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Abstract
Self-assembly is an effective approach for the synthesis of various nanostructures. Assembly of
amphiphilic molecules has been well developed, which are mostly thermodynamic controlled. Although
the importance of kinetics and hydrophobic effect in self-assembly of biological molecules, such as
proteins, has been well recognized, it remains to be challenging to understand these factors at molecular
level. We have investigated the assembling behaviour of a few hydrophobic metal carbonyl polymers
P(FpP) (FpP: CpFe(CO)2(CH2)mPPh2, m = 3 or 6) and small molecules FpC6X (Fp head =
(PPh3)(Cp)Fe(CO)(CO-); C6X = hydrocarbon tail) in water. As a result, we were able to kinetically
control the assemblies resulting in stable colloids in water with narrow size distribution and also gained
fundamental knowledge on the hydrophobic effect at molecular level. The background of self-assembly
is introduced in Chapter 1. It concludes that the assembly of non-amphiphilic molecules is less studied,
but crucial for the understanding of biological supramolecular systems. Chapter 2 discusses the kinetic
behaviour of hydrophobic homopolymer P(FpP) in poor solvents. We find that the kinetic pathways for
the precipitation of P(FpP) is altered depending on the solution conditions. Kinetically trapped
nanospheres and nanowarms with narrow PDI were produced. In Chapter 3, the assembly of P(FpP) in
water is discussed. It is found that the rigidity of the backbone is a parameter determining the
assembling morphology. With increasing the flexibility, the macromolecules assemble into lamellae,
vesicles and irregular aggregates. As discussed in chapter 4, the vesicles formed in water do not have
traditional bilayer membrane structure, which can swell upon the addition of THF. The swollen vesicles
are colloidal stable and their PDI remains narrow. In addition to P(FpP), Fp acyl derivatives with pyrene
or azobenzene (FpC6Azobenzene and FpC6Pyrene) were synthesis for aqueous assembly. The assembly
v

behaviour of FpC6Azobenzene, as influenced by the balance of aromatic interaction and hydrophobic
effect of pyrene, is discussed in chapter 5. In DMSO/water or methanol/water systems, aromatic
interactions are predominant and drive the assemble into lamellae, while in a THF/water system.
hydrophobic effect drives the assembly into vesicles. The role of hydrophobic effect in solution
behaviour of the assembled vesicles is discussed in Chapter 6. we find that the hydrophobic hydration
of Fe in the MCsomes (aqueous vesicles of metal carbonyl complexes) can be detected by cyclic
voltammetry and fluorescence quenching experiments. Moreover, the hydration can be adjusted by the
chemical structures of tails as well as solution conditions, such as dilution and pH, which induces the
hierarchical self-assembly of MCsomes. The research is summarized in Chapter 7.

vi

Acknowledgments
I would like to thank my supervisor, Dr. Xiaosong Wang, for the Ph.D. opportunity and guidance in the
past four years. I also thank my committee members (Professor Jean Duhamel, Professor Juewen Liu,
and Professor Dmitriy V Soldatov) to give me advice on the research and presentation skills. In the last
four years, my presentation skills improved a lot and I also learned to how to express myself effectively.
I really appreciate Professor Jean Duhamel and his student Damin Kim’s help on the fluorescence
experiments. I also appreciate that Professor Juewen Liu’s support for me to characterize my samples
by his lab’s instruments. I also thank Professor Eugenia Kumacheva and Yuning Li to be external
defense committee members.
I also would like to thank my friend Shaowei Shi to help me do some SEM and AFM characterization
in Beijing University of Chemical Technology. I also appreciate Guan Zhou from East China University
of Science and Technology for his help for his simulation to help us to better understand our molecules.
Moreover, I really thank my lab mate Zhen Zhang and Robert Kevin Arran Bennett who gave me good
advice and suggestion on my writing.
I really appreciate my wife (Wenya Xu) accompany in the last four years. She gives me lots of support
and helps especially in the darkest time. I feel happy and warm all the time with her.
At last, I would like to thank my other lab mates who helped me a lot in organic synthesis,
characterization and self-assembly experiments. They are Diya Geng, Na Zhou, Heyang Jiang, Robert
Kevin Arran Bennett, Yang Yang, Huiwen He, Liao Peng, Aron Leung and Nicholas Lanigan.

vii

Dedication

I would like to dedicate this thesis to my lovely family...

viii

Table of Contents
Examining Committee Membership .................................................................................................. ii
Author's Declaration......................................................................................................................... iii
Statement of Contributions ............................................................................................................... iv
Abstract ............................................................................................................................................ v
Acknowledgments ........................................................................................................................... vii
Dedication...................................................................................................................................... viii
Table of Contents ............................................................................................................................. ix
List of Figures ................................................................................................................................ xvi
List of Tables ............................................................................................................................... xxxi
List of Abbreviations ................................................................................................................... xxxii
Chapter 1 Introduction....................................................................................................................... 1
1.1 Self-assembly .......................................................................................................................... 1
1.1.1 Introduction to self-assembly ............................................................................................ 1
1.2 Living cell self-assembly ......................................................................................................... 1
1.2.1 Cell membranes self-assembled from amphiphilic phospholipids ...................................... 1
1.2.1 Self-assembly based on nonamphiphilic proteins and DNA. .............................................. 2
1.2.3 The hydrophobic hydration on the protein folding and self-assembly ................................. 6
ix

