core-shell morphologies have the advantage of 
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preventing agglomeration of the nanoparticles, which preserves their desired properties and 

performance, both of which are dependent on the shape and size of the nanoparticles. Moreover, 

coating metal nanoparticles with a MOF shell can lead to multifunctional properties by taking 

advantage of the MOF structure. Due to the tremendous potential of these core-shell 

nanostructures, there is an emerging interest to develop effective synthetic methods to 

encapsulate nanoparticles with a MOF shell.60,87,89 In spite of these efforts, to the best of our 

knowledge metal nanoparticle core-lanthanide MOF shell composites with well-defined 

morphology have not been reported. Here, we report a ligand exchange method to form a 

GdMOF shell preferentially on AuNRs through coordination interactions of the ligand and Gd3+ 

ions. 

4.3.1 General introduction of synthetic route 

To integrate AuNRs and GdMOFs together to produce a well-controlled core-shell 

morphology, it is important to tune the surface chemistry to bridge the two different components 

together. As such, it is important that the surface of the AuNRs is able to promote and stabilize 

growth of the GdMOF structure. As discussed in the previous chapter, the GdMOF structure was 

formed by bridging Gd3+ ions together using the dicarboxylate functional 1,4-bdc ligand. As 

such, it was hypothesized that incorporating carboxylate groups on the surface of the AuNRs 

would introduce heterogeneous nucleation sites for the formation and coordination of the 

GdMOF shell. To realize this, the CTAB stabilized AuNRs need to undergo a ligand exchange 

process to remove the CTAB from the surface of the nanorods and replace it with a carboxylic 

acid functional molecule. Due to the strong interaction of thiols with gold, it was proposed that 

the desired modification could be achieved by treating the CTAB stabilized AuNRs with a MSA 
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solutions (Figure 4.1), as the stronger interaction between the Au surface and the thiol group 

promotes the exchange of surface functional groups.  

 
FIGURE 4.1 Schematic of the synthetic route for AuNRs core-GdMOF shell structures by 
modifying the surface of AuNRs. The as-synthesized AuNRs are stabilized with the CTAB 
surfactant bilayer (left). The CTAB was replaced with MSA via ligand exchange (middle) and 
eventually coated with a uniform GdMOF layer (right). 

 
4.3.2 Synthesis of AuNRs 

When applying AuNPs as CT contrast agents, the morphology (either spherical or rod-like) 

does not dramatically affect the contrast capability of the nanostructures because CT is based on 

X-ray attenuation, which only corresponds to the concentration of Au. However, AuNRs were 

utilized in our study for two reasons. Firstly, even though the spherical structure is more 

energetically favorable, monodispersed Au nanospheres with diameter larger than 40 nm are 

difficult to synthesize in large scale.99,218,222 On the contrary, AuNRs with tunable aspect ratio 

and high monodispersity have been well developed in the past.223–225 This is potentially 

important for the in vivo application of these materials. It is well-documented that nanoparticles 

with a size of approximately 100 nm have improved circulation times and introduce passive 

targeting, in the case of cancer diagnosis, via the enhanced permeation and retention effect.226,227 

Secondly, AuNRs have two SPR bands, where a strong band at longer wavelengths is due to the 

longitudinal electron oscillation and a weak band around 520 nm originates from the transverse 
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electronic oscillation (the detailed reasons for the SPR effect were introduced in Chapter 2). The 

band around 520 nm can also be found for gold nanospheres. However, the unique longitudinal 

band can only be found in AuNRs and has a tunable optical absorption window (650 nm-900 

nm) by changing the aspect ratio. When the longitudinal band is adjusted to the near-infrared 

(NIR) region, the potential application in photo-thermal therapy introduces further functionality 

to the core-shell nanocomposite and potentially allow them to be used as a theragnostic 

device.217 Highly monodispersed AuNRs with an average length around 54 ± 5 nm and width 

about 20 ± 2 nm (Figure 4.2 a) and b)) were synthesized by the seed-mediated method. As 

expected, two SPR band were observed in the UV-visible spectrum with a transverse band at 520 

nm and a longitudinal band at 675 nm (Figure 4.2 c)). 

 
FIGURE 4.2 a) TEM images of AuNRs, b) AuNRs length distribution by counting 100 particles 
from TEM images (average length 56 ± 6 nm) and c) UV-vis spectrum of AuNRs dispersed in 
water.  

 
4.3.3 Ligand exchange effect on core-shell structure 

During the synthesis of the AuNRs, it is critical to introduce CTAB as the surfactant in order 

to help control the morphology and also stabilize the nanorods in solution. CTAB absorbs as a 

bilayer on the surface of AuNRs and stabilizes the nanostructure (left schematic drawing in 

Figure 4.1).228 The self-assembled CTAB molecules have previously been reported as a template 

to control the alignment between metal nanoparticles and MOF materials. Hu et al. demonstrated 

that the CTAB molecular layer was able to bridge the interaction between metals (Pd, Au) and 
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zeoliticimidazolate-framework-8 (ZIF-8) and formed single metal nanoparticle core and MOF 

shell structures.90 As such, an attempt was made to use a similar technique to coat the as 

synthesized AuNRs with a GdMOF shell. However, this method to produce an AuNRs 

core-GdMOF shell structure, was not successful. As shown in Figure 4.3 a) and d), when CTAB 

stabilized AuNRs were used to form the GdMOF shell, even though a thin shell of GdMOF 

could be formed on the CTAB stabilized AuNRs, the nanorods agglomerate and fuses into each 

other after the synthesis. The failure of this previously reported method in producing well 

defined core-shell structures in our system is most likely due to the difference between the 

crystalline structures of ZIF-8, used in the reported work, and our GdMOF. It was demonstrated 

that when ZIF-8 was formed on the surface of metal nanoparticles; there was a lattice alignment 

between the Pd or AuNPs and ZIF-8. However, in our case the GdMOF, with a different 

crystalline structure, might not be able to be tuned to realize such an alignment. 

In order to further investigate the effect of surface functionality on coating the AuNPs with a 

GdMOF, an alternative approach was carried out in our study by conducting surface 

modification of the AuNPs. To enhance the interaction between the AuNPs and the GdMOF 

shell, it is important to modify the surface of the nanoparticles with molecules that can 

preferentially absorb (or interact with) Gd3+ ions. As mentioned previously, the GdMOF itself is 

formed through interaction between Gd3+ ions and carboxylate functional groups of bridging 

ligand (1,4-bdc). Therefore, sodium citrate stabilized AuNPs were employed to synthesize the 

AuNP core-GdMOF shell structure, as the sodium citrate molecule contains the required 

carboxylate functional groups. However, in this case, Au nanospheres rather than AuNRs were 

used because: (1) nanorods cannot be synthesized using sodium citrate as stabilizer; and (2) to 

change the CTAB-stabilized AuNRs to citrate-stabilized AuNRs is not an efficient process. From 
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the TEM images (Figure 4.3 e)) and h)), once again, only a thin layer of GdMOF was created on 

the surface of the citrate stabilized AuNPs and there also appears to be some aggregation of the 

NPs. Therefore, it was concluded that a citrate surface layer was not conducive to producing the 

desired core-shell structure.  

 
FIGURE 4.3 TEM images of AuNPs stabilized with different molecules: a) CTAB, b) sodium 
citrate and c) MSA. TEM images of AuNP core-GdMOF shell prepared with different surfactant 
stabilized AuNPs seed: d) CTAB-AuNRs seed, e) citrate-Au nanospheres seed and f) 
MSA-AuNRs. g, h, i) TEM images of sample d, e, f) with lower magnification to investigate the 
agglomeration effect. 

 
As an alternative approach, MSA, which has a thiol group and two carboxylic acid groups, 

was used to stabilize the AuNRs via a ligand exchange process with the as synthesized CTAB 



80 

stabilized AuNRs. The thiol group has been shown to strongly interact with AuNPs, while the 

carboxylic acid groups can be deprotonated to form carboxylates and, subsequently, coordinate 

with Gd3+ ions. The successful ligand exchange was confirmed by running zeta-potential tests 

before and after MSA treatment of the AuNRs. The surface charges of AuNRs change from 

positive (+24.54 mv) to negative (-12.20 mv) after ligand exchange with MSA. The initial 

positive charge comes from the bilayer CTAB surfactant coating on the AuNRs, whereas, the 

negative charge originates from the deprotonated carboxylic acid groups of MSA (pKa of MSA 

are 3.30 and 4.94).229 The deprotonated carboxylic acid groups can then interact with Gd3+ ions 

and serve as nucleation sites for the continuous formation of GdMOF shell. To demonstrate this, 

a GdMOF shell was synthesized by using MSA-stabilized AuNRs. TEM images (Figure 4.3 c) 

and f)) clearly show the formation of a uniform GdMOF shell on the surface of the AuNRs, 

when the MSA modified AuNRs were used in the synthetic procedure. Furthermore, this uniform 

shell appears to act as a protecting agent and helps prevent the agglomeration of AuNRs, as the 

nanorods showed good dispersity after the GdMOF shell formation (Figure 4.3 i)). 

4.3.4 Characterization of the core-shell structure synthesized with optimized reaction 

conditions 

As the MSA modified AuNRs produce the most uniform coating in the proposed synthetic 

method, the core-shell structure produced with this system was characterized further using 

scanning transmission electron microscopy (STEM) and energy dispersive x-ray spectroscopy 

(EDS) mapping (Figure 4.4). Figure 4.4 a) is a representative TEM image of the core-shell 

structure, and demonstrates that it appears as though every AuNR is coated with the GdMOF 

shell. The EDS mapping results (Figure 4.4 b), c) and d)) clearly visualize the core-shell 

configuration of the nanostructures. Figure 4.4 b) is the EDS map for Au (blue dots) and clearly 
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shows the base nanorod structure. The EDS map for Gd (Figure 4.4 c), pink dots) show that there 

is an even distribution of the GdMOF shell over the base AuNR structure. Figure 4.4 d) shows 

the combined Au and Gd maps and provides good evidence of the core-shell structure produced 

using this method. To further investigate the core-shell structure, a line-scan profile (Figure 4.4 e) 

and f)) was performed for one of the core-shell nanoparticles. These results further demonstrated 

that the GdMOF provides a uniform coating over the AuNRs and that the shell has a thickness of 

approximately 2.5 nm, which is consistent with the shell thickness observed in TEM images. 

 
FIGURE 4.4 a) Representative TEM images of AuNRs core-GdMOF shell structure. b), c) and d) 
STEM EDS elemental mapping profiles of Au, Gd and Au+Gd for the core-shell structure 
showing in image e), which was a STEM image of the core-shell structure. f) Line-scan profile 
of core-shell nanoparticles, which shows an approximately 2.5 nm uniform shell thickness. 

 
4.3.5 PVP effect on core-shell structure 

While the developed method to produce AuNR cores with a shell of GdMOF has proven to 

be successful, it is important to further investigate the coating process in order to develop 
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optimum control over the final nanocomposites. As such, in addition to the effect of surface 

functionality of the AuNRs, other parameters including stabilizer, solvent, reaction temperature 

and reagent concentrations also affect the core-shell structure and were studied in more detail.  

Previously reported systems, where a metal nanoparticle core-MOF shell structure possessing 

a uniform shell were produced, the successful synthesis of these materials mostly relied on PVP 

promoted crystallization of the MOF shell on the metal nanoparticles.146,149 From this work, it 

was speculated that PVP adsorbed on the metal nanoparticle surfaces not only stabilizes the 

nanoparticles, but also enhances the affinity between the MOF shell and the nanoparticle surface 

through weak coordination interactions between the pyrrolidone rings and the metal centers of 

the MOF. It is also possible that the apolar methylene and methine groups in the ring and along 

its backbone in PVP can interact with the organic bridging ligands used in MOF synthesis to 

further promote the surface interactions.146 In each case, the metal nanoparticles have to be 

coated with PVP to achieve the core-shell morphology. In addition, research has demonstrated 

that no shell is generated on the metal nanoparticles if no PVP is added during synthesis.145,149 

However, in our case, it is speculated that the main role of PVP was to act as a stabilizer to avoid 

aggregation, as the AuNRs have been previously coated with MSA. When PVP is used during 

the synthetic process of the core-shell structures (Figure 4.5 a)), a uniform shell of GdMOF was 

formed on the AuNRs and the particles are well dispersed, showing minimal agglomeration. 

Without PVP (Figure 4.5 b)), the GdMOF shell can still be generated on the AuNRs, however, 

the shell thickness was not well defined and there was extensive agglomeration evident. The 

aggregation was likely due to the absence of stabilizer. Even though PVP is not the key step to 

achieve core-shell structures in our case, PVP is still playing vital role to further promote the 

growth of GdMOF shell on AuNRs. This is because without PVP, worm-like ‘free’ GdMOF 



83 

nanostructures were also produced separately during the process. It is possible that there was a 

competition between the GdMOF formed in bulk and on MSA-AuNRs. PVP, in addition to MSA 

could further interact with Gd3+ and 1,4-bdc to facilitate the shell formation. 

 
FIGURE 4.5 AuNR core-GdMOF shell synthesized a) with and b) without PVP, where the [Gd] 
= 0.00225M. 

 
4.3.6 Solvent effect on core-shell structure 

It should be noted that in addition to PVP, research has shown that solvent selection is also 

critical in obtaining a well-defined core-shell morphology.145 During the synthesis procedure 

used in this work, a solvent mixture of DMF and ethanol was chosen to facilitate the dissolution 

of the PVP stabilizer and the GdMOF precursors (GdCl3 and 1,4-bdc). It was also mentioned in 

literature that further improvement of the core-shell structure was possible by changing the ratio 

between DMF and ethanol (i.e., DMF/ethanol).149 Considering the better solubility of PVP in 

DMF, higher ratios of DMF/ethanol (i.e DMF/ethanol ratios of 6:4, 8:2, and 9.5:0.5) were 

selected for additional experiments to examine the solvent effect on the core-shell structure of 

the nanocomposites. Since GdCl3 does not dissolve in DMF, it is mandatory to keep small 

amount of ethanol. Thus, the highest ratio of DMF/ethanol was 9.5/0.5 rather than 10/0. Under 

all three conditions, AuNR-GdMOF nanocomposites with the typical core-shell structure were 

produced (Figure 4.6 a), b) and c)). However, the results suggest that the solvent ratio has a 
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slight effect over the control of the shell morphology. As the DMF/ethanol ratio increases, a 

more uniform shell was produced based on the shell thickness measurements (Table 4.1). 

However, the influence of solvent was not as significant as tuning the surface ligands or the role 

of the PVP stabilizer. 

 
FIGURE 4.6 Solvent effect studies for AuNR core-GdMOF shell structure, where different 
DMF/EtOH ratio was applied during the synthesis. The DMF/EtOH ratio was varied from a) 6:4, 
b) 8:2 and c) 9.5:0.5 respectively. 

 
TABLE 4.1 Shell thickness of GdMOF on AuNRs with different solvent ratio. 

Sample in 
Figure 4.6 

DMF/ethanol 
 v/v 

Shell thickness 
(nm) 

Shell thickness SD 
(+/- nm) 

4.6 a) 6/4 3 1.1 
4.6 b) 8/2 2.8 0.6 
4.6 c) 9.5/0.5 2.5 0.4 

 
4.3.7 Effect of precursor concentration on shell thickness 

Finally, the effect of the GdMOF precursors (i.e. GdCl3 and 1,4-bdc) concentration on the 

shell thickness control was explored. As the precursor concentrations have been shown to 

influence the size of the nanoparticles produced in the preparation of separate GdMOF 

nanoparticles. As such, it was hypothesized that varying the precursor concentration should 

provide the ability to vary the thickness of the GdMOF shell on the AuNRs. At all conditions, 

the relative ratio between GdCl3 and 1,4-bdc remained constant (GdCl3 to 1,4-bdc molar ratio = 

2.5) but the concentration of GdCl3 was varied. As shown in Figure 4.7, by increasing the 

concentration of GdCl3 from 0.000225M to 0.0225M, the shell thickness gradually became 
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thicker. However, as the concentration of the GdCl3 precursor was increased the uniformity of 

the shell became less controlled and some aggregation between particles was observed, 

especially at high Gd3+ concentration. This aggregation is likely due to the GdMOF shell from 

one nanostructure interacting with the shell of another nanostructure during the growth process. 

Due to the high coordination number of Gd3+ ions, any coordination-unsaturated Gd3+ or 1,4-bdc 

on the surface of one core-shell structure can potentially interact with another and, thus, cause 

aggregation.  

 
FIGURE 4.7 TEM images of AuNR core-GdMOF shell with various GdMOF shell thickness by 
changing the GdCl3 precursor concentration: a) [Gd3+] =0.000225M, shell thickness 1.7 ± 0.5 nm; 
b) [Gd3+] =0.00225M, shell thickness 3.0 ± 1.1 nm; c) [Gd3+] =0.0045M, shell thickness 3.5 ± 
0.7 nm; d) [Gd3+] =0.009M, shell thickness 5.5 ± 1.1 nm; e) [Gd3+] =0.0146M, shell thickness 
7.4 ± 1.8 nm and f) [Gd3+] =0.0225M, shell thickness 10.5 ±3.5 nm. High resolution TEM 
images (a1, a2 and b1, b2) for sample a) and b) are included on the right of the corresponding 
TEM images. 
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To quantify the shell thickness synthesized under each Gd3+ concentration, 100 nanoparticles 

were counted from TEM images. The results are listed in Table 4.2, where the shell thickness 

can be tuned from approximately 1.7 nm to 10.5 nm by changing the GdCl3 concentration. When 

plotting the shell thickness vs. Gd3+ concentration, a linear relationship was found as shown in 

Figure 4.8.  

TABLE 4.2 Shell thickness of GdMOF with different Gd3+ concentration  
Sample in 
Figure 4.7 

[Gd3+] / M Shell thickness 
(nm) 

Shell thickness 
SD (+/- nm) 

4.7 a) 0.0000225 1.7 0.5 
4.7 b) 0.00225 3 1.1 
4.7 c) 0.0045 3.5 0.7 
4.7 d) 0.009 5.5 1.1 
4.7 e) 0.0146 7.4 1.8 
4.7 f) 0.0225 10.5 3.5 

 

 
FIGURE 4.8 Plot of GdMOF shell thicknesses on the AuNRs versus [Gd3+]. The shell 
thicknesses were counted from 100 nanoparticles from TEM images. 
 
4.3.8 MRI and CT results for core-shell nanocomposites  

To demonstrate the potential application of the AuNR core-GdMOF shell nanocomposites, 

they were evaluated as a contrast agent for both MRI and CT. The MRI results for the 
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nanocomposites can be seen in Figure 4.9. The results demonstrate that with increasing Gd 

concentration, the MRI images become brighter (top row in Figure 4.9 a)). Similar trends were 

also observed for plain GdMOF nanoparticles (not containing a gold core) prepared using the 

reverse-emulsion method (outlined in Chapter 3) and the clinically used Gd chelate contrast 

agent, Magnevist. These results demonstrate that the AuNR core-GdMOF shell particles behave 

as a positive contrast for MRI and coating the GdMOF shell on a AuNR does not disrupt this 

behavior. However, it was noticed that the images for the core-shell nanoparticles were not as 

bright when compared to both the GdMOF nanoparticles and the Magnevist at similar Gd 

concentrations. This was further confirmed when plotting 1/T1 versus Gd concentration (Figure 

4.9 b)), where the slopes correspond to the longitudinal relaxivity (r1) for the contrast agent. The 

r1 values obtained were 4.44 mM-1s-1 for the GdMOF nanoparticles, 2.80 mM-1s-1 for Magnevist 

and 0.53 mM-1s-1 for the AuNR core-GdMOF shell nanocomposites. We propose that the lower 

r1 for the core-shell structures could be due to a different crystalline structures for the GdMOF 

synthesized on the AuNRs compared to the GdMOF nanoparticles prepared using the 

reverse-emulsion method. In the core-shell synthesis method, a hydrothermal method was 

utilized and DMF/ethanol was employed as a solvent. DMF has the potential to be hydrolyzed to 

the formate anion during this process and, consequently, coordinate with Gd3+ to form 

Gd(bdc)(formate), which has a different structure from the Gd(1,4-bdc)1.5(H2O)2 repeat unit of 

the GdMOF nanoparticles (studied in Chapter 3), depending on the reaction conditions.230 The 

detailed crystalline structure for the GdMOF shell can be studied by x-ray diffraction. Even 

though this could be a very interesting phenomenon to investigate, a complete understanding of 

how would the solvent, the hydrothermal process and other reaction conditions affect the 

crystalline structure and performance would be extremely time consuming and is beyond the 
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scope of this thesis. Thus, the next step was to show that the core-shell nanocomposites are 

multi-modal contrast agents by investigating the CT contrast capability. 

 
FIGURE 4.9 a) Representative MRI images of AuNR core-GdMOF shell nanocomposties, plain 
GdMOF nanoparticles and Magnevist at different Gd concentrations. All the concentrations are 
listed on top of each sample with units of mM. b) Plot of 1/T1 versus Gd concentration. 
  

 
FIGURE 4.10 CT images of the iodine-based contrast agent Omnipaque, pure AuNRs and AuNR 
core-GdMOF shell nanocomposites with different concentration of iodine (for Omnipaque) or 
Au (for AuNRs and core-shell nanocomposites). All concentrations are listed on top of each 
sample with units of mg/mL. 
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CT imaging was carried out for the core-shell nanocomposites at different Au concentrations 

and compared to the CT imaging of plain AuNRs (not coated with GdMOF) and the clinically 

used iodine based CT contrast agent, Omnipaque (Figure 4.10). These results demonstrate that 

the AuNR core-GdMOF shell nanocomposite shows promising CT contrast capability, even at 

very low Au concentration (only 2mg/mL). The CT contrast obtained was comparable to or 

better than Omnipaque at similar concentrations (all the images circled out in Figure 4.10). Also, 

the CT contrast obtained for the plain AuNRs and AuNR core-GdMOF shell nanoparticles was 

similar. This is reasonable considering CT imaging is based on X-ray attenuation, where the 

contrast should only rely on the concentration of contrast agents, which is the Au concentration 

in the case of the core-shell structures and the plain AuNRs. 

Overall, both the MRI and CT results illustrate the multi-modal contrast capability of the 

prepared core-shell nanocomposites. To the best of our knowledge, this is the first example of a 

metal core-MOF shell nanocomposite that can be used as a multi-modal contrast agent. Despite 

the performance of the core-shell nanocomposites not being as good as the GdMOF-PAA-Au 

composites reported in Chapter 3, the capability to finely control the Au/Gd ratio potentially 

make it superior for clinical application and for development of new imaging technologies. For 

example, when combining pH-responsive polymers with the core-shell structure, the MRI 

contrast ability can be varied with varying pH and enable the use of these materials in the 

non-invasive in vivo measurement of pH. This is a critical technology for the diagnosis and 

treatment of cancer as the tumor staging and the efficacy of chemotherapeutics can potentially be 

monitored based on the relationship between pH, MRI relaxation and the CT response. Moreover, 

the synthetic method introduced for the preparation of the core-shell nanocomposites can be 

transferred to other metal nanoparticle core-MOF shell systems. This will expand the 
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applications into other area, such as catalysis, drug-delivery and gas storage upon the selective 

combination of metal nanoparticles and MOFs (as introduced in Chapter 2). 

4.3.9 Versatility of the ligand exchange method by synthesizing other MOF shell 

To demonstrate the versatility of the synthetic method for the core-shell nanocomposites, 

other MOFs, including MOF-5 (Zn4O(bdc)3, bdc=benzene-1,4-dicarboxylic acid), IRMOF-3 

(Zn4O(bdc-NH2)3) and MIL-100(Fe) (Fe3O(X)(H2O)2 [btc]2·nH2O; 

btc=benzene-1,3,5-tricarboxylic acid), were used to coat the MSA modified AuNRs.  

 
FIGURE 4.11 AuNR core-MOF shell with other MOFs: a and b) MOF-5 (Zn4O(bdc)3) shell, c 
and d) IRMOF-3 (Zn4O(bdc-NH2)3) shell, e and f) MIL-100(Fe) ) (Fe3O(X)(H2O)2 [btc]2·nH2O) 
shell. 
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These materials were chosen because of their well-studied structures39,139 and applications in 

catalysis,149,210 sensors,145 or bioimaging.49 Moreover, by using these materials, we could probe 

the metal precursor or organic ligand variation one at a time. As shown in Figure 4.11, all three 

MOFs could be coated onto the MSA-capped AuNRs (Figure 4.11 a), c) and e)). When the same 

bridging ligand (1,4-bdc) was used, no free MOF-5 was generated in the bulk (Figure 4.11 b)). 

However, when the amino-bdc bridging ligand was used for IRMOF-3, large IRMOF-3 particles 

formed separately in the bulk (Figure 4.11 d)). In addition, it appears that there are more free 

MOFs created individually when a completely different bridging ligand (1,3,5-btc) was used 

(Figure 4.11 f)). In order to achieve a controllable core-shell structure, other parameters that 

were studied for the preparation of the AuNR core-GdMOF shell nanocomposites need to be 

further investigated for the new MOF coatings. However, the successful shell formation for all 

three MOFs on the MSA-AuNRs demonstrated that the surface modification is crucial to 

successful coating and produces the preferable heterogeneous nucleation of MOFs on the surface 

of the AuNRs. 

4.4 Conclusions 

In conclusion, AuNR core-GdMOF shell nanocomposites were successfully synthesized with 

good monodispersity and uniform shell coverage. This was achieved through ligand exchange of 

CTAB with MSA. The MSA ligand exchange was shown to be a crucial step in facilitating the 

heterogeneous crystallization of the GdMOF on the surface of the AuNRs. Other parameters 

including solvent composition, surfactant and precursor concentration, also play an important 

role in generating the desired core-shell morphology. The AuNR core-GdMOF shell 

nanocomposites demonstrated promising contrast in both MRI and CT, which offers the potential 

for this system to be used as a multi-modal imaging contrast agent. However, a complete 
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understanding of the MOF shell crystalline structure, fine control of shell thickness and the 

relationship between the crystalline structure and contrast response need further investigation to 

optimize the performance of this system. The ligand exchange based method developed in the 

core-shell synthesis was also demonstrated for other MOF shell formation on AuNRs. This offers 

tremendous opportunities to explore other potential applications of metal nanoparticles-MOF 

composites in various areas. 
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CHAPTER 5 

GOLD NANOPARTICLES SUPPORTED ON POLYMER MODIFIED GADOLINIUM 

METAL ORGANIC FRAMEWORK NANOSTRUCTURES FOR HETEROGENEOUS 

CATALYSIS  

5.1 Introduction 

Bulk gold (Au) has traditionally been viewed to be chemically inert because bulk Au has an 

endothermic chemisorption energy, that is, it does not bind oxygen at all.72 Consequently, bulk 

Au had not been considered for catalytic application until the seminal work in 1987 by Haruta 

and coworkers that demonstrated ultra-fine Au nanoparticles (AuNPs) with a diameter of 4.5 nm 

when highly dispersed on transition metal (Fe, Co, and Ni) oxides could oxidize carbon 

monoxide at a temperature below 0oC.123 Ever since then, many more catalytic reactions 

including but not limited to oxidation of alcohols,133 aerobic oxidation of methanol to methyl 

formate,124 and the reduction of 4-nitrophenol and other nitroaromatics231 have been conducted 

employing either unsupported or supported AuNPs.  

In the last decade or so, we have seen a dramatic growth of interest in designing Au based 

catalysts at the atomic scale. Great efforts have been applied in this area with the majority 

focusing on preparation of AuNPs with high activity and understanding the underlying 

mechanism during the catalytic processes. Various mechanisms have been proposed to explain 

the reactivity of AuNPs, such as size,126,128 surface ligands,129 quantum size effect,232 charge 

transfer between nanoparticles and the substrate,233 and defected (low-coordinated) Au atoms on 

edges or corners.130 It is possible that different factors occur simultaneously to contribute to the 

performance of AuNPs in catalysis. It is accepted that the reactions occur at the surface of 

AuNPs catalysts, hence, the surface states are usually considered as the most important 
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performance descriptor. The rough surfaces, edges and corners, with defective or unsaturated 

sites are believed to be most active in the catalytic process.130 Thus, AuNPs with ultrasmall (<5 

nm) diameter possess a higher percentage of surface atoms, corner atoms and edge atoms and are 

highly active.71  

Although these ultrasmall AuNPs are highly active for catalytic reactions, their recyclability 

and stability are rather limited. The recyclability is challenging because a high-speed centrifuge 

is required for separation and the stability is usually poor, due to the high surface energy of the 

AuNPs, which results in a strong tendency to agglomerate, thus losing catalytic activity. In order 

to overcome these challenges, efforts have been directed towards depositing AuNPs on support 

substrates, such as metal oxides,131 mesoporous silica,85,86 carbon materials144, zeolites70 and 

polyelectrolyte brushes.132 Recently, there has been increased interest in using metal-organic 

frameworks (MOFs) as support materials for AuNP catalysts. MOFs are unique catalyst supports 

because of their extremely high surface area and controllable porosity.39 In addition, MOFs can 

be catalytic active, by themselves, as a result of the metal sites,136 organic linkers,137,138 and 

post-modifications.140  

In an attempt to produce highly dispersed AuNPs on or inside MOFs, different strategies 

have been used, including: (1) encapsulating the AuNPs in the center of MOFs, namely a 

core-shell structure;89 (2) encaging the AuNPs inside the cavities of the MOFs through 

impregnation followed by reduction;68 and (3) depositing AuNPs on the surfaces of the MOFs.209 

The first method offers great opportunities to utilize the well-established library of AuNPs with 

different sizes and shapes; however, the nanoparticles used to form core-shell structure usually 

have a diameter much larger than 5 nm. While the second method, which exploits the small pore 

size of MOFs, can resolve this problem, it typically suffers from low metal loading. The third 
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method, where AuNPs are exposed on the surfaces, is expected to produce catalysts with high 

reactivity because of the direct interaction with reagents. However, the weak interaction between 

AuNPs and MOFs leads to agglomeration after a few cycles of catalysis and, therefore, reduced 

reactivity.  