1.2.4 Kinetic study on the living cell self-assembly .................................................................... 7
1.3 Chemical self-assembly based on amphiphiles in aqueous solution ........................................... 9
1.3.1 Chemical self-assembly of small amphiphilic molecules or surfactants ............................ 11
1.3.2 Chemical self-assembly based on amphiphilic block copolymers ..................................... 12
1.3.3 Vesicles self-assembled from amphiphiles ....................................................................... 15
1.4 Chemical self-assembly based on nonamphiphilies in aqueous solution .................................. 16
1.4.1 Self-assembly of hydrophilic-hydrophilic block copolymers ............................................ 16
1.4.2 Self-assembly based on homopolymers ........................................................................... 18
1.5 Self-assembly of metal carbonyl Fp complexes ...................................................................... 22
1.5.1 Self-assembly of P(FpP) .................................................................................................. 22
1.5.2 Self-assembly of Fp-based small molecules ..................................................................... 23
1.6 Thesis outline......................................................................................................................... 25
Chapter 2 Kinetic Control of Homopolymer Precipitation in Solution for the Synthesis of Nanospheres
and Nanowires................................................................................................................................. 27
2.1 Introduction ........................................................................................................................... 28
2.2 Experimental section .............................................................................................................. 30
2.2.1 Materials and instrumentation ......................................................................................... 30
2.2.2 Synthesis of P(FpP) ......................................................................................................... 31
x

2.2.3 Preparation of colloidal solution of P(FpP) in THF/hexane .............................................. 32
2.2.4 Preparation of colloidal solution of P(FpP) in DMSO ...................................................... 32
2.2.5 Segregation and stabilization of P(FpP) nanoparticles in DMSO...................................... 33
2.3 Results and discussion ........................................................................................................... 33
2.3.1 Kinetic assembly of P(FpP) in THF/hexane ..................................................................... 33
2.3.2 Kinetic assembly of P(FpP) by cooling DMSO solutions. ................................................ 37
2.3.3 Kinetic arrest and assembly of P(FpP) particles formed by cooling DMSO solutions. ...... 40
2.4 Conclusions ........................................................................................................................... 44
Chapter 3 Aqueous Self-Assembly of Hydrophobic Macromolecules with Adjustable Backbone
Rigidity ........................................................................................................................................... 46
3.1 Introduction ........................................................................................................................... 47
3.2 Experimental section ............................................................................................................. 49
3.2.1 Materials and instrumentation. ........................................................................................ 49
3.2.2 Synthesis of P(FpP)......................................................................................................... 50
3.2.3 Self-assembly of P(FpP). ................................................................................................. 50
3.2.4 All-atom simulation. ....................................................................................................... 51
3.2.5 DPD simulation system. .................................................................................................. 51
3.3 Results and discussion ........................................................................................................... 52
xi

3.3.1 Temperature-dependent chain conformation of P(FpP). ................................................... 52
3.3.2 Temperature-dependent self-assembly of P(FpP). ............................................................ 53
3.3.3 Self-assembled morphologies reproduced by simulation. ................................................. 56
3.4 Conclusions ........................................................................................................................... 65
Chapter 4 Breathing Behavior of Vesicles Assembled from Hydrophobic Metal Carbonyl
Homopolymers P(FpP) .................................................................................................................... 67
4.1 Introduction ........................................................................................................................... 68
4.2 Materials and methods ........................................................................................................... 70
4.2.1 Synthesis of P(FpP) ......................................................................................................... 71
4.2.2 Preparation of P(FpP) vesicles in water ........................................................................... 71
4.2.3 Preparation of P(FpP) vesicles in water/THF mixture ...................................................... 72
4.3 Results and discussion ........................................................................................................... 72
4.3.1 Characterization of the membrane structure of P(FpP) vesicles ........................................ 72
4.3.2 Swelling behavior of P(FpP) vesicles .............................................................................. 76
4.3.3 Membrane structure behavior in response to THF content ................................................ 79
4.3.4 Swelling behavior of FpC6Pyrene bilayer vesicles ........................................................... 81
4.4 Conclusions ........................................................................................................................... 82

xii

Chapter 5 The Effect of Solution Condition on the Driving Force for Self-Assembly of a Pyrene
Molecule ......................................................................................................................................... 84
5.1 Introduction ........................................................................................................................... 85
5.2 Experimental Section ............................................................................................................. 87
5.2.1 Materials......................................................................................................................... 87
5.2.2 Measurements and Characterization. ............................................................................... 87
5.2.3 Synthesis of FpC6Pyrene. ................................................................................................ 88
5.2.4 Preparation of FpC6Pyrene solution in DMSO/water or THF/water. ................................. 89
5.2.5 Preparation of FpC6Pyrene solution in methanol or ethanol. ............................................ 89
5.3 Results and discussion ........................................................................................................... 89
5.3.1 Self-assembly of FpC6Pyrene in DMSO/water ................................................................ 89
5.3.2 The self-assembly behavior of FpC6Pyrene in THF/water ................................................ 97
5.3.3 The effect of σ on the aromatic interactions ..................................................................... 98
5.4 Conclusion .......................................................................................................................... 100
Chapter 6 Hydrophobic Effect for Hierarchical Self-Assembly ...................................................... 102
6.1 Introduction ......................................................................................................................... 103
6.2 Experimental section ........................................................................................................... 105
6.2.1 Materials and Methods .................................................................................................. 105
xiii

6.2.2 Synthesis of FpC6Azobenzenetrans .................................................................................. 107
6.2.3 Preparation of FpC6X MCsomes in water ...................................................................... 108
6.3 Results and Discussion......................................................................................................... 108
6.3.1 Dilution-induced assembly of FpC6Azobenzenetrans MCsomes. ...................................... 108
6.3.2 The conditional effect of HH. ........................................................................................ 110
6.3.3 Hierarchical self-assembling behavior. .......................................................................... 112
6.3.4 The effect of tail-tail interactions. .................................................................................. 115
6.4 Conclusions ......................................................................................................................... 118
Chapter 7 General Conclusions ...................................................................................................... 120
7.1 Conclusions ......................................................................................................................... 120
Bibliography ................................................................................................................................. 124
Chapter 8 Appendices .................................................................................................................... 150
8.1 Supporting information for Chapter 2................................................................................... 150
8.2 Supporting information for Chapter 3................................................................................... 153
8.2.1 Dissipative Particle Dynamic (DPD) simulation method ................................................ 157
8.2.2 - stack conjugate potential ......................................................................................... 158
8.2.3 Parameter setting ........................................................................................................... 158
8.3 Supporting information for Chapter 4................................................................................... 162
xiv

8.4 Supporting information for Chapter 5 .................................................................................. 162
8.5 Supporting information for Chapter 6 .................................................................................. 173
8.6 Synthesis and solution behavior of Fp-dendrimer complex ................................................... 187
8.6.1 Materials and instruments ............................................................................................. 187
8.6.2 Synthesis of Fp-dendrimer complex 6 ........................................................................... 187
8.6.3 Solution behavior of complex 6 in organic solvents ....................................................... 195
8.7 Fabrication of gold nanoparticle arrays using P(FpP) film as a template ............................... 196
8.7.1 Proposal ........................................................................................................................ 196
8.7.2 Preparation method ....................................................................................................... 196
8.7.3 TEM characterization and preliminary results................................................................ 196
8.8 To coordinate Gd3+ on the P(FpP) MCsomes ........................................................................ 197
8.8.1 Proposal ........................................................................................................................ 197
8.8.2 Preparation of P(FpP) aqueous colloid .......................................................................... 198
8.8.3 Adding GdCl3 aqueous solution into P(FpP) colloid ...................................................... 198

xv

List of Figures
Figure 1.1. Chemical structure of a single phospholipid composed of two moieties, one hydrophilic
head and two hydrophobic chains and schematic representation of its self-assembly into a membrane.
.......................................................................................................................................................... 2
Figure 1.2. The schematic representation and TEM image of the tobacco mosaic virus. The virus was
composed of a single RNA and 2130 protein subunits which self-assembled around the RNA.
Reproduced with permission from ref 14. .......................................................................................... 3
Figure 1.3. a) Schematic representation of DNA icosahedra self-assembled from sticky-ended fivepoint-star motifs (tiles). b) Three views of the DNA icosahedron structure reconstructed from cryo-EM
images. c) Schematic representation of self-assembly of DNA nanogrids using 4×4 DNA tile strand
structure followed by scaffold assembly of streptavidin and the bottom images are the corresponding
AFM images. Reproduced with permission from ref 8. ...................................................................... 5
Figure 1.4. a) The schematic representation of protein surfaces where the hydrophobic and hydrophilic
moieties are shown on the surface. b) Various assemblies were fabricated by proteins or peptides.
Reproduced with permission from ref 9-10. ....................................................................................... 7
Figure 1.5. a) The schematic presentation of self-assembly process with different kinetic barriers. b)
Schematic biological assembly of lamins and the corresponding TEM images. Reproduced with
permission from ref 24. ..................................................................................................................... 8
Figure 1.6. Schematic presentation for the kinetic self-assembly process of amyloid fibril growth.
Reproduced with permission from ref 25. .......................................................................................... 9
xvi