  Herein, we report the development of a multi-step method to deposit AuNPs onto 

nanoscale gadolinium (Gd) based MOFs using a polymer interfacial layer. The polymer, 

synthesized using reversible addition-fragmentation chain transfer (RAFT) polymerization, 

contains a trithiocarbonate end group, which was subsequently reduced to a thiol group. The 

thiol functionality offers the opportunity for the coordination of polymer chains with Gd3+ ions 

on the surface of the MOF and, thus, realizes overall surface modification of the MOFs. The 

polymer, poly(acrylic acid) (PAA), has carboxylic acid groups in the monomer repeating units 

that serve as coordination sites for attachment of Au ions from the appropriate Au salts. 

Following reduction of the coordinated Au ions, AuNPs are formed and stabilized in the PAA 

layer attached to the nanoscale MOFs. This interaction is much stronger than the direct 

interaction between AuNPs and unmodified MOFs and, hence, should potentially resolve any 

agglomeration issues. The nanocomposites were tested as a catalyst for the reduction of 

4-nitrophenol with sodium borohydride. The results indicate significantly higher reactivity for 

the nanocomposites in comparison to nanocomposites prepared without PAA surface 

modification and plain AuNP catalysts. The recyclability, however, was poor due to the loss of 

integrity of MOFs in aqueous phase after multiple reaction cycles. However, this can potentially 

be resolved by conducting organic phase or gas phase reactions. Moreover, the synthetic method 

provided in this protocol is envisioned to be applicable to other MOFs (by replacing the metal 
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center or the bridging ligand) and other metal nanoparticles (Pt, Ag, etc.) for much broader 

catalytic applications.   

5.2 Materials and experimental 

The following sections introduced materials used in this Chapter and described the relevant 

experiments and characterization techniques used. 

5.2.1 Materials  

Cetyltrimethylammonium bromide (CTAB) (99%), gadolinium (III) chloride hexahydrate 

(GdCl3•6H2O) (99.999%), terephthalic acid (1,4-bdc) (98%), methylamine aqueous solution (40 

wt. %), sodium salicylate (NaSal) (99.5%), 2, 2’-azobisisobutrylnitrile (98%) (AIBN), gold (III) 

chloride trihydrate (HAuCl4·3H2O, 99.9%), gold (III) chloride (AuCl3, 99%), sodium 

borohydride (NaBH4), 4-nitrophenol (ReagentPlus, ≥99%) and hexanol (98%) were purchased 

from Sigma-Aldrich. Heptane (HPLC grade) and N, N-dimethylformamide (DMF) (HPLC 

grade) were purchased from Mallinckrodt Chemicals. Ethanol was purchased from 

Pharmco-AAPER. Deionized ultrafiltered (DIUF) water was purchased from Fisher. Acrylic acid 

(AA) (stabilized with 200 ppm MEHQ, 99.5%) and hexylamine (99%) were purchased from 

Acros Chemicals. AA was distilled under vacuum and then stored in a freezer prior to use. The 

AIBN was recrystallized twice from methanol prior to use. Unless otherwise noted, all other 

chemicals were used as received. 

5.2.2 Instrumentation and characterization 

Fourier transform infrared (FTIR) spectra were collected utilizing a Smart SAGA attachment 

coupled with a Thermo-Electron Nicolet 4700 spectrometer, collecting 16 background scans and 

64 sample scans, and analyzed utilizing Nicolet’s OMNIC software. Zeta potential data for the 

nanoparticles dispersed in water was gathered from a NanoBrook ZetaPALS zeta potential 
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analyzer and Smoluchowski model (for aqueous solutions). X-ray diffraction (XRD) on powder 

nanoparticle samples was performed on a Bruker D2 Phaser diffractometer using CuKα 

radiation. Thermogravimetric analysis (TGA) was performed using a TA Q500 equipped with a 

platinum pan and heated at a rate of 10 °C/min under air. Matrix assisted laser desorption 

ionization time-of-flight mass spectrometry (MALDI-ToF MS) was employed to determine the 

molecular weight of PAA. The PAA samples were prepared at 5 mg/mL in DIUF water in a 

sinapinic acid matrix at a mole ratio of 10 to 3. Transmission electron microscopy (TEM) was 

performed on a Philips/FEICM200 with an accelerating voltage of 120 kV. UV-visible (vis) 

spectroscopy was performed on a Thermo Electron Corp., Nicolet Evolution 300 BB 

spectrophotometer with a xenon light source and utilized standard 10 mm quartz cuvettes. The 

Au concentration was measured with inductively coupled plasma mass spectroscopy (ICP-MS) 

before conducting catalytic tests. For all four nanocomposites, the cleaned materials were 

dispersed in 5 mL DIUF water. 300 µL Gd-PAA-Au (HAuCl4) and Gd-PAA-Au (AuCl3) 

samples were diluted in 5.7 mL 50% nitric acid, followed by 2 more dilutions with water (each 

dilution including 1 mL sample to 10 mL). The dilution factor was 2000 for both samples. The 

other two materials (GdMOF/HAuCl4 and GdMOF/AuCl3) were also dissolved in nitric acid and 

diluted with water to a dilution factor of 1000. The diluted samples were then tested by ICP-MS. 

The purpose of this step was to ensure the Au concentration remain the same for the catalytic 

studies. 

5.2.3 Experimental 

Synthesis of the GdMOF nanoparticles   

The GdMOF nanoparticles were synthesized as reported in literature52 and followed the same 

synthetic conditions as outlined in Chapter 3, Page: 54. CTAB was used as the surfactant, while 
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GdCl3 and 1,4-bdc served as the metal and organic linker precursors, respectively. The addition 

of the hydrotrope NaSal, a compound that exhibits both hydrophobic and hydrophilic properties, 

results in GdMOF nanoparticles with a narrow size distribution.24 For all the detailed reaction 

conditions, refer to experimental section in Chapter 3.  

Synthesis of PAA via RAFT polymerization  

PAA (Mn,theoretical=12266 g/mol, Mn,experimental = 9765 g/mol, and polydispersity index (PDI) = 

1.1) was prepared using RAFT polymerization. Synthetic conditions for RAFT polymerization of 

AA were also the same as in Chapter 3. Refer to the Experimental Section in Chapter 3, Page: 55 

for details. 

Surface modification of GdMOF nanoparticles with PAA  

 The reaction conditions to attach the PAA to the surface of the GdMOF nanoparticles were 

identical to those outlined in Chapter 3. Refer to the Experimental Section of Chapter 3, Page: 55 

for details. 

Coordination and reduction of Au salts onto PAA-modified GdMOF nanoparticles  

The same method was used as discussed in Chapter 3, Page: 56 for preparing PAA modified 

GdMOF-AuNPs nanocomposite using HAuCl4 as precursor (Gd-PAA-Au(HAuCl4)), where 

HAuCl4 was the precursor of AuNPs. In addition to that, another Au salt precursor (AuCl3) was 

also introduced into the PAA-modified GdMOF nanoparticles to form Gd-PAA-Au(AuCl3) (i.e., 

PAA modified GdMOF-AuNPs nanocomposite using AuCl3 as precursor) nanocomposites. The 

general route for preparing the nanocomposites involved the addition of 0.44 mL of a 0.01 M 

(0.0303 g, 1E-4 mol, AuCl3 in 10 mL DI water) AuCl3 solution and 0.005 g PAA-modified 

GdMOF nanoparticles in 10 mL DIUF water to a 50 mL round bottom flask equipped with a stir 

bar, which was then sealed with a rubber septum. The mixture was then heated in an oil bath at 



99 

60 oC for 24 h to facilitate the interaction between Au ions and carboxylate groups of the PAA. 

After that, reducing agent (10 mL of 1.88E-4 g/mL NaBH4 ice cold aqueous solution) was added 

into the flask followed by 10 min of vigorous stirring. The resulting nanocomposites were then 

separated by centrifuged (5000 rpm, 20 min) and subsequently washed 3 times with DIUF water. 

Coordination and reduction of Au salts onto unmodified GdMOF nanoparticles   

To determine the effect of the PAA coating on formation of the AuNPs, a similar procedure 

to above was used for unmodified GdMOF nanoparticles. Briefly, 0.005 g of unmodified 

GdMOF nanoparticles were dispersed in 10 mL of DIUF water in a 25 mL round bottom flask 

equipped with a stirring bar and septum, followed by the addition of 0.44 mL of a 0.01 M 

(0.0394 g, 1E-4 mol, HAuCl4•3H2O in 10 mL DIUF water) HAuCl4 or 0.44 mL of a 0.01 M 

(0.0303 g, 1E-4 mol, AuCl3 in 10 mL DIUF water) AuCl3 aqueous solution. The mixture was 

then heated at 60 oC for 24 h with stirring. After this time, reducing agent was freshly prepared 

by dissolving 0.0019g NaBH4 in 10 mL of DIUF water in an ice bath. The redusing agent was 

then added to the the mixture solution and the reaction stirred vigorously for another 10 min, 

after which the nanocomposites were cleaned by centrifugation (5000 rpm, 20 min) and followed 

by 3 more washes with DIUF water. 

Reduction of 4-nitrophenol with NaBH4 using different materials as catalyst  

To determine the effectiveness of the nanocomposites as a heterogeneous catalysis, they were 

used as the catalyst for the reduction of 4-nitrophenol with NaBH4. The reaction involved the 

addition of 1 mL of a 1 mM (0.0014 g, 0.01 mol in 10 mL DIUF water) 4-nitrophenol solution to 

a spectrophotometer cell together with nanocomposite catalyst suspended in solution and 1 mL 

of DIUF water. Different amounts of the four different nanocomposite catalysts were measured 

out based on ICP-MS data to reach the same amount of Au (0.02 mg Au in total). To start the 
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reaction, 250 µL of a 100 mM NaBH4 solution was added to the cell and mixed for 5 sec. The 

spectrophotometer cell was then put into a UV–vis spectrophotometer immediately after and the 

reaction was monitored over time using the UV-vis spectroscopy. The spectra were recorded 

every 1.5 min to monitor the concentration of 4-nitrophenolate ions using the UV-vis absorption 

peak at 400 nm. The conversion can be directly calculated from these spectra as the ratio of the 

concentration Ct of the 4-nitrophenolate at time t to the concentration at the beginning (C0 at t = 

0) is directly given by the ratio of the respective absorbance At /A0.  

5.3 Results and Discussion 

Metal nanoparticles (especially AuNPs) have been intensely studied for catalysis of various 

reactions, where the reactivity is highly dependent on the AuNPs size and interactions with 

surface ligands.129,130 High reactivity was reported for ultra-small (< 5nm) AuNPs due to the 

quantum size effect and high surface areas. However, the high surface energy of small AuNPs 

typically leads to agglomeration issue, which consequentially hider the performance. In an 

attempt to overcome the limitations, porous supports including mesoporous silica, carbon, and 

MOFs have been used to either support or encapsulate AuNPs for improved stability. MOFs are 

more attractive among all the support materials due to the extremely high surface area and 

tunable porosity. Indeed, stand-alone MOFs have been applied in different catalytic reactions 

through the functional compartments, such as metal centers and organic linkers in MOFs, as 

reactive sites. When MOFs were used to encapsulate AuNPs, the reaction rates were limited 

when due to the slower diffusion of reagents into the cavities to reach the surface of metal 

nanoparticles. Alternatively, using the surface of MOFs to support the metal nanoparticles has 

agglomeration issues, due to the weak interaction between the MOF surface and the metal 

nanoparticles. As an alternative method, polymer functionalized MOFs offer great potential as a 
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nanoparticle support by bridging the MOFs and AuNPs with stronger interactions, potentially 

leading to both higher reactivity and better stability. Based on the previous studies in our group, 

including synthesis of well-defined GdMOF nanoparticles and surface modification of GdMOF 

nanoparticles with RAFT polymers, GdMOF was selected as a model MOF material for the 

support of AuNPs in this study to demonstrate the proof-of-concept of using PAA modified 

GdMOF-AuNPs nanocomposites as heterogeneous catalysts.24,30 

5.3.1 Synthesis of GdMOF nanoparticles 

The GdMOF nanoparticles were synthesized following the same method used in Chapter 3, a 

reverse microemulsion process that has been reported in literature.119 A water to surfactant molar 

ratio of 10 was employed to yield nanoparticles that were 155 +/- 30 nm in length and 30 +/- 11 

nm in width (refer to Figure 3.1 a) and 3.1 b), Page: 59). The GdMOF nanoparticles have a 

Gd(1,4-bdc)1.5(H2O)2 crystalline structure, as demonstrated in Chapter 3, Page: 62 (Figure 3.3) 

and determined using X-ray diffraction (XRD). As mentioned earlier, the GdMOF nanoparticles 

were used in this work as a proof-of-concept MOF model for the catalysis study because of the 

well-established research in our group to modify the GdMOF nanoparticles surfaces with RAFT 

polymers.29 In addition, further advantages for the use of MOFs are: (1) MOFs have metal 

centers and organic linkers that can be changed to impart new catalytic behaviors; and (2) the 

high surface area of MOFs can potentially absorb reagents and increase the localized reagent 

concentration, which potentially should improve the reaction rate. However, before further 

exploring the MOFs, it is better to choose a MOF system that has been well-studied for polymer 

modification to establish solid proof that polymer supported AuNPs indeed offer better catalytic 

performance. As such, GdMOF nanoparticles were selected and further modified with polymer 

(PAA) for forming the AuNPs. 
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5.3.2 Synthesis of PAA via RAFT polymerization 

Our group has previously developed a procedure to modify the surface of GdMOF 

nanoparticles using polymers prepared by RAFT polymerization. Critical for the successful 

attachment of the polymers to the surface of GdMOF nanoparticles, is the thiocarbonyl thio 

end-group of the polymer, retained from RAFT polymerization, which can be reduced to a thiol 

group and coordinated with the free orbitals of the Gd3+ ions on the surface of the GdMOF 

nanoparticles.29 In this case, the polymer to be attached to the GdMOF nanoparticles was PAA 

and was chosen due to the presence of carboxylic acid groups in the monomer structure, which 

can be deprotonated and used to coordinate metal ions.27 The number average molecular weight 

(Mn) of RAFT prepared PAA, determined using MALDI-MS (Figure 5.1 a)), was 9765 g/mol 

(Mn, theoretical=12266 g/mol) and the PAA also had a relatively low PDI of 1.1. FTIR analysis of 

the PAA homopolymer is shown in Figure 5.1 b) and demonstrates representative peaks at 1705 

cm-1 and 1575 cm-1, which can be attributed be the carbonyl stretching vibrations for the 

carboxylic acid and carboxylate functionalities, respectively, along the PAA chains. A very 

broad peak between 2500 and 3300 cm-1 was assigned to the –OH stretch from carboxylic acid. 