Figure 1.7. Schematic representation of the block copolymers and their possible self-assembled
nanostructures. Reproduced with permission from ref 30. ................................................................ 10
Figure 1.8. The definition of CPP and its relationship with the formed morphology self-assembled from
amphiphilic surfactants. Reproduced with permission from ref 40. .................................................. 12
Figure 1.9. The multiple nanostructures self-assembled by the amphiphilic block copolymers. The
formed nanostructures are determined by the dimensionless packing parameter p. Reproduced with
permission from ref 41. ................................................................................................................... 13
Figure 1.10 a) Triblock copolymer, PAA-b-PMA-b-PS. b) growth mechanism of the hierarchical selfassembly of spherical micelles by addition of THF and c) its corresponding TEM images. Reproduced
with permission from ref 44. ........................................................................................................... 15
Figure 1.11. Schematic presentation of the external stimuli drug-releasing behavior of vesicles.
Reproduced with permission from ref 51. ........................................................................................ 16
Figure 1.12 a) Chemical structure of the hydrophilic blockpolymer Dex-PEO. b) Cryogenic scanning
electron microscopy images of vesicle-like aggregates of DEX-PEO at different concentrations.
Reproduced with permission from ref 58. ........................................................................................ 18
Figure 1.13 a) Model for homopolymer PVPPy self-assembly into homopolymer vesicles b) DLS
profile and c) SEM micrograph images of PVPPy vesicles in THF/water (6/4 v/v). d) DLS profile and
e) SEM micrograph images of PVPPy vesicles in THF/water (1/9 v/v). Reproduced with permission
from ref 69. ..................................................................................................................................... 19

xvii

Figure 1.14. Model for the formation of homopolymer vesicles by self-assembly of PHNA and the
synergistic mechanism of the excellent catalytic efficiency of AuNPs@vesicles for the reduction of 4nitrophenol (4-NP). Reproduced with permission from ref 71. ......................................................... 21
Figure 1.15. Chemical structures of the metal carbonyl Fp compounds............................................. 22
Figure 1.16 a) Self-assembly of hydrophobic P(FpP) and b) IR spectrums of P(FpP) solution by addition
of water. Reproduced with permission from ref 79. .......................................................................... 23
Figure 1.17. a) The schematic presentation of Fp-based nanovesicles and b) self-assembly of MpC6 in
the aqueous solution. c) Synthesis and chemical structure for FpCn and Photographs illustrating the
aqueous behavior of FpC1 and FpC18. Reproduced with permission from ref 73,74 and 81. .............. 24
Figure 2.1 a) The size change and b) PDI of P(FpP) colloids prepared in THF/hexane mixed solutions
with varied THF contents. c) Size change and d) PDI of P(FpP) colloids prepared in THF/hexane with
4 vol%, 16 vol% and 40 vol% THF contents with time aging. .......................................................... 35
Figure 2.2 TEM images for P(FpP) colloids formed in the THF/hexane solutions containing a) 4 vol%,
b) 16 vol%, and c) 40 vol% THF. The inset images in the Figures 2.2a and 2.2b are the large
magnification image of the corresponding P(Fp)P aggregates. The images were recorded after the
solutions were prepared by shock precipitation and aged for one hour. ............................................. 36
Figure 2.3. a) The transmittance curves of the three DMSO solutions of P(FpP) with varying
concentrations as a function of temperature. b) The time-dependent transmittance of DMSO solution
of P(FpP) (0.125 wt%) at 25 oC. The experiment started right after the solution was cooled from 65 oC
to 25 oC. .......................................................................................................................................... 38
xviii

Figure 2.4. a) DLS count rates as a function of temperature, and b) TEM image for P(FpP) particles
resulted from DMSO solutions with P(FpP) concentrations of ca.0.125 wt% c) DLS profiles of P(FpP)
colloid based on intensity before and after a membrane filtration. The inset image is the DLS profiles
based on number. d) TEM image for the particles prepared from DMSO solution of P(FpP) (0.125 %wt)
after a membrane filtration (ca.220 nm for the pore sizes). e) Schematic presentation of solution
behavior of P(FpP) polymers during the cooling process.................................................................. 39
Figure 2.5. a) The Dh size change of P(FpP) colloid (0.125 wt%) upon addition of ethanol, methanol
and H2O (8% mol%). b) Dh as a function of aging time for P(FpP)/DMSO colloids the upon addition
of ethanol, methanol and H2O (8% mol%) TEM images for the aggregates prepared from DMSO
solution of P(FpP) (0.125 wt%) after addition of c) ethanol and d) H2O, the insert image is the large
magnification of the worm-like structures. e) Methanol, the insert image is the large magnification of
the one-dimensional structures and f) linear aggregates by addition of H 2O. g) The schematic
presentation of the behavior of P(FpP) nanoparticles by addition of water, methanol and ethanol. .... 43
Figure 3.1. Morphologies of P(FpP) chain in response to temperatures. The green groups represent the
neighboring phenyl rings and the red numbers indicate the distances between the groups. ................ 52
Figure 3.2. a) AFM phase mode image, b) height mode image, c) height profile along the line in b (the
full scale of Y-axis is 19 nm) and d) TEM image for P(FpP) nano-sheets assembled at 25 oC in
DMSO/H2O (10/90 by volume) solution (0.1 mg/mL). Scale bar for TEM: 500 nm. ........................ 53
Figure 3.3. a, b, c, d) TEM images of P(FpP) nano-vesicles assembled at 40 oC in DMSO/H2O (10/90
by volume) solution (0.1 mg/mL). scale bar: 100 nm. ...................................................................... 55