 
FIGURE 5.1 a) Negative ion MALDI-TOF mass spectrum and b) FTIR spectrum of PAA 
prepared by RAFT polymerization. 
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5.3.3 Surface modification of GdMOF nanoparticles with PAA and formation of the 

Gd-PAA-Au nanocomposites 

The successful attachment of PAA onto the surface of the GdMOF nanoparticles was 

confirmed in Chapter 3, Page: 61 using FTIR spectroscopy (Figure 3.2 a)) and TGA (Figure 3.2 

b)). However, a brief summary of those results will be given here. From FTIR, the representative 

peak of the carbonyl group from the carboxylic acid functional groups (from PAA) at 1700 cm-1 

was observed in the PAA modified GdMOF nanoparticles. Furthermore, TGA demonstrated a 

weight loss of approximately 7% for the PAA modified GdMOF between 350 to 500 oC was 

attributed to the PAA and was not observed in the unmodified GdMOF nanoparticles. Using 

these TGA results, the calculated (calculation method refer to Chapter 3) grating density was 

0.09 chains/nm2. Zeta-potential measurements also confirmed the successful attachment of the 

PAA to the surface of the GdMOF nanoparticles. The surface charge for the unmodified GdMOF 

nanoparticles was positive (+13.0 ± 1.1 mV), which is mainly due to the Gd3+ ions at the surface 

of the nanoparticles. After the PAA was deposited on the GdMOF nanoparticles, the zeta 

potential changed to negative (-9.1 ± 1.5 mV). The negative charge is a result of the 

deprotonated carboxylic acid group of the PAA (pKa of approximately 4.5)213 in deionized water 

(pH = 6.57). 

The PAA attached to the surface of the GdMOF nanoparticles is critical in producing the 

AuNP-GdMOF composites, as it acts as the bridging material between the GdMOF surface and 

the supported AuNPs. As mentioned previously, PAA was chosen as the polymer due to the 

carboxylic acid functionality. It was previously believed that these groups have a pKa around 4.5 

and can be deprotonated into the carboxylate functionality in an aqueous solution and 

subsequently coordinated with Au ions (Au3+). However, the interaction between Au ions and 
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PAA was found to be extremely complicated when comparison of the Au loading with two 

different Au precursors was investigated, which will be discussed shortly.  

Two different Au precursors were used to synthesize Gd-PAA-Au nanocomposites, namely 

HAuCl4 and AuCl3, to investigate the effect of the Au salt on the final nanocomposites. The 

process to form the Gd-PAA-Au nanocomposites involved coordinating the Au ions, from one of 

the two Au precursors, to the carboxylate groups of the surface immobilized PAA and then 

adding the reducing agent NaBH4 to convert the coordinated Au ions to AuNPs. The resulting 

materials were characterized by TEM and the representative images are shown in Figure 5.2. In 

each case, AuNPs were successfully deposited on GdMOFs, regardless of the Au precursor used. 

However, the TEM images do show that there are some definitive differences between the 

nanocomposites prepared using the different Au precursors. Firstly, the number of AuNPs 

produced on the GdMOF nanoparticles was lower when the HAuCl4 precursor was used 

(compare Figure 5.2 a), b) with Figure 5.2 d), e)). Secondly, the size of the AuNPs produced on 

the surface of the GdMOF nanoparticles is smaller and the size distribution is narrower when the 

AuCl3 precursor was used (compare Figure 5.2 c) with Figure 5.2 f)). These results suggest that 

AuCl3 precursor is superior to HAuCl4 precursor when a large number of small AuNPs with a 

narrow size distribution is required.  

In order to probe why the type of Au precursor makes a difference on the size, distribution 

and number of AuNPs produced, despite the fact that in each case the Au ion should be Au3+, 

different properties of the system were investigated. First of all, the pH of the solution was 

examined due to the fact that one of the major differences between the precursors is a presence 

of a proton in the HAuCl4 salt. Therefore, the pH for each component used in formation of the 

nanocomposites was determined (Table 5.1). It has been reported that pH is a particularly 
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important variable during the synthesis of AuNPs on metal oxide supports.234 Previous 

experimental and theoretical results have demonstrated that the ion AuCl4
- undergoes hydrolysis 

to form the species [AuClx(OH)4-x]–, a process that is dependent on the pH of the solution,235,236 

as shown in equations 5.1-5.6. The pH difference would lead to different species forming in the 

solution and consequently affect the interaction of Au ions with the supporting materials (e.g, 

metal oxides or polymers). 

 
FIGURE 5.2 TEM images with high and low magnification of a) and b) Gd-PAA-Au 
nanocomposites prepared with HAuCl4 as the gold precursor, c) and d) Gd-PAA-Au 
nanocomposites prepared with AuCl3 as the gold precursor. Size distribution of e) Gd-PAA-Au 
(HAuCl4) and f) Gd-PAA-Au (AuCl3) based on the particle size from TEM images. 

 
𝐴𝑢𝐶𝑙! ! + 𝐻!𝑂 ↔ 𝐴𝑢𝐶𝑙! 𝐻!𝑂 + 𝐶𝑙!                                                                                 5.1  

𝐴𝑢𝐶𝑙! 𝐻!𝑂 ↔ 𝐴𝑢𝐶𝑙! 𝑂𝐻 ! + 𝐻!                                                                                           5.2  

𝐴𝑢𝐶𝑙! 𝑂𝐻 ! + 𝐻!𝑂 ↔ 𝐴𝑢𝐶𝑙! 𝐻!𝑂 (𝑂𝐻)+ 𝐶𝑙!                                           5.3  

𝐴𝑢𝐶𝑙! 𝐻!𝑂 (𝑂𝐻) ↔ [𝐴𝑢𝐶𝑙! 𝑂𝐻 !]+ 𝐻!                                                                         5.4  

[𝐴𝑢𝐶𝑙!(𝑂𝐻)!]! + 𝐻!𝑂 ↔ [𝐴𝑢𝐶𝑙 𝑂𝐻 !]! + 𝐶𝑙! + 𝐻!                            [5.5] 

[𝐴𝑢𝐶𝑙 𝑂𝐻 !]! + 𝐻!𝑂 ↔ [𝐴𝑢 𝑂𝐻 !]! + 𝐶𝑙! + 𝐻!                                        [5.6] 
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Similarly, we hypothesized that the pH could potentially influence the formation of AuNPs 

on PAA modified GdMOF nanoparticles. By testing the pH of the different components (Table 

5.1), it was noticed that the AuCl3 precursor, as a salt in water (0.01 M, pH = 2.2) and also after 

mixing it with the PAA modified GdMOF nanoparticles (pH = 3.9), possesses a slightly higher 

pH value than HAuCl4 precursor (0.01 M, pH = 1.9 for aqueous solution; pH = 3.6 after mixing 

with PAA modified GdMOF). This pH difference could contribute to the difference in the 

number of nanoparticles produced, as well as the size distribution of the AuNPs, for the two 

different Au precursors. 

In our case, the slight pH difference, as well as the different Cl- amount, in the two different 

precursors are likely to contribute differently to the various species in solution. We speculate that 

the interaction between [AuClx(OH)4-x]– and PAA is not based on electrostatic interactions but 

through the complex of carboxylic acid with [AuClx(OH)4-x]–. First, the pH of the solution 

consisting of the Au salt precursors and the PAA modified GdMOF nanoparticles was 3.9 for the 

AuCl3 and 3.6 for the HAuCl4. Both of these solutions are more acidic than the pKa for the 

carboxylic acid groups of PAA (pKa = 4.5) and, therefore, the carboxylic acid groups of the 

PAA will be protonated. Secondly, the larger electronegativity of oxygen (χ =3.5) could replace 

the Cl (χ =3.0) in [AuClx(OH)4-x]– and promote formation of a complex with the Au species. This 

was evidenced in literature,237 where Au (III) carboxylate complexes were formed by replacing 

the Cl in Au chloride complexes [(L)AuCl2]+ (L =bipy, phen). Therefore, the interaction 

difference between carboxylic acid groups of PAA and [AuClx(OH)4-x]– may lead to the change 

of the nucleation and growth of AuNPs. However, the exact interaction mechanism between the 

different Au species and the surface immobilized PAA is extremely complicated and is out of the 

scope of the focus of this research. With the ambiguous understanding of the interaction of Au 
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and PAA, there is no doubt that the use of AuCl3 provides AuNPs with smaller size and higher 

monodispersity. However, AuNPs are still able to be formed on PAA modified GdMOF 

nanoparticles when using HAuCl4. 

TABLE 5.1 pH of nanoparticles, gold precursors and nanocomposites in water. 
 

 pH  pH  pH  pH 
 

GdMOF 
 

5.9±0.2 
0.01M 
HAuCl

4 

 
1.9±0.1 

0.44ml 
0.01M 

HAuCl4+
10ml 
water 

 
3.0±0.1 

0.44ml 0.01M 
HAuCl4+10ml 

water+ 
GdMOF-PAA 

 
3.6±0.1 

GdMOF-
PAA 

 
5.5±0.2 

0.01M 
AuCl3 

 
2.2±0.1 

0.44ml 
0.01M 

AuCl3+10 
ml water 

 
3.2±0.1 

0.44ml 0.01M 
HAuCl4+10ml 

water+ 
GdMOF-PAA 

 
3.9±0.1 

 
To demonstrate the importance of the presence of PAA on the surface of the GdMOFs in the 

preparation of the AuNPs, the same synthetic procedures were used but the PAA modified 

GdMOFs were replaced with unmodified GdMOFs. The representative TEM images from the 

synthesis in absence of PAA are shown in Figure 5.3. It is clear that without PAA, good 

deposition of AuNPs on GdMOFs cannot be achieved with either HAuCl4 (Figure 4.3a) and b)) 

or AuCl3 (Figure 5.3 c) and d)) as the precursor. The images demonstrate that due to the lack of 

PAA on the surface of the GdMOFs, the Au ions do not interact well with the MOF surface and 

large AuNP agglomerates are formed in solution (Figure 5.2 b) and d)). Although, in each case 

the presence of some small AuNPs on the surface of the unmodified GdMOF nanoparticles were 

observed (Figure 5.2 a) and c)). It is believed that these small AuNPs result from some Au ions 

interacted with the carboxylic acid groups from the unsaturated 1,4-bdc organic linkers on the 

surface of GdMOF nanoparticles. However, overall the difference between the two different 

precursors when unmodified GdMOF nanoparticles are used is negligible.  
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FIGURE 5.3 TEM images with high and low magnification of a) and b) unmodified GdMOF 
nanoparticles mixed with the HAuCl4 precursor, c) and d) unmodified GdMOF nanoparticles 
mixed with the AuCl3 precursor and followed by reduction with NaBH4. 
  

Additional characterization of the nanocomposites was carried out using UV-vis 

spectroscopy, which can be used to confirm AuNPs loaded on the GdMOF nanoparticles. AuNPs, 

either in solution or supported, have strong fingerprint type absorption bands in the UV-Vis 

spectrum due to the surface plasmon resonance (SPR) effect.98 However, in many cases, other 

chemicals can also have absorption bands in this UV-Vis range and, thus, it is important to rule 

out the possible interference of other chemicals. To achieve this, we first performed UV-Vis 

spectroscopic measurements for the major chemicals used in the preparation of the final 

nanocomposites and these spectra are shown in Figure 4.4. In Figure 4.4 a), the strong absorption 

around 240 nm and the shoulder around 280 nm are due to the UV absorption of the MOF 

bridging ligand, 1,4-bdc, and the peak around 320 nm is likely due to the bridging ligand 

interaction with the Gd3+ metal centers of the MOF, as it only appears when both Gd3+ and 

1,4-bdc are present. This is consistent with gadolinium oxide (Gd2O3) nanoparticles reported in 

literature, where the Gd-O interaction also causes a peak at 325 nm.238 There are three regions of 
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absorption bands for the DATC RAFT agent prepared PAA homopolymer as shown in Figure 

5.4 a): (1) the peak at around 207 nm was attributed to the π-π* transition of the carbonyl groups, 

thus it remained after reduction of the end-group239; (2) the strong absorption peak at around 230 

nm was ascribed to n–σ* transitions of the thiocarbonyl bond, which disappears after the 

reduction of the end group; and (3) the band at 265-350 nm was reported to be the π–π* 

transitions of thiocarbonyl bond, which again will not be present after the reduction reaction.240 

However, reduction of the RAFT agent end group results in formation of a thiol and it has been 

previously reported that in the literature that the metal-thiol ligand interaction would lead to 

charge transfer and, consequently, a UV-vis band shift.242 Again, this is expected in this system 

due to the fact, as discussed previously, that PAA is coordinated to the GdMOF structure through 

coordination between the thiol group of the polymer and the Gd3+ metal centers on the surface 

for the GdMOF structure. When examining the PAA modified GdMOF nanoparticles, the peak is 

not as intense as the pure homopolymer PAA due to the relative low amount of PAA on the 

surface of the GdMOF nanoparticles and the conversion of the RAFT agent end group to a 

thiolate during the deposition process. However, a broad shoulder between 260-280 nm was 

observed after the modification (Figure 5.4 a) orange curve in comparison with blue curve). The 

shift from 310 nm to ~270 nm was likely due to the reduction of thiocarbonyl group and the 

interaction of thiolate group with the surface Gd3+ metal sites from the GdMOF.  

This difference was further evident when comparing the PAA modified GdMOF-PAA-Au 

composites and unmodified GdMOF-Au composites. The black and red curves for 

PAA-modified GdMOF composites show stronger intensity between 260-280 nm than 

unmodified GdMOF-Au composites (blue and green curves in Figure 5.4 b)). After the formation 

of the AuNPs (Figure 5.4 b)), the main absorption features of Gd3+ and 1,4-bdc are still in 
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presence in the spectra, suggesting that GdMOF structure has been preserved. However, a new 

band appears around 520 nm in the spectra demonstrating the successful reduction of Au ions to 

form AuNPs. It should be note that the SPR peak (i.e. the peak at 520 nm) can be made more 

obvious if the spectra are normalized, which we have demonstrated in Figure 3.5 b) in Chapter 3 

Page:64, but have not conducted in this case. 

 
FIGURE 5.4 UV-vis spectra of a) the reagents (GdCl3, 1,4-bdc bridging ligand, PAA) used for 
preparing GdMOF nanoparticles, GdMOF nanoparticles, PAA-modified GdMOF nanoparticles 
and Au coordinated Gd-PAA nanoparticles, b) spectra of samples used for catalysis study: 
GdMOF-AuNPs composite prepared with two different precursors with both PAA-modified 
GdMOF and unmodified GdMOF nanoparticles. 

 
5.3.4 Catalytic performance of nanocomposites in reduction of 4-nitrophenol 

The model reaction involving the catalytic reduction of 4-nitrophenol using NaBH4 was 

chosen for several reasons: (1) the reaction is conducted at room temperature, which is desirable 

for the proof-of-concept experiments to eliminate complicated reaction conditions; (2) both the 

reagents and products have representative UV-vis absorption that makes it easier to monitor the 

reaction with readily available instruments; (3) the mechanism of the reaction using gold 

nanoparticles as catalysts is well established and, therefore, we can focus on the design of 

materials rather than struggling with other ambiguous reaction parameters; and (4) the reaction is 
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important to the environment because the reagents are anthropogenic, toxic and inhibitory in 

nature.231 

Before conducting the catalytic experiments, the Au amount must be the same amount for the 

different nanocomposites, since the Au concentration will affect the overall catalytic behavior. 