xix

Figure 3.4. a) The DLS profile and b, c, d) TEM images of P(FpP) nano-vesicles assembled at 70 oC in
DMSO/H2O (10/90 by volume) solution (0.1 mg/mL). scale bar: 100 nm. ........................................ 56
Figure 3.5. Schematic illustration for the coarse-grained model of P(FpP) used for DPD simulation. a)
Coarse-grained groups for P(FpP) (green, orange and red beads represent benzyl/Cp, COFeCO, and
(CH2)3P groups, respectively). b) Coarse-grained P(FpP) chain. ....................................................... 57
Figure 3.6. Persistence length as a function of kc in DPD simulation (the black curve) and temperature
in all-atom simulation (the red curve). The chain conformations at 25 and 70 oC, corresponding to kc of
5 and 0 kBT, are shown in the figure. ................................................................................................ 58
Figure 3.7. a) Morphologies of the simulated lamellae structure at 25 oC (kc = 5kBT and aRO = aRP = 60,
aRS = 75). The dashed lines indicate where the structure is sliced and enlarged for further analysis; b)
The densities of O, P and R groups along the cross section (x1 direction). c) The order parameter of the
backbones along the membrane plane (x2 direction). ....................................................................... 60
Figure 3.8. a) Morphologies of the simulated vesicular structure at 40 oC (kc = 2kBT and aRO = aRP = 50,
aRS = 60). The dashed lines indicate where the structure is sliced and enlarged for further analysis; b)
The cross section of the vesicle, c) The densities of O, P and R groups along the cross section (x
direction in the Figure 8b). .............................................................................................................. 61
Figure 3.9. Volumetric map images of a) curved lamellae simulated with kc of 4 kBT , b) vesicles
simulated with kc of 2 kBT, and c) ruptured vesicles simulated with kc of 1 kBT. ................................ 62

xx

Figure 3.10. (a) Morphologies of irregular aggregates simulated with kc = 0 kBT and aRO = aRP = 40, aRS
= 50, b) Morphologies of wormlike nanoparticles simulated with kc = 0 kBT and aRO = aRP = 35, aRS =
35， c) Densities of O, P and R groups along the x direction of one wormlike nanoparticle. ............ 63
Figure 3.11. The effect of stiffness on the morphologies self-assembled from macromolecules without
water-soluble groups in aqueous media. ........................................................................................... 65
Figure 4.1 a) DLS profile of P(FpP) colloids with various polymer concentrations. TEM images of the
P(FpP) colloids with various polymer concentrations b) 0.10 mg/mL c) 0.05 mg/mL d) 0.03 mg/mL.
....................................................................................................................................................... 74
Figure 4.2 a) Dh of P(FpP) colloids prepared in THF/water mixed solvent with various THF contents.
B) TEM image of the P(FpP) aggregates in THF/water mixed solvent with 30 vol% THF contents
(Label red in the Figure 4.2a), the insert image is the large magnification of P(FpP) aggregates. ...... 75
Figure 4.3 (a) The Dh change of P(FpP) colloids in aqueous solution (14 μM) by addition of different
amounts of THF. The inset image is the DLS profiles with different THF contents. (b) the size change
as time aging for different P(FpP) colloid with varied THF amounts. ............................................... 77
Figure.4.4 (a) The DLS profiles of P(FpP) vesicles in response to THF contents. TEM image of the
P(FpP) vesicles obtained from the P(FpP) colloids with (b) 0 vol% THF and (c) 50 vol% THF. (d) and
(e) TEM image of the P(FpP) aggregates with large magnification from the P(FpP) colloid (50 vol%
THF content). .................................................................................................................................. 78
Figure 4.5 CV results of P(FpP) colloids (0.1 mg/mL) by addition of varied amounts of THF added into
the dispersion: (a) 0 vol% and (b) 50 vol%. c) Zeta potential of P(FpP) colloid as a function of varied
xxi