To do this, ICP-MS was used to test the nanocomposite solutions to be used in the reactions, 

after acid treatment of the solutions. The acid digestion (50% nitric acid, 100 oC) step guarantees 

the complete dissolution of AuNPs and provides more accurate analysis of the Au content. The 

results from the ICP-MS analysis are shown in Table 5.2. Three replicates were run for each 

sample to establish the variations generated from the dispersity of AuNPs on the GdMOFs. For 

PAA-modified GdMOF composites prepared with the two different Au precursors, they both 

have an Au/Gd ratio of 1.9. However, the variation (standard deviation (SD) values in Table 5.2) 

for the GdMOF-PAA-Au(AuCl3) nanocomposite is smaller than the GdMOF-PAA-Au(HAuCl4) 

nanocomposite. For the Gd-PAA-Au(HAuCl4) nanocomposite, the variation between each 

replicate was high due to the relatively poor distribution of AuNPs on the GdMOF nanoparticles, 

which is consistent with the TEM images (Figure 5.2 a) and b)). On the contrary, TEM results 

(Figure 5.2 c) and d)) indicate that the Gd-PAA-Au(AuCl3) nanocomposite demonstrates better 

control of the AuNPs distribution, which is confirmed by the ICP-MS results (Table 5.2) by the 

lower variation between replicates. The amount of Au in the unmodified GdMOF nanoparticle 

composites (Table 5.2 sample c and d) prepared with either precursor, was similar and higher 

than the previous two PAA modified GdMOF composites. This is most likely due to 

agglomeration of free AuNPs, which cannot be effectively separated from the GdMOFs. In 

addition, the variation between replicates for the unmodified GdMOF nanoparticle composites is 

low. This is probably due to the fact that all the added Au ions gets reduced and maintained in 
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the sample, so the variation is just representative of the variation in addition of the salts and the 

purification procedure. 

TABLE 5.2 ICP-MS measurements for Au and Gd concentration of a) Gd-PAA-Au (HAuCl4), b) 
Gd-PAA-Au (AuCl3), c) GdMOF+HAuCl4 and d) GdMOF+AuCl3 with three replicates for each 
sample. 
 

 
Sample 

 
Replicates 

Au Con. Gd Con. Au/Gd 
ratio 

Average 
Au/Gd 
ratio 

 
SD ppb SD  ppb SD  

 
a 

a-1 14.72 5.72 51.05 1.38 0.29  
0.19 

 
0.11 a-2 11.49 3.69 53.65 0.37 0.21 

a-3 3.95 0.22 56.23 0.47 0.07 
 
b 

b-1 19.22 6.02 92.26 1.67 0.21  
0.19 

 
0.06 b-2 20.43 8.43 85.24 1.69 0.24 

b-3 12.25 0.30 103.71 2.68 0.12 
 
c 

c-1 57.63 2.11 152.54 1.62 0.38  
0.38 

 
0.01 c-2 53.34 0.20 137.50 1.27 0.39 

c-3 54.23 1.23 141.24 2.13 0.38 
 
d 

d-1 44.86 3.13 119.48 0.80 0.38  
0.38 

 
0.02 d-2 52.68 2.84 132.18 1.16 0.40 

d-3 51.06 0.18 138.89 2.05 0.37 
 

Once the Au amount for the different nanocomposites were determined, the samples were 

diluted to reach the same Au concentration before they were used as catalysts. The catalytic 

performance of the resulting materials was evaluated by monitoring the reduction of 

4-nitrophenol by NaBH4 in presence of either a) Gd-PAA-Au (HAuCl4), b) Gd-PAA-Au 

(AuCl3), c) GdMOF+HAuCl4 and d) GdMOF+AuCl3 as catalysts. 4-Nitrophenol exhibits a 

fingerprint type visible absorption around 325 nm (Figure 5.5 a) black spectrum) and shifts to 

400 nm (Figure 5.5 a) red spectrum) upon the addition of NaBH4. This shift was due to the 

change of 4-nitrophenol into 4-nitrophalate. The reaction only produces one product 

4-aminophenol with a weak representative peak around 300 nm, which cannot be seen in the 

GdMOF-PAA-Au composite materials UV-vis absorbance due to interference with the peak 

from the thiolate interaction with the GdMOF surface described previously. Therefore, the 
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change in the strong absorbance peak at 400 nm of the reagent can be utilized to quantify the 

reduction of 4-nitrophenol to 4-aminophenol.  

 
FIGURE 5.5 a) UV-vis spectra of 4-nitrophenol and 4-nitrophalate. b) Catalytic behavior test 
using pure GdMOF nanoparticles by monitoring the peak intensity of 4-nitrophelate at 400 nm 
from time = 0 min to 20 min. 

 
Furthermore, to rule out the possibility of the GdMOF nanoparticles themselves catalyzing 

this reaction, a reduction of 4-nitrophenol was carried out with NaBH4 and the pure GdMOF 

nanoparticles. As shown in Figure 5.5 b), no change was observed in the intensity of the 

4-nitrophalate peak after waiting 20 min. As such, it is clear that the any reactivity demonstrated 

by the AuNP-GdMOF nanocomposites only comes from the AuNPs in the following 

investigations.  

Next, the catalytic activity of the different AuNP-GdMOF nanocomposites was investigated. 

The UV-vis results demonstrate that both the Gd-PAA-Au (HAuCl4) and Gd-PAA-Au (AuCl3) 

nanocomposites are capable of completing the reduction of 4-nitrophenol with NaBH4 in just a 

few minutes, as shown in Figure 5.6 a) and b). However, when the reaction was performed using 

either the GdMOF+HAuCl4 or GdMOF+AuCl3 nanocomposites, where larger (agglomerated) 

AuNPs were not strongly bound to GdMOF due to the absence of the PAA bridging layer, the 

reaction times were much longer and did not reach completion after 13.5 min (Figure 5.6 c) and 

d)). Another peak with increasing intensity around 300 nm, observed in the GdMOF+HAuCl4 
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and GdMOF+AuCl3 nanocomposites, is the absorption peak for the product, 4-aminophenol. 

This peak was not observed in PAA-modified GdMOF-Au nanocomposites due to the overlap of 

the peak with the PAA thiolate group as discussed earlier. These results demonstrate two 

important conclusions. Firstly, the size of the AuNPs is important in producing catalytic activity. 

As the majority of the AuNPs in the unmodified GdMOF nanocomposites is significantly larger 

than 5 nm and show poor catalytic performance. However, in the PAA modified GdMOF 

samples, the majority of the AuNPs are equal to or less than 5 nm and both of these samples 

perform well as heterogeneous catalysts. This leads to the second important conclusion; surface 

modification of the GdMOFs with PAA is critical in producing defined nanocomposites and 

good catalytic performance.  

 
FIGURE 5.6 Representative UV-vis absorption spectra of 4-nitrophenol reduced by NaBH4 in 
the presence of a) Gd-PAA-Au (HAuCl4), b) Gd-PAA-Au (AuCl3), c) GdMOF+HAuCl4 and d) 
GdMOF+AuCl3 as catalysts. 
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As the UV-Vis absorbance is proportional to the concentration of 4-nitrophenol, following 

Beer’s law, the initial concentration of 4-nitrophenol was normalized to be one and used to plot 

the percentage conversion as a function of reaction time, as shown in Figure 5.7 a). The 

percentage conversion was calculated using the following equation 5.7:  

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛   % = 1−
𝐴!
𝐴!  

∗ 100                                                                                            [5.7] 

Where At represents the absorbance at 400 nm at time = t, while A0 indicates the original 

absorbance at time = 0. The rate constant for the reaction was determined from the 

semilogarithmic plot of conversion versus time (Figure 5.7 b)). The slope of the fitted curves 

represents the reaction rate constant of the first order reaction.231 

For each system, the reaction was conducted three different times and the average and 

standard deviation were calculated. These results show that there was not much difference 

between the Gd-PAA-Au (HAuCl4) and Gd-PAA-Au (AuCl3) nanocomposites, even though they 

showed a slight difference in the AuNP size and size distribution (Figure 5.2). In addition, both 

the Gd-PAA-Au (HAuCl4) (k = 1.76 min-1, R2 = 0.969) and Gd-PAA-Au (AuCl3) (k = 2.02 min-1, 

R2 = 0.950) nanocomposites had much higher rate constants compared to the two nanocomposite 

catalysts prepared using the unmodified GdMOF nanoparticles. The reaction rates constants for 

GdMOF-Au(HAuCl4) and GdMOF-Au(AuCl3) composites are 0.04 min-1 (R2 = 0.994) and 0.10 

min-1 (R2 = 0.995), respectively. The R2 values for the two PAA-modified GdMOF 

nanocomposites suggest pseudo first order behavior. It is believed that this is due to an initial 

diffusion controlled process and the reactions reaching completion very quickly. During the 

reaction, the cuvette cells used in Uv-vis spectroscopy were sitting in the spectrometer without 

stirring. Therefore, it took longer time for the reagents to diffuse than the reduction process until 

an equilibrium was established. Therefore, the initial data points were lower conversion than 
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expected based on the equilibrium rate of the reaction. To examine the effect of these points on 

the rate constant determination, only the data points at time = 1.5, 3, 4.5 and 6 min were used. 

Using this procedure, the adjusted rate constants were 2.46 min-1 for 

GdMOF-PAAA-Au(HAuCl4), with an R2 = 0.982, and 2.49 min-1 for GdMOF-PAA-Au(AuCl3), 

with an R2 = 0.967. 

 
FIGURE 5.7 a) Conversion of 4-nitrophenol versus time with Gd-PAA-Au (HAuCl4) (black 
curve), Gd-PAA-Au (AuCl3) (red curve), GdMOF+HAuCl4 (blue curve) and GdMOF+AuCl3 
(pink curve) as the catalysts. b) Plot of ln(Ao/At) vs reaction time for Gd-PAA-Au (HAuCl4) 
(black curve), Gd-PAA-Au (AuCl3) (red curve), GdMOF+HAuCl4 (blue curve) and 
GdMOF+AuCl3 (pink curve) as catalysts. 

 
Even though the GdMOF-PAA-Au demonstrate tremendous improvements in the reaction 

rate when compared to the unmodified GdMOF nanocomposites, it is desirable to further 

examine whether the overall structure of the nanocomposite influences the catalysis or is the rate 

similar to a plain AuNP catalyst. To do this, AuNPs with similar size (3 - 4 nm) stabilized with 

citrate were synthesized and used as catalysts for the reduction of 4-nitrophenol with NaBH4. 

The UV-vis spectrum, conversion and reaction rate plots are displayed in Figure 5.8 a), b), and c). 

From these results, the reaction rate constant was determined to be 0.34 min-1, with R2 = 0.987. 

This rate constant was significantly lower than the GdMOF-PAA-Au nanocomposites 

(Gd-PAA-Au (HAuCl4), k = 1.76 min-1 and Gd-PAA-Au (AuCl3), k = 2.02 min-1) and 
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demonstrates that the overall nanocomposite structure plays and important role in improving the 

catalytic performance of these systems. This can possibly be explained by the ligand effect, as 

reported in literature.129 For the 3 nm AuNPs stabilized with citrate, the entire AuNPs are coated 

with citrate by electrostatic interactions, which produces electrosteric hindrance for the reagents 

to effectively adsorb and thus react on the surface of AuNPs. On the contrary, the AuNPs in the 

nanocomposite materials were held at the surface of the GdMOF nanoparticles by the PAA and 

are not covered with small molecule ligands. This enables the reactants better access to the 

AuNP surface and, hence, improved catalytic performance. 

 
FIGURE 5.8. a) UV-vis spectrum of reduction of 4-nitrophenol with NaBH4 and 3 nm 
citrate-stabilized AuNPs as the catalyst. b) The corresponding conversion and c) plot of ln(Ao/At) 
versus reaction time using the 3 nm AuNPs as the catalyst. 
 

One of the primary advantages to using a supported nanoparticle catalyst is that it potentially 

provides better opportunity to recycle the catalysts, as it requires ultra-high centrifugation speed 

to recycle the plain ultrasmall AuNPs. The centrifugation process can also leads to 

agglomeration of bare AuNPs, which lowers their overall reactivity. Therefore, the recyclability 

of the best two composite catalysts, i.e., the Gd-PAA-Au (HAuCl4) and Gd-PAA-Au (AuCl3) 

nanocomposites, was also investigated and the results are presented in Figure 5.9. To recycle the 

nanocomposites, they were centrifuged out at 5000 rpm for 15 min and further washed with 

water for 4 times. Then the same reaction conditions for the reduction of 4-nitrophenol were then 

utilized for the recycled catalysts. Overall, these results demonstrate that the reactions are slower 
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than when the catalysts are used for the second time (compare Figure 5.9 a) – c) with Figures 5.6 

and 5.7). The rate constants were determined to be 0.15 min-1 (R2 = 0.983) and 0.17 min-1 

(R2=0.962) for the GdMOF-PAA-Au(HAuCl4) and GdMOF-PAA-Au(AuCl3) nanocomposites, 

respectively. These were significantly lower than the rate constants for these nanocomposites in 

the initial reaction. To elucidate the difference in reactivity before and after recycling of the 

catalysts, TEM was carried out to investigate the nanocomposite structures. A representative 

TEM image of one of the nanocomposite catalysts (GdMOF-PAA-Au (AuCl3)) after being 

recycled a shown in Figure 5.9 d). As can be seen from this image, the morphology of the 

GdMOF has been destroyed and the sample appears to have become more amorphous in terms of 

the GdMOF structure. In addition, there is a change in the size and distribution of the AuNPs, as 

they have increased from around 3.52 ± 0.78 nm before the first use of the nanoparticles to an 

average size of 4.43 ± 1.58 nm. Both of these observations likely explain the reduced catalytic 

activity compared to the original nanocomposite catalysts. This change in reactivity was also 

evidenced by UV-vis spectroscopy in Figure 5.9 a) and b), where the representative peak for the 

product 4-aminophenol decreases more slowly over time. Furthermore, the peak intensity for the 

formation of the product, 4-aminophenol, at around 300 nm can now be observed (unlike the 

original reaction involving the PAA modified GdMOF nanoparticles) and increases with time, 

indicating the formation of product. The reason that this peak is now observable is most likely 

due to the loss of the integrity of the GdMOF structure. During this structure change, the PAA 

coordinated on the surface of GdMOF might be detached and removed during the washing 

process. This in turn would reduce the stability of AuNPs and destroys the original 

nanocomposite structure. Therefore, a larger size and higher size distribution were observed, as 

discussed earlier, and the PAA thiolate-GdMOF interaction originally observed in the UV-vis 
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absorption between 260-300 nm was no longer present. However, it is envisioned that the 

integrity of the nanocomposites could be retained if the catalysts are used in reactions in an 

organic phase or gas phase, due to the improved stability of the MOF structure under these 

conditions. Moreover, the recycled catalysts, with relatively lower reaction rate after recycling, 

still show much better performance than GdMOF+HAuCl4 and GdMOF+AuCl3 (compare Figure 

5.9 c) with Figure 5.7 b)). 