amounts of THF. d) Solubility of P(FpP) in THF and acetonitrile with same concentration (1 mg/mL).
e) DLS profiles with different acetonitrile contents: 10 vol%, 20 vol% and 30 vol%. f) The photograph
image of P(FpP) colloids with high content of acetonitrile: 40 vol% and 50 vol%. ........................... 80
Figure 4.6 a) Dh change of FpC6Pyrene colloids with low THF contents (0~30 vol%). The inset image
is the solution behavior of FpC6Pyrene colloids with higher THF contents (30 vol%~ 50 vol%) b) DLS
profiles of FpC6Pyprene colloid below 30 vol% THF/water mixed solvents. c) Schematic presentation
of FpC6Pyrene nanovesicles by addition of different amounts of THF. ............................................. 82
Figure 5.1. a) UV/Vis absorption and b) fluorescent spectra, and c) hydrodynamic diameter (Dh) for
the solution of FpC6Pyrene in DMSO/water (1.4 x 10-4 M) with various water contents. .................. 92
Figure 5.2. a) TEM image for the aggregates assembled from FpC 6Pyrene in DMSO/water solutions
(40 vol% water), b) photograph for the solutions of FpC 6Pyrene in DMSO/water, c) TEM images for
the cotton-like assemblies separated from the solution of DMSO/water (40 vol% water), d) TEM images
for the nanoparticles formed in the solution containing 90 vol% water. (The solution concentration is
1.4 x 10-4 M) ................................................................................................................................... 95
Figure 5.3 a) UV/Vis, b) fluorescent spectra, and c) the hydrodynamic diameters (D h) for the solution
of FpC6Pyrene in THF/water (1.4 x 10-4 M) with various water contents, d) cryo-TEM image for the
FpC6Pyrene assemblies in THF/water (90 vol% water). ................................................................... 97
Figure 5.4 TEM images for a) the aggregates formed in FpC 6Pyrene solution in ethanol with a lower σ
(1 x 10-4 M), b) in methanol/DMSO (10 vol% DMSO), c) TEM image and (d) AFM image for the
aggregates assembled from the solution of FpC6Pyrene in methanol with a higher σ (5.5 x 10-4 M). All
the solutions were prepared via a cycle of heating and cooling. ........................................................ 99
xxii

Figure 6.1. Schematic illustration for MCsomes assembled from FpC 6X molecules in water. ......... 105
Figure 6.2. (a) TEM image of the MCsome assembled from FpC6Azobenzenetrans in water (140 μM).
(b) The time-dependent Dh of FpC6Azobenzenetrans MCsomes in water for the solutions with
concentrations of 140 μM and 14 μM. (c) TEM image of the helix assembled from FpC6Azobenzenetrans
MCsomes that were diluted to 14 μM and aged for 30 days. (d) Electron energy loss spectrum (EELS)
of carbon elements distributing along and normal to the helical axis. Scale bar: 500 nm. ................ 109
Figure 6.3. (a) Schematic illustration for the hydrophobic hydration (HH) of the Fp head in response to
dilution and lowering pH. The zeta potential of the FpC 6Azobenene MCsomes in dependence of the
dilution from 140 μM to 14 μM and pH lowering from 7.3 to 3.0 is indicated in the scheme. (b) Zeta
potential of FpC6Azobenzenetrans MCsome in water upon dilution (from 140 μM to 14 μM). (c) The
cyclic voltammogram (CV) for FpC6Azobenzenetrans MCsome in water with the concentration of 140
μM, 70 μM, 35 μM and 14 μM. (d) The Stern-Volmer plot for the fluorescence quenching of calcein
(0.17 μM) in water by FpC6Azobenzenetrans MCsomes with different concentrations. The inset displays
the corresponding emission spectra. F0 and F refer to the emission intensity of calcein in the absence
and presence of MCsomes. (e) pH-dependent zeta potential of FpC6Azobenzenetrans MCsome in water
(140 μM). ...................................................................................................................................... 111
Figure 6.4. (a-h) TEM images for the diluted FpC6Azobenzenetrans MCsome (14 μΜ) in water at
different aging times. (a) Initially prepared MCsomes, (b) Fused MCsomes after aging for 10 days, (c)
Fusion intermediates. The red circles represent hemifusion where the thickness of the contact zone is
close to the membrane thickness and the blue circles represent full fusion where two vesicles are fused
without membrane separation, (d) One-dimensional arrays of vesicles after aging for 14 day, (e)
xxiii

Intermediates for the coalescence of the vesicles into nanotubes, (f) Hollow tube structures after aging
for 20 day, (g) Helical structures after aging for 30 day, (h) The intermediates for tube-to-helix
transition. (i-k) pH-induced solution behavior of FpC6Azobenzenetrans MCsomes (140 μM) without
dilution, including (i) Time-dependent Dh measured by DLS at pH 3, (j) Optical microscopy and (k)
TEM images of the assembly after aging for 3 days at pH 3. Scale bar = 500 nm unless otherwise
indicated in figures. ....................................................................................................................... 114
Figure 6.5. (a) TEM image for the diluted FpC6Pyrene colloid (14 μΜ) after aging for 60 days. (b) TEM
image of one-dimensional arrays of FpC6Pyrene MCsomes (14 μM) recorded before the formation of
nanotubes. (c) Fluorescence spectra of calcein solutions (0.17 μΜ) in the presence of three different
MCsomes (140 μM). The inset is the cyclic voltammogram of FpC 6 MCsomes in water (140 μM). (d)
Fluorescence spectra of calcein (0.17 μΜ) in the presence of FpC6Azobenzenetrans MCsomes (140 μM)
before and after UV light irradiation (365 nm). The inset is the cyclic voltammograms for the
FpC6Azobenzenetrans MCsomes in water (140 μM) before and after UV light irradiation (365 nm). Scale
bar: 1 μm. ...................................................................................................................................... 117
Figure 8.1. Concentration-dependent thermoresponsive behaviors for the solution of P(FpP) in DMSO.
...................................................................................................................................................... 151
Figure 8.2. UV-Vis absorption spectrum for the solution of P(FpP) in DMSO at 65 oC. .................. 152
Figure 8.3. TEM images for the precipitates of P(FpP) suspension in DMSO at room temperature. 152
Figure 8.4.TEM images of the particles prepared from DMSO solution of P(FpP) a) 0.5 wt% and b) 1
wt%) after cooling to room temperature. ........................................................................................ 153

xxiv

Figure 8.5 a) The DLS profile of the prepared P(FpP) aggregates at 25 oC. b) nanosheets observed in
the TEM images for the prepared P(FpP) aggregates at 25 oC. ....................................................... 154
Figure 8.6 DLS profile of P(FpP) nanovesicles at40 oC cooling to 25 oC and 25 oC for 2 days TEM
images of P(FpP) nanovesicles formed at 40 oC. b) The aggregation of nanovesicles. c) and d)
Independent nanovesicles found in the same TEM grid. Scale bar: 100 nm ................................... 155
Figure 8.7 DLS profile of the formed P(FpP) irregular aggregates at 60 oC, cooling to 25 oC and 2 days
later at 25 oC. ................................................................................................................................ 156
Figure 8.8 TEM images of the irregular P(FpP) aggregates breaking up with time aging under electron
beam of TEM. Scale bar: 100 nm .................................................................................................. 156
Figure 8.9. Values of ij for the pairs of different species as a function of temperature. ................... 159
Figure 8.10. Persistence length as a function of kc in DPD simulation and temperature in the all-atom
simulation. The all-atom morphologies under different temperatures are shown in the figure. ........ 161
Figure 8.11. 1H-NMR and 31P-NMR spectra of FpC6Pyrene in CDCl3 ............................................ 163
Figure 8.12. The intensity of fluorescent emission as a function of water content in DMSO/water system
(1.4 x 10-4 M). ............................................................................................................................... 163
Figure 8.13. Hydrodynamic diameters (Dh) of the colloids assembled from FpC6Pyrene in DMSO/water
(40-90 vol% water content, concentration: 1.4 x 10-4 M). The experiments were performed right after
the preparation of the solution. ...................................................................................................... 165

xxv

Figure 8.14. TEM images of FpC6Pyrene assemblies formed in DMSO/water solutions (50-80 vol%
water content, concentration: 1.4 X 10-4 M). The experiments were performed right after the preparation
of the solutions. ............................................................................................................................. 166
Figure 8.15. Representative TEM images of the cotton-like suspension formed in DMSO/water solution
of FpC6Pyrene (40-80 vol% water content, concentration:1.4 x 10-4 M). ........................................ 167
Figure 8.16 UV spectra of FpC6Pyrene (50 vol% and 60 vol% water content) aqueous solution at the
different time. ................................................................................................................................ 168
Figure 8.17. SEM image of FpC6Pyrene aggregates dried from the solution of THF/water (90 vol%
water). ........................................................................................................................................... 169
Figure 8.18. TEM image of FpC6Pyrene precipitates formed in methanol (2.5 x 10-4 M). The sample
was prepared after aging the solution for a few days. The solution was prepared via a cycle of heating
at 60 oC and cooling to 23 oC ......................................................................................................... 170
Figure 8.19. TEM images of FpC6Pyrene aggregates formed in ethanol solution with a various degree
of supersaturation. The solution was prepared via a cycle of heating at 60 oC and cooling to 23 oC. (a)
The solution with a lower degree of supersaturation (2.5 x 10-4 M) is aged for a week, (b) the solution
with a higher degree of supersaturation (1.1X10-3M) results in a cotton-like suspension in a few hours.
...................................................................................................................................................... 171
Figure 8.20. UV-Vis spectra of the ethanol solution of FpC 6Pyrene with a lower degree of
supersaturation (2.5 X 10-5M). (a) the freshly prepared solution (b) the colloid formed after aging for a
week.............................................................................................................................................. 172
xxvi