 
FIGURE 5.9 Representative UV-vis absorption spectra of 4-nitrophenol reduced by NaBH4 in 
the presence of a) recycled Gd-PAA-Au (HAuCl4) or b) recycled Gd-PAA-Au (AuCl3) as 
catalysts. c) Plot of ln(Ao/At) vs reaction time for rate constant determination with Gd-PAA-Au 
(HAuCl4) (black curve), Gd-PAA-Au (AuCl3) (red curve). d) Representative TEM image of 
Gd-PAA-Au (AuCl3) after being recycled. 
 
5.4 Conclusions 

In summary, we have performed catalytic reduction of 4-nitrophenol using the newly 

developed GdMOF-PAA-Au nanocomposite catalysts, prepared with two different Au precursors. 
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Results demonstrated that the catalytic activity of these catalysts was much higher than the 

GdMOF-Au composites, prepared without the presence of PAA, and also higher than the plain 

citrate-stabilized AuNPs. There are several possible explanations for this phenomenon. Firstly, 

the presence of PAA allows for a strong binding between the GdMOF and the AuNP, which 

helps stabilize the AuNPs during the catalytic reactions. Secondly, the presence of PAA yielded 

smaller AuNPs, compared to the unmodified GdMOF systems, leading to improved catalytic 

performance. Finally, the AuNPs in the PAA modified GdMOF nanocomposites do not have 

ligand covered surfaces, which provides better access for the reactants and higher rater constants. 

The recyclability of the catalysts was also studied and it was observed that the recycled catalysts 

delivered lower catalytic activity compared to the fresh catalysts, which was likely due to 

morphology changes in the GdMOF nanocomposites. Despite this, the results of this 

proof-of-concept study indicate that the overall nanocomposite design is critical in developing 

new and improved heterogeneous catalysts and provides guidelines for future studies in this area. 
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CHAPTER 6 

POST FUNCTIONALIZATION OF DUMBBELL-SHAPED PARTICLES BASED ON 

REVERSIBLE ADDITION−FRAGMENTATION CHAIN-TRANSFER (RAFT) 

POLYMERIZATION 

6.1 Introduction 

Anisotropic “Janus” or “patchy” particles have attracted great attention because of their 

potential applications in emulsion stabilization,174,175 interface engineering176,243, chemically 

powered micromotors244,245 and self-assembly167. To date, numerous methods have been 

proposed to fabricate anisotropic particles, including microfluidics,246 template method247,248, 

Pickering emulsions,249,250  seeded emulsion polymerization172,251, copolymer engineering252,253 

and electro-hydrodynamic co-jetting164,166,170. Among all these methods, the seeded emulsion 

polymerization is capable of producing polymeric particles with dumbbell shapes. The method 

involves swelling cross-linked spherical polymeric particles (CPS) with monomer. Instead of 

isotropic expansion, the monomer is expelled and forms a second lobe on CPS because of the 

elastic contraction of the swollen networks172 and incompatibility between  polymer and 

monomer254.  

In addition to geometric anisotropy, there is a great interest in improving the anisotropy in 

surface chemistry of the particles. Thus far, different strategies have been proposed, for example, 

Weitz and coworkers reported that by swelling CPS with methyl methacrylate (MMA) or butyl 

methacrylcate (BMA), one can produce dumbbell shaped particles with certain degrees of 

interfacial anisotropy between two lobes. However, the anisotropy was not very significant 

because MMA or BMA also slightly swelled the seed particles.172 Similarly, other groups255 

synthesized polystyrene-poly(n-butyl acrylate) (PS-P(n-BA)) “hard-soft” dumbbells via seeded 
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dispersion polymerization of butyl acrylate in the presence of polystyrene seed spheres. The 

surfactant polyvinylpyrrolidone (PVP) was remained low (1~2 wt % to monomer) to promote the 

growth of p(n-BA) on PS seed particles rather than in bulk by themselves. Because there was a 

clear delineation between two lobes (dark PS lobe and light PBA lobe in bright-field optical 

images) and no change in the seed particles’ diameters, they ruled out the possibility of swelling 

of the seed particles and proposed that the mechanism of the second lobe formation was based on 

the capturing of oligoradicals onto the surface of the seed particles. These oligoradicals can 

provide surface nucleation sites for the new polymer phase (i.e., lobe) to grow continuously. In 

addition, pH-responsive Janus particles composed of polystyrene and poly(tert-butyl acrylate) 

(P(t-BA)) were prepared through a combination of seeded emulsion polymerization and 

polymerization-induced phase separation.168 In addition to butyl acrylate, other monomers such 

as N-isopropylacrylamide (NIPAm),256 methacrylic acid (MAA),257 2-(diethylamino)ethyl 

methacrylate (DEAM)254, ethylene glycol dimethacrylate (EGDMA), 

dimethacryloyloxybenzophenone (DMABP), glycidyl methacrylate (GMA),258 acrylic acid 

(AA),259 and acrylonitrile (AN)260 have been used for making Janus particles. However, all these 

reported methods lack either the control of monodispersity or versatility (i.e., they can only be 

used for specific monomers and synthetic conditions). 

To overcome these limitations, an emerging strategy is to functionalize the particles by 

post-modification methods. Post-functionalization can take advantage of the well-developed 

emulsion or dispersion polymerization techniques to finely control both shape and size of 

particles. Meanwhile, functional moieties, such as stimuli-responsive polymers,171 inorganic 

nanoparticles261 and bioconjugates262 can be employed to improve the performance of these 

particles due to combined anisotropy in both geometry and surface chemistry. These new 
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opportunities can potentially open up a new area for producing high quality anisotropic 

structures.  

Herein we develop a post-modification method using the reversible addition-fragmentation 

chain transfer (RAFT) polymerization technique. The dimer particles are first synthesized with 

seeded-emulsion polymerization to obtain excellent geometric anisotropy in terms of relative 

lobe sizes and monodispersity. Then, a RAFT agent is selectively incorporated onto one lobe 

through conjugation with silane molecules that are preserved from the synthesis. The attachment 

of RAFT agent allows us to perform RAFT polymerization selectively on one of the lobes, which 

is confirmed by fluorescent microscopy. In comparison with the modification of the original lobe 

in a dumbbell, selectively modifying the second lobe is of great challenge in literature. In such an 

attempt, different strategies are explored in this work including swelling the CPS with RAFT 

agents and hydrophilic monomers (e.g., methyl acrylic acid). Although the particle morphologies 

are hard to control, our preliminary results confirm the anisotropic distribution of surface 

functionality (e.g., carboxyl acid). These particles could possibly be used for attachment of 

RAFT and following with RAFT polymerization in future.  

6.2 Materials and experimental 

The following sections introduced materials used in this Chapter and described the relevant 

experiments and characterization techniques used. 

6.2.1 Materials 

Styrene, divinylbenzene (DVB), sodium 4-vinylbenzenesulfonate, polyvinylpyrrolidone 

(PVP, Mw ≈40,000), sodium dodecyl sulfate (SDS), 3-aminopropyltriethoxysilane (APS), 

N-isopropylacrylamide (NIPAm) and fluorescein O-methyacrylate (fluorescein o-MA, 97%) 

ethidium bromide-N,N′-bisacrylamide (97%) are purchased from Sigma-Aldrich. 
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3-(trimethoxysily)propyl acrylate (TMSPA) is purchased from TCI. The thermal initiator 

2,2'-Azobis(2.4-dimethyl valeronitrile) (V-65) and 2,2'-Azobis(4-methoxy-2.4-dimethyl 

valeronitrile) (V-70) are purchased from Wako Chemicals. NIPAm was purified by repeated 

recrystallization in a mixture of toluene/hexane (60:40, v/v) and dried in vacuum oven before use. 

All other chemicals are used as received except that both styrene and divinylbenzene are purified 

by aluminum oxide before use. 

6.2.2 Instrument and characterization 

The morphologies of the PS seeds, CPS, and polystyrene dimers were characterized with 

scanning electron microscopy (JEOL JSM-7000F). Particles were dispersed in water and 1 drop 

was placed on the silicon wafer (cleaned with isopropanol for 3 times). Before running SEM 

tests, the particles were coated with a thin layer of Au (by sputtering) to improve the 

conductivity. Both bright-field and fluorescent images were obtained with an inverted optical 

microscope (Olympus IX71). 1HNMR spectra were obtained on a JEOL ECA 500 liquid state 

NMR spectrometer and processed with MestReNova software. 

6.2.3 Experimental  

Synthesis of Polystyrene (PS) Dimers with controllable geometry.  

The synthesis of polystyrene (PS) dimers was based on the seeded emulsion polymerization 

method.172,251 To start, monodisperse PS spheres was prepared via dispersion polymerization, 

where a small amount of sodium 4-vinylbenzenesulfonate was used as stabilizer.263 130 mL 

methanol was mixed with 10 mL deionized (DI) water in a 250 mL three-neck flask equipped 

with a stir bar and reflux condenser. The mixture was then heated up to 70 oC followed with 5 

min argon gas purging. 10 mL sodium 4-vinylbenzenesulfonate (0.3 g in 12 ml methanol) 

solution was added into the flask while stirring. The monomer styrene (15 mL) was fed all at 
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once, after which 10 mL of the well dissolved thermo-initiator AIBN (0.36 g in 12 mL methanol) 

solution was added to initiate the reaction. The mixture was heated with stirring for 4 hrs. 

Afterwards, the spheres were cleaned by centrifugation in methanol for three times at 3000 rpm 

(30 min). Finally, the particles was cleaned with water one more time and dispersed in 100 mL 

water with ~10% wt/v of particles. 

In order to make PS dumbbells, it is essential that the seed particles are cross-linked. To get 

them, the cross-linker DVB was introduced together with styrene. A silane molecule, i.e., 

TMSPA is also incorporated in this step to for better control of the dumbbell geometry and 

subsequent surface modification. In brief, 0.02 g initiator (V-65) was dissolved in 1mL styrene, 

0.05 mL DVB and mixed with 0.05 mL TMSPA. 4 mL 5 wt% PVP and 0.5 mL 2 wt% SDS 

aqueous solution were used together as a binary stabilizer. All of the above solutions were mixed 

together and a tip sonicator (Branson digital sonifier 450, 35% efficiency) was applied for 10min 

to obtain homogeneous emulsion. Then 1 mL PS seed particles (10% wt/v) were introduced into 

the emulsion and tumbled end-over-end for 24 h at room temperature. The polymerization was 

carried out by continuous tumbling in a 70 oC oil bath for another 24 hrs.  

The seeded emulsion polymerization was employed again (using the CPS particles as the 

seeds) to synthesize PS dumbbells. To control the size of the second lobes, different amounts 

(0.2 mL to 1 mL) of styrene were charged into the reaction. However, the relative ratios of 

initiator to styrene (0.02 g/mL) and cross-linker to styrene (0.05 vol %) were kept the same. 

After polymerization for 12 h, excess monomer, stabilizer, and free polymer chains were 

removed by centrifugation (2000 rpm for 15 min) with methanol for three times and water for 

one time.  
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Synthesis of RAFT agents DATC and DATC-succinimide. 

RAFT agent S-1-dodecyl-S′-(R,R′-dimethyl-R′′-acetic acid) trithiocarbonate (DATC) was 

prepared by following procedures in literature264. The product was dried and characterized with 

1HNMR. 1H NMR (500 MHz, CDCl3, δ, ppm): 0.89(S(CH2)11CH3, t, 3H), 1.25-1.53 

(SCH2(CH2)10CH3, m, 20H), 1.73(SCH2(CH2)11CH3, s, 6H), 3.35 (t, 2H) (Figure 6.2 bottom 

spectrum). 

DATC-succinimide was prepared by modifying DATC with N-hydroxysuccinimide (NHS). 

The procedures were slightly modified from literature265. Briefly, DATC (1 g, 2.7 mmol) and 

NHS (0.38 g, 3.3 mmol) were dissolved in anhydrous dichloromethane in a flask equipped with a 

stir bar. The reaction mixture was cooled in salt ice bath to -15oC. Then 

dicyclohexylcarbodiimide (DCC, 0.71 g, 3.4 mmol) was added into the flask and stirred at room 

temperature for 12 hrs. The precipitate was removed by filtration. Chromatographic separation 

(silica gel, ethyl acetate/hexanes, 2/3, v/v) was conducted to purify the product. 1H NMR (500 

MHz, CDCl3, δ, ppm): 0.88 (t, 3H, CH3), 1.24 (t, 16H, CH2), 1.39 (t, 2H, CH2), 1.68 (t, 2H, CH2), 

1.83 (s, 6 H, CH3), 2.80(s, 4H, CH2), 3.31 (t, 2H, CH2).   

Conjugation of the RAFT agent on PS dimers. 

Before grafting RAFT agents onto the original lobe of the dimers, amine groups were 

introduced by the silane conjugation chemistry. During the synthesis of the CPS particles, vinyl 

silanes (TMSPA) were incorporated. It allows us to employ the enriched silane chemistry to 

further attach other functionalities. For example, the amine-terminated silane can be attached 

further via the silane coupling reaction. Basically, 12 mL (0.01 wt%) dimers in 15 mL ethanol 

were mixed with 150 µL APS and 3 mL ammonium hydroxide (30%). The mixture was stirred 
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for 24 h at room temperature and followed with 3 times of ethanol wash and 1 time of water 

wash. 

Before further attaching the RAFT agents, the successful attachment of amine groups needs 

to be confirmed. This was achieved by mixing pre-synthesized citrate stabilized Au nanoparticles 

(Turkevich method266) and dimers in a sonication bath for one hour.245 The RAFT agent 

(DATC-succinimide) was attached to the original lobes covalently through amine succinimide 

reaction. The reaction was conducted at room temperature by mixing 1 mL (0.01 wt. %, in 

methanol) APS-modified dimer with 0.01 g DATC-succinimide (dissolved in 15 mL methanol 

and 10 mL hexanes) and stirred for 24 hrs. After that, the particles were centrifuged (2000 rpm 

and 10 min) and cleaned with methanol for 4 times. 

Growing polymer brushes via RAFT polymerization on the original lobes 

 RAFT agent (DATC-succinimide) modified dimers were dispersed in methanol after 

cleaning. Then 1 mL (0.01 wt. %) of particle suspension was mixed with 0.5 g NIPAm (4.42 

mmol) and 0.014 g (0.035 mmol) fluorescein (o-MA) in 10 mL methanol. The reaction mixture 

was purged with N2 for 30 min. In a separated vial, 0.012 g (2.166E-02 mmol) initiator V-70 was 

dissolved in 2 mL methanol. Then 300 µL of the V-70 was added into the reaction mixture 

followed by 12 h stirring in a 40 oC oil bath. The particles were cleaned by centrifugation (2000 

rpm and 10 min) with methanol for 4 times. 

To grow polymer brushes on CPS spheres, the surface modification of CPS with APS and 

RAFT agent were conducted under the same condition as for dimer surface modification. As 

control experiments, PS seed without further any surface modification and CPS with RAFT 

agent modification were used in the polymerization of NIPAm and fluorescein (o-MA) as well. 

All the reaction conditions remained the same. 
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6.3 Results and Discussion 

Driven by the potential applications of anisotropic particles in numerous areas164,170, a wide 

variety of techniques have been developed to produce anisotropic particles.254,258,259 The first 

direction taken is to create the shape anisotropy. Among all possible shapes, dumbbell shaped 

polystyrene particles with controllable lobe sizes can be prepared with high monodispersity. In 

addition to the shape anisotropy, anisotropic distribution of surface functional groups was 

another appealing property achieve desirable performance, including amphiphilic emulsion 

stabilizer168, phase transfer vehicles169 and catalytic micromotors244. Despite the significant 

development of synthetic protocols, particles with both geometric and interfacial anisotropy are 

still a grand challenge in colloidal synthesis. Herein, we take advantage of seeded emulsion 

polymerization to produce particles with shape anisotropy. Then the functional groups anisotropy 

was achieved by post-modification with RAFT agent (Figure 6.1). The subsequent RAFT 

polymerization generates polymer brushes on the surface of the particles site-selectively. The 

mild reaction conditions, diversified choice of monomers, as well as living polymerization 

properties associated with RAFT can potentially produce anisotropic particles with various 

properties.     

 
FIGURE 6.1 Schematic showing the modification of the original lobe of polystyrene dimers with 
RAFT agent and consequently growth polymer brushes.  
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6.3.1 Synthesis of polystyrene (PS) dimers with well-controlled geometry  

The PS dimers synthesized with seeded emulsion polymerization method can be achieved 

with high reproducibility169,172,245,267,268. As shown in Figure 6.2 a), spherical PS particles with a 

diameter ~ 1.1 µm were prepared first. They were then cross-linked (i.e., CPS) (Figure 6.2 b)) by 

swelling with monomer styrene, cross-linker DVB, and a silane monomer TMSPA. This 

cross-linking step is critical to control the latter phase separation for dimer fabrication. When the 

CPS particles were further swollen with styrene, phase separation occurs between the original 

cross-linked spherical seed and the new lobe was driven by the elastic stress due to cross-linked 

polymer chains.172 By controlling the amount of monomer in the swelling stage, the size of the 

second lobe can be controlled. As illustrated in Figure 6.2 c) and d), dimer with larger and 

smaller original lobes were successfully synthesized with high monodispersity.    

 
FIGURE 6.2 SEM images of: a) Uncrosslinked PS spheres with diameter about 1.1 µm; b) 
Crosslinked polystyrene spheres (CPS) with diameter around 1.7 µm; PS dimers with its original 
lobe c) bigger and d) smaller than the second lobe. (The red arrows point at the original lobes, 
while the green arrows indicate the second lobes). 
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6.3.2 Conjugation of amines on the original lobes of the PS dimer  

 Dumbbell shaped PS particles offer geometric anisotropy. The selective modification of 

individual lobes was, however, challenging and rarely reported. To realize this, we started with 

the modification of the original lobes, where vinylsilane molecules (TMSPA) have been 

incorporated during the synthesis of CPS and copolymerized with styrene, forming a shell.256 

This shell not only facilitates the growth of the second lobe, but also provides further 

modification sites originating from the enriched silane chemistry. As shown in Figure 6.1, the 

TMSPA serve as handles for attachment of amine-silane (e.g., APS) molecules through silane 

coupling under basic conditions. To demonstrate the successful attachment of amine silane on 

the original lobe, amine-reactive fluorophore, fluorescein isothiocyanate (FITC), was mixed with 

amine conjugated dimers. The fluorescent images in Figure 6.3 a) and b) show a strong 

fluorescence only on the original lobe regardless of the size ratio between two lobes. From there, 

RAFT agents can be anchored on the amine groups via reaction of amine group and the activated 

acid group.  

 
FIGURE 6.3 The fluorescent images of the amine-modified dimer after it is mixed with neutral 
FITC dye, which couples strongly with amine groups on the original lobe: a) larger original lobe, 
b) smaller original lobe.  

 
6.3.3 Synthesis of the RAFT agents: DATC and DATC-succinimide 

DATC was synthesized and characterized with 1H NMR. All the representative peaks have 

been reported in the experimental section and the corresponding spectrum is presented in Figure 

6.4 (bottom spectrum). The carboxylic acid in DATC can react with amine, but the low reactivity 
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can potentially lead to its lower surface density on the particles. To resolve this problem, the 

carboxylic acid group was first converted into an active ester group, i.e., succinimide. The 

successful conversion of DATC into DATC-succinimide was also confirmed with 1H NMR 

(Figure 6.4 (top spectrum)). 

 
FIGURE 6.4 1H NMR for RAFT agent DATC (bottom) and DATC-succinimide (top). 

 
6.3.4 Polymerization using spherical particles with and without RAFT agent modification 

For the RAFT polymerization, NIPAm was chosen because of it is responsive to change in 

temperatures. Small amount of fluorescent monomer (fluorescein o-MA) was also added into the 

polymerization step to facilitate the characterization of anisotropy. For a proof of concept, we 

started with spherical PS particles to avoid the complexity in the dimer synthesis.  
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FIGURE 6.5 Representative scanning electron, bright field optical, and fluorescent microscopy 
images of NIPAm-fluorescein (o-MA) modified a,b,c) polystyrene spheres without cross-linker 
BIS; d,e,f) polystyrene spheres with cross-linker BIS and g,h,i) DATC-succinimide 
functionalized CPS spheres without cross-linker BIS. 

 
As demonstrated in Figure 6.5 a-c), when PS spheres were not functionalized with RAFT 

agents, no fluorescence was observed on the particles after the polymerization of the NIPAm and 

fluorescein (o-MA). Presumably, polymers were formed in water rather than on particles. In 

contrast, when we added the cross-linker (BIS) together with NIPAm and fluorescein (o-MA), 

there was some indication of polymer films on the surface of PS particles under SEM (Figure 6.5 

d). This was further proved by the fluorescent images shown in Figure 6.5 f, where distinct 

fluorescence was observed in direct comparison with Figure 6.5 c). Our observation is consistent 

with literature,269,270 which reported poly(NIPAm) shell formation on PS spheres by adding the 

cross-linker BIS. Since poly(NIPAm) is soluble in water, crosslinking is necessary, which 

prevents its dissolution and the cross-linked poly(NIPAm) shell was most likely physically 
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adsorbed on the PS spheres. When we use PS spheres conjugated with RAFT agents, however, 

the cross-linker is no longer needed. As shown in Figure 6.5 g-i, the polymer films between 

particles were observed under SEM and fluorescence surrounding the spheres was clearly shown. 

These results clearly demonstrated that polymers can be successfully grown onto spherical 

particles by surface modification with RAFT agents. Moreover, the polymers grown with 

RAFT-polymerization were attached covalently on the particles, different from the physical 

adsorption, thereby providing stronger binding. 

6.3.5 Selective growth of polymer brushes via RAFT polymerization on the original lobe of 

dimers 

After proving that RAFT agent can initiate the growth of polymers on spherical particles, we 

aim to employ the same strategy to grow polymers via RAFT agents on the original lobes of 

dimers selectively. To attach RAFT (DATC-succinimide), we need to first modify the surface of 

the original lobes via the conjugation of amine silane with TMSPA for making dimers. The 

presence of amine functionality is crucial for the subsequent attachment of RAFT agent. To 

confirm that amines are attached selectively on the original lobe, we mix the modified dimers 

with citrate-stabilized Au nanoparticles, which are negatively charged.  

As shown in Figure 6.6 a) and c), only the original lobe was coated with the Au nanoparticles, 

indicating the successful attachment of amine functionalities. Moreover, the relative size of the 

original lobe does not influence this selective attachment. RAFT agent was then reacted with 

amines onto the original lobe, and subsequent RAFT polymerization was performed using both 

NIPAm and fluorescein (o-MA) as the monomers. The significant fluorescence contrast between 

two lobes was illustrated in Figure 6.6 b) and d). Only the original lobe exhibits fluorescence 



134 

regardless the relative size ratio between two lobes. Therefore, the successful modification of the 

original lobe by RAFT polymerization was achieved. 

 
FIGURE 6.6 a) and c) SEM images of Au nanoparticles on the original lobe of polystyrene 
dimers. b) and d) Fluorescent images after polymerization of NIPAm-fluorescein(o-MA) with 
DATC-succinimide on the dimers. a) and b) the original lobe is bigger than the second lobe; c 
and d) the original lobe is smaller than the second lobe.  

 
6.3.6 Growing polymer brushes via RAFT polymerization on the second lobes of dimers  

A more ambitious goal of this research is to selectively modify two lobes through RAFT 

polymerization. Because of the presence of silane molecules (TMSPA) in original lobe during 

the dimer synthesis, its surface modification is relatively convenient. To modify the second lobe 

with RAFT polymerization, different approaches have to be employed. To begin with, the RAFT 

agent was added during the CPS swelling stage with styrene. Two different RAFT agents were 

employed including, DATC, which has a long hydrocarbon chain, and 2-phenylprop-2-yl 

dithiobenzoate (PPBD), which has phenyl groups. Hypothetically, the first lobe should embed 

little RAFT agent during the swelling stage and PPBD with phenyl groups should generate better 

control over the size ratio of two lobes (because of its better compatibility with styrene). . From 
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the SEM image in Figure 6.7 a), DATC and styrene swollen dimers have an average size of 1.8 

µm for the original lobe and ~2.4 µm for the second lobe. By introducing the same moles of 

PPBD, dimers with ~1.7 µm for the original lobe and ~2.8 µm for the second lobe were 

produced. Therefore, PPBD does give difference control over the sizes, although it also swells 

the original lobe like DATC (both started with CPS of 1.5 µm). The fluorescent images (Figure 

6.7 b) and d)) after RAFT polymerization, however, did not show any contrast between two 

lobes, which indicates that DATC or PPBD are distributed uniformly on both lobes.   

 
FIGURE 6.7 SEM images of dimers synthesized with RAFT agent a) DATC and c) PPBD added 
during the swelling stage. Corresponding fluorescent images after polymerization of NIPAm and 
fluorescein (o-MA): using dimers functionalized with b) DATC and d) PPBD. 

 
As discussed previously, the dimer formation was based on the phase separation and thus the 

miscibility of the monomer with CPS is vital for controlling the morphology and surface 

functionalities. Both RAFT agents are compatible with styrene and hence swell both lobes. In 

comparison, monomer methacrylic acid (MAA) was used together with styrene to swell CPS. 
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Presumably, the low compatibility of MAA with styrene would generate some anisotropy during 

the formation of the second lobe. Various amounts of styrene and MAA were used and the 

representative SEM images were shown in Figure 6.8 a, c and e. To identify the distribution of 

MAA, a small molecular dye (7-Amino-4-(trifluoromethyl) coumarin) was reacted with the 

carboxylic acid groups from MAA at room temperature through coupling. When a larger amount 

(1mL monomer with 30% MAA and 10% MAA) of monomer was used, the fluorescent images 

(Figure 6.8 b and d) indicate MAA was mostly incorporated in the larger second lobe, but there 

are some dimples on the original lobes too. This is consistent with SEM images shown in Figure 

XX, which show poor control of the dumbbell shape of dimers. In comparison, monodispersed 

dimers were obtained with lower monomer amount (10% MAA). However, no fluorescence was 

observed after coupling with the amine dye. This could be due to (1) the low MAA amount used 

in the swelling stage does not influence the dimer shape, (2) little MAA was incorporated into 

the dimers and fluorescence was hardly detected. 

 
FIGURE 6.8 SEM (a,c,e) and fluorescent images (b,d,f) of MAA and styrene swelled dimer with 
different monomer amounts: a and b) 0.82mL styrene and 0.18mL MAA (30 mol%), c and d) 
0.93mL styrene and 0.07mL MAA (10 mol%), e and f) 0.40mL styrene and 0.03mL MAA (10 
mol%). 
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Based on our result, it is challenging to selectively introduce RAFT agent on the second lobe 

simply by swelling CPS with a mixture of styrene and RAFT agents. However, the capability to 

create anisotropy in carboxylic acid functionality (by using MAA to swell CPS particles) show 

promises toward modification of the second lobe with RAFT agent. This can be achieved 

through the reaction of hydroxyl-terminated RAFT agent (e.g., DATC-OH) with the carboxylic 

acid groups from MAA embedded in the second lobe. Consequently, RAFT polymerization can 

be employed following the same conditions used in the original lobe modification. The process is 

schematically demonstrated in Figure 6.9. Although still challenging, we have analyzed the pros 

and cons of various synthetic approaches to modify the second lobe, and this route should 

provide guidance for future studies. 

 
FIGURE 6.9 Schematic illustration to modify the second lobe with hydroxyl-terminated RAFT 
agent and subsequently initiate RAFT polymers through polymerization. 

 
6.4 Conclusions 

In conclusion, we have successfully attached RAFT agent to one lobe of the dimers 

selectively. Subsequent polymerization was also carried out with the growth of polymer brushes 

(such as NIPAm and fluorescein (o-MA)) on one lobe only using RAFT polymerization. The 

mild reaction condition, living polymerization characteristics and capability to choose various 

monomers of RAFT polymerization offer great potential to anchor hydrophilic polymer chains 

on the desirable lobe conveniently. We envision that this method can be utilized for other 

monomers and expand the library of colloids with combined geometric and interfacial anisotropy. 

The challenge in the modification of the second lobe, however, remained after endeavor with 
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different strategies. The method by adopting hydrophilic monomer MAA to swell the PS seed 

particles show promising results to further modify the second lobe with RAFT agents. Future 

studies need to be explored to realize the post-modification of the second lobe by RAFT 

polymerization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 

CHAPTER 7 

CONCLUSIONS AND OUTLOOK                                                                  

7.1 Conclusions 

Due to the tremendous potential application of noble metal nanoparticles (especially gold 

nanoparticles, AuNPs) and metal-organic framework (MOFs) in both the biomedical and 

catalysis areas, they have recently received considerable attention. Of particular interest is the 

synthesis of metal nanoparticles-MOF composite materials with well-defined morphology and 

sizes to achieve multifunctional and/or synergetic properties. While several strategies have been 

reported to effectively combine AuNPs with MOFs together, none of them have used MOFs 

based on lanthanide (e.g., gadolinium (Gd)) metal ions.  

One of the primary benefits of preparing AuNPs-GdMOF composites is the ability to use 

these systems as a bimodal contrast agent in both magnetic resonance imaging (MRI) and x-ray 

computed tomography (CT). Despite the significant development of therapy methodologies, 

cancer is still the second leading cause of death in United States. In an effort to improve these 

statistics, there has been a recent focus on the diagnosis of cancer at an early stage to enhance the 

efficacy of treatment. Therefore, an emerging idea is to combine different diagnostic modalities 

together to provide complementary information as well as the capability to monitor treatment. 

While there have been different approaches in an attempt to realize this idea, the use of 

multimodal imaging contrast agents has become more attractive for several reasons: (1) it is 

more cost-effective because it can take advantage of the widely available standing-alone 

instruments that are used in clinic; (2) it can provide more accurate information by offering 

enhanced contrast; and (3) the hybrid contrast agents can follow the same in vivo pathway and 

deliver imaging information for the same diseased site. Given the tremendous opportunities 
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presented by multi-modal imaging contrast agents, various hybrid contrast agents have been 

synthesized and have found applications in different imaging modalities. An increasing interest 

is to combine MRI and CT together. This is because CT is one of the most prevalent imaging 

techniques in the clinic due to its cost effectiveness, wide availability, anatomical imaging ability 

and high temporal resolution. On the other hand, MRI possesses superior resolution in imaging 

soft tissues, mucus and bone marrow. Moreover, MRI can provide functional measurements 

utilizing dynamic contrast-enhanced MRI, diffusion-weighted MRI, functional MRI and 

pharmacologic MRI. However, to realize a multi-modal imaging agent for MRI and CT, new 

materials need to be developed.  