Figure 8.21 TEM image with a relatively large magnification for the aggregates assembled from
FpC6Pyrene in methanol with a higher σ (5.5 x 10-4 M). ................................................................. 173
Figure 8.22. a, FpC6Azobenzenetrans directly mixed with water. b, Concentration-dependent surface
tension of FpC6Azobezenetrans MCsomes in water. Figure 8.22 indicate that FpC6Azobenzenetrans is
hydrophobic and non-surface active............................................................................................... 174
Figure 8.23. a, DLS count rates of FpC6Azobenzenetrans in THF/water solutions with varied water
contents. b, IR absorption of the terminal and acyl CO groups for the solutions of FpC 6Azobenzenetrans
in THF/D2O with varied D2O contents. As shown in Figure 8.23a, FpC6Azobenzenetrans starts to
aggregate when the water content is larger than 50 vol%. After the aggregation (80 vol%), the IR signals
for the acyl CO and terminal CO groups shift to lower wavenumbers (Figure 8.23b), suggesting the
presence of water carbonyl interactions (WCIs). ............................................................................ 174
Figure 8.24 a, DLS curve and b Berry plot for FpC6Azobenzenetrans MCsome in water (1.4 µM). Figures
8.24a and 8.24b reveal that the hydrophobic radius (Rh) and gyration radius (R g) are ca.84 nm and 83
nm, respectively. The Rg/Rh of ca.1.0 indicates that FpC6-azobenzenetrans assembles into nanovesicles.
c, AFM height mode image with height profiles for FpC 6Azobenzenetrans nanovesicles. The AFM
analysis of the aggregates shows that the ratio of diameter-to-height is ca.5.0 due to the deformation of
hollow structure upon dry. d, SEM image for FpC 6Azobenzenetrans nanovesicles. The inset image is the
large magnification of a bowl-shaped vesicle due to the deformation of hollow structure. Scale bar =
500 nm, unless otherwise indicated................................................................................................ 175
Figure 8.25. a, UV/Vis absorption spectra for FpC6Azobenzenetrans molecules in THF (50 μΜ) and
FpC6Azobenzenetrans MCsomes (60 μM) in water. The shift of the absorption peak to a larger
xxvii

wavelength suggests that the azobenzene groups in the MCsomes are intermolecular π-π interacted. b,
Concentration-dependent DLS profiles for FpC6Azobenzenetrans MCsomes in water. The solutions were
diluted from a prepared MCsome (140 μM) and measured right after the dilution. It indicates that the
dilution process does not change the size of the MCsomes. ............................................................ 176
Figure 8.26. Dark-field TEM images of the helix assembled from FpC 6Azobenzenetrans MCsomes and
its EDX analysis profile. Scale bar: 500 nm. .................................................................................. 177
Figure 8.27. (a and b) EDX line scanning for the elements of C, O, P and Fe (a) along the helix and (b)
normal to the helix. Scale bar: 500 nm. The same element distributions for all the elements confirm that
the helix is assembled from FpC6Azobenzenetrans. .......................................................................... 178
Figure 8.28. TEM images recorded after aging the diluted FpC 6Azobenzenetrans MCsomes in water (14
μΜ) for 30 days. The long helixes have a low concentration, so each image only captures one helix.
Scale bar: 500 nm. ......................................................................................................................... 179
Figure 8.29 a, Concentration-dependent UV absorption at 360 nm for FpC6Azobenzenetrans MCsomes
in water. No shift in the wavelength of the absorption peak suggests that the dilution does not alter the
π-π interactionss. b, Concentration-dependent IR absorption for the acyl and terminal CO groups. No
shifts in the wavenumbers for the absorption peaks suggest that the dilution results in no detectable
variation in WCIs. ......................................................................................................................... 180
Figure 8.30. a, pH-dependent zeta potential of the diluted FpC6Azobenzenetrans MCsomes (14 μΜ). b,
Time-dependent Dh of diluted FpC6Azobenzenetrans MCsomes (14 μM) at pH 3. ............................ 181

xxviii

Figure 8.31. Concentration-dependent zeta potential recorded in a process of dilution of a, FpC 6
MCsomes and b, FpC6Pyrene MCsomes. ....................................................................................... 181
Figure 8.32. pH-dependent zeta potential of a FpC6 MCsomes and b FpC6Pyrene MCsomes. The
concentrations for both MCsomes are 140 μM. .............................................................................. 182
Figure 8.33. TEM images recorded for the diluted FpC6Azobenzenetrans MCsomes (14 μM) after aging
for 14 and 17 days. a, one-dimensional arrays of vesicles and b, the arrays with partial coalescence of
vesicles. Scale bar: 500 nm. ........................................................................................................... 182
Figure 8.34. TEM images of the precipitates resulting from FpC 6Azobenzenetrans MCsomes (140 μΜ)
at pH = 3 after aging for ca.2 weeks. Scale Bar: 500 nm ................................................................ 183
Figure 8.35. Time-dependent DLS profiles for FpC6Pyrene MCsomes in water (140 μM). ............. 183
Figure 8.36. a, DLS profiles for the diluted FpC6Pyrene MCsomes (14 μM) in water before and after
aging. b, The cyclic voltammogram (CV) for FpC 6Pyrene MCsome in water (140 μM). ................ 184
Figure 8.37. Zeta potential of the three different MCsomes in water at 140 µM. ............................. 184
Figure 8.38. a, UV/Vis spectra of FpC6Azobenzenetrans MCsomes (70 μM) in water after UV light
(wavenumber = 365 nm) irradiation for different times. b, 31P NMR spectra of FpC6Azobenzenetrans
molecules in CDCl3. These molecules were recovered from their aqueous solutions via freeze-drying
before and after UV irradiation (365 nm). There is no change in the spectra after the irradiation
suggesting no degradation of the molecules. c, DLS profile of FpC 6Azobenzenetrans MCsomes (140 μM)
before and after UV irradiation. d, TEM image of the FpC6Azobenzenetrans