The contrast agents used for CT are usually based on iodine or barium small molecules, 

which suffer from short circulation time and limited ability to further functionalize. AuNPs, with 

a high x-ray attenuation coefficient, tunable sizes, and versatile surface modification chemistry, 

have become a promising imaging agent for CT. On the other hand, paramagnetic Gd(III), with 

nine coordination sites, seven unpaired electrons, and a large magnetic moment, is an 

outstanding imaging agent for MRI. To date, research in this area has focused on the 

combination of AuNPs and Gd chelates. The main drawbacks of these systems are a low Gd 

payload per AuNP and difficulty in further surface modification of AuNPs. Therefore, as an 

alternative approach, this research proposes to integrate GdMOFs with AuNPs to overcome the 

limitations of previously reported systems. 

Two approaches are proposed to incorporate AuNPs and GdMOFs together. The first 

approach was based on our group’s previous studies, where well-controlled GdMOF 

nanoparticles were synthesized first and subsequently surface modified using polymers prepared 

by reversible-addition fragmentation chain transfer (RAFT) polymerization. In order to 
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effectively load AuNPs on to the GdMOF nanoparticles, poly(acrylic acid) (PAA) was selected, 

as it offers binding sites for Au ions through carboxylic acid functionalities. The subsequent 

reduction of the Au ions formed AuNPs with high dispersity on the GdMOF nanoparticles. The 

as-synthesized AuNPs-GdMOF composites show promising MRI and CT contrast, which make 

them a potential candidate for bimodal imaging. However, this method had limited control over 

the Au and Gd ratio during the synthesis, which could lead to problems in the final application of 

these systems. 

To resolve this problem, another strategy was used to synthesize AuNP core-GdMOF shell 

nanocomposites. This was achieved by replacing the cetyltrimethylammounium bromide 

(CTAB)-stabilization layer on pre-synthesized Au nanorods (AuNRs) with mercaptosuccinic 

acid (MSA) using a ligand exchange process. MSA has a thiol group and two carboxylic acid 

groups. The strong interaction between the AuNRs and the thiol group of MSA facilitates the 

ligand exchange process, while the carboxylic acid functionalities offer heterogeneous nucleation 

sites for the formation and coordination of the GdMOF shell to the surface of the AuNRs. It was 

found that the ligand exchange process is critical to generate uniform GdMOF shell on the 

AuNRs. Several other synthetic parameters, such as the surfactant amount, solvent ratio and Gd 

precursor concentration, were also demonstrated to play an important role in preparing a 

well-controlled core-shell structure. These core-shell nanocomposites showed promising contrast 

capability in both MRI and CT. Moreover, the ligand exchange method was successfully applied 

to prepare other AuNR core-MOF shell structures, which have potential application in other 

areas such as catalysis, gas storage, and drug delivery. 

Even though the preparation of AuNP-GdMOF composites in this research was motivated by 

the search for new bimodal imaging contrast agents, it is hard to overlook their great potential in 
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the development of new heterogeneous catalysis with well-controlled morphology and 

composition. The AuNP-GdMOF nanocomposites prepared with PAA as the bridge were used as 

catalysts in the reduction of 4-nitrophenol to 4-aminophenol with sodium borohydride. These 

new nanocomposites demonstrated excellent catalytic performance, as evidenced by high 

reaction rates in comparison with the simply mixed GdMOF-AuNPs systems or citrate-stabilized 

pure AuNPs with similar sizes. Moreover, it was found that by simply changing the Au precursor 

used to prepare the AuNP-GdMOF nanocomposites, from HAuCl4 to AuCl3, more uniform and 

smaller sized AuNPs could be deposited on the GdMOF nanoparticles. It was hypothesized that 

differences in pH might influence the [AuClx(OH)4-x]– species in the solution and consequently 

impact the interaction of them with PAA. PAA was also found to play vital role in order to get 

highly dispersed AuNPs on GdMOF, which offers higher reactivity. Finally, the recyclability 

was demonstrated to be limited because of the loss of integrity of the MOF structures. However, 

the poor stability of MOFs in aqueous solution, especially when other ions are also present in the 

solution, should be resolved by applying the nanocomposites as catalysts for organic or gas 

phase reactions. 

During the synthesis of the AuNP-GdMOF composites, it was demonstrated that the surface 

modification is critical for the successful integration of two different components in to the one 

nanostructure. RAFT polymers offer great potential in surface modification because of the 

well-controlled polymer chain lengths, living polymerization characteristic and feasibility of 

end-group modification. Extending the RAFT polymer modification of nanoparticles to 

micro-sized polymer particles was investigated as well. To start, polymer particles with dumbbell 

shape were synthesized, as they offer geometric anisotropy, which becomes superior to isotropic 

particles in applications such as particulate emulsion stabilizers and interface engineering. RAFT 
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polymers can further enhance the anisotropy by selectively functionalizing one lobe of the 

dumbbell particles. The original lobe was successfully modified with RAFT polymers through 

attachment of a RAFT agent and subsequent polymerization. The capability of modifying only 

the original lobe was achieved by incorporation of silane molecules in the original lobe during 

the dumbbell particles’ synthesis. However, it was found to be difficult to introduce the silane 

molecule only into the second lobe because the original lobe could also be swelled during the 

formation of the second lobe. In an attempt to incorporate RAFT agent only into the second lobe, 

two strategies were approached through the swelling of the original lobe: (1) addition of RAFT 

agents directly with monomer styrene; and (2) employment of the hydrophilic monomer methyl 

acrylic acid (MAA) to enhance phase separation from the original lobe. However, both strategies 

encountered challenges in terms of either lack of anisotropy between the two lobes or poor 

control over the dumbbell morphology. Despite this, the method of utilizing a hydrophilic 

monomer, such as MAA, to swell the PS seed particles demonstrated promising results to further 

modify the second lobe with RAFT agents. Future studies need to be explored to realize effective 

post-modification of the second lobe by RAFT polymerization. 

In summary, the successful synthesis of GdMOF-AuNPs nanocomposites was achieved 

through two different approaches. In each case it was demonstrated that surface modification is 

critical for the effective integration of the two different components. The great potential of 

GdMOF-AuNP nanocomposites was evident for applications in MRI/CT bimodal imaging and 

catalytic reduction of 4-nitrophenol with sodium borohydride. The importance of surface 

modification not only provides methodologies for the preparation of these composites, but was 

also found to be important for enhanced performance. However, challenges still remain during 
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the research and some possible strategies to address them will be introduced in the following 

section. 

7.2 Outlook 

In spite of the exciting results reported in the previous chapters (Chapter 3, 4 and 5) 

regarding synthesis of metal nanoparticles-MOF composites, several challenges and questions 

still existed and need further studies. Here possible strategies to resolve these problems will be 

introduced from two different aspects: materials design (synthesis) and application. Also, due to 

the difference of the projects focusing on the AuNP-GdMOF composite with the project 

involving selective modification of dumbbell shaped PS particles, we will first focus on 

AuNP-GdMOF composites and address the latter in the last part of this section. 

First of all, for GdMOF-PAA-AuNP composite synthesis, it was found that the Au salt makes 

a difference on the size and dispersity of the AuNPs. Some hypotheses for this were provided in 

the dissertation; however, a thorough investigation is necessary for better control of the Au 

loading with PAA and to gain a clearer understanding of this system. To probe this, it is better to 

step away from the composite system, where many other factors may also contribute to the 

interactions and, consequently, the size of AuNPs. The interaction of pure PAA polymer and 

different gold salt under various pH should be investigated using different characterization 

techniques, such as UV-visible spectroscopy, X-ray Absorption Spectroscopy (XAS) includes 

both Extended X-Ray Absorption Fine Structure (EXAFS) and X-ray Absorption Near Edge 

Structure (XANES). The information that can be gathered from UV-vis will tell whether the salt 

or pH makes a difference in the interaction of PAA with Au ions by analyzing the absorbance 

bands. While on the other hand, XAS can provide the chemical state of the species because XAS 

is a widely used for determination of the local geometric and/or electronic structure of materials. 
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This understanding would lead to a better control of the AuNP amount, size, as well as the 

distribution. 

Secondly, as reported in the thesis, the core-shell nanocomposites provided better control of 

the Au/Gd ratio when compared to the GdMOF-PAA-AuNP composites. However, the relative 

low MRI contrast of the core-shell system impedes the full potential of the materials for 

bioimaging. It was proposed that the low MRI response might originate from changes in the 

crystalline structure of the GdMOF shell due to the hydrolysis of the solvent, dimethylformamide 

(DMF), forming formate groups that can consequently coordinate with Gd (III) ions. However, 

direct evidence is necessary by conducting x-ray diffraction (XRD) analysis. Furthermore, a 

different solvent or method could be investigated to produce a GdMOF shell with higher 

performance. One strategy could be taking advantage of the reverse-microemulsion method and 

ligand exchange with MSA.  

 
FIGURE 7.1 TEM images with different magnifications of AuNR core-GdMOF shell 
synthesized at room temperature using: a, b) reverse-emulsion method of GdMOF with CTAB, 
hexanol and hexane, and c,d) CTAB in water.  
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Some proof-of-concept results are shown in Figure 7.1. These results demonstrate that a 

GdMOF shell can be uniformly generated on AuNRs using the reverse-emulsion method (Figure 

7.1 a)) in comparison with the CTAB in water system (Figure 7.1 c) and d)), where no emulsion 

was generated. The reverse-emulsion method is that used for the synthesis of GdMOF 

nanoparticles, where the nanoparticles have demonstrated higher MRI contrast capability. 

Hypothetically, the GdMOF shell formed by this method should have relaxivity comparable to 

the GdMOF nanoparticles. However, as can be seen in Figure 7.1 b), ‘free’ GdMOF also formed 

in the bulk with this method. Therefore, a detailed study needs to be carried out to optimize the 

synthesis conditions in order to get a uniform GdMOF shell without producing ‘free’ GdMOF in 

bulk. However, to start, it is better to focus on the water to oil phase ratio since it impacts the 

emulsions with highest degree. 

The success of the Gd-PAA-Au nanocomposites in catalysis was demonstrated but results 

indicated that this system was limited for recycling of the catalyst due to the loss of integrity of 

the GdMOF structures. As mentioned in Chapter 5, these stability problems could potentially be 

overcome by using these systems in a different reaction environment, such as a gas phase 

reaction. A model reaction for this system could be catalytic oxidation of CO by collaborating 

with Dr.Richards’s group. This was selected because it is a reaction in gas phase. Moreover, the 

first catalysis work using AuNPs was applied in this reaction, therefore, there have been a 

well-established background about this reaction catalyzed with AuNPs. The reaction itself is also 

important because emission of CO from gasoline and diesel engines of vehicles is one of the 

major causes of air pollution. In a different approach, the stability of the GdMOFs in aqueous 

solution might be resolved by using hydrophobic polymers (e.g., polystyrene and PAA 

copolymer). Polystyrene should be designed as the block with the thiocarbonyl thio end group to 
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block the water or other ions to interact with MOF structure, while the PAA block on the outer 

shell provides binding sites for AuNPs. 

One attractive feature of the method proposed in the nanocomposite synthesis is that it could 

be potentially transferred to other MOF materials. For the core-shell approach, the success of 

transferring to other MOFs was demonstrated in Chapter 4. However, for the MOF-PAA-Au 

method, it could be challenging. One of the primary advantages of the GdMOF system is that Gd 

(III) ions holds 9 coordination sites, while other transition metals typically used for MOF 

synthesis usually only have 3 or 4 coordination numbers. The smaller coordination numbers in 

these systems might become saturated by coordinating the organic linkers to build MOF 

structures. This would leave no coordination sites available for surface modification using 

thiol-terminated polymers. However, the outstanding properties of MOFs, mentioned in the 

background chapter, offer potential to deal with this problem. As shown in Figure 7.2, the 

organic linker (2-aminoterephthalic acid, 2-amino bdc), which has been used in MOF synthesis, 

contains an amine group that could be used to incorporate polymer chains or small molecules 

(e.g., a RAFT agent with activated acid groups). There are two possible approaches to achieve 

this. The first approach involves conjugation of the RAFT agent with the 2-amino bdc before 

MOF formation. This conjugated bridging ligand could then be used as the building blocks for 

the MOFs. Problems with this approach may include disruption of the MOF structure due to the 

size of the attached RAFT agent. In the second approach, the MOFs would be synthesized first 

and subsequently modified with the RAFT agent. However, in this case there might be a chance 

that the RAFT agent with activated acid group will replace the 2-amino bdc in the MOF, once 

again disrupting the structure. To determine which approach is best, further research needs to be 

performed. 
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FIGURE 7.2 Chemical structure of 2-aminoterephthanlic acid. 

 
Another study reported in the dissertation was the selective modification of dumbbell shaped 

PS particles using RAFT polymerization. However, as demonstrated in Chapter 6, the selective 

modification of the second lobe is challenging. Using MAA to swell the second lobe created 

anisotropy in two lobes. However, optimized reaction conditions need to be found to better 

control the dumbbell shape. Once this is achieved, a subsequent RAFT agent attachment and 

RAFT polymerization could be conducted to demonstrate the ability to selectively modify the 

second lobe by RAFT polymerization. However, if this method shows negative results, an 

alternative strategy can be employed as illustrated in Figure 7.3. Recently, our group developed a 

toluene-based swelling method (rather than the seeded emulsion polymerization) to make dimers. 

It was found that N-isopropylacrylamide (NIPAm) and the fluorescent monomer, ethidium 

bromide-N, N’ bisacrylamide, can be incorporated into the second lobe through this method. 

 
FIGURE 7.3 a) SEM image, b) bright-field optical image and c) fluorescent image of NIPAm 
and ethidium bromide-N, N’ bisacrylamide incorporated into the second lobe (smaller lobe) 
through toluene-evaporation based swelling method. 
 

By adapting this strategy, a RAFT agent can be added into the toluene swelling process 

together with NIPAm to enable controlled polymerization of the NIPAm. As preliminary results 
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indicate that NIPAm is only presents in the second lobe, it is reasonable to expect the RAFT 

agent will only accumulate in the second lobe. After this, a RAFT polymerization can be 

conducted to demonstrate the selective modification of the second lobe with RAFT 

polymerization. However, it should be kept in mind that the addition of RAFT agents may 

change the toluene emulsion, the reaction kinetics and therefore the morphology of the particles. 

Therefore, more effort needs to be input into this work to fulfill the concept of selective 

modification with RAFT polymerization.  

To summarize, the methodologies we developed in our research offer great opportunities to 

synthesize other composite materials. The surface modification with either polymer or small 

molecules plays vital role to effectively integrate different materials together. Furthermore, 

applications are greatly dependent on the design of the composite materials. Therefore, a deep 

understanding of the relationship between the materials structure and performance is necessary.  
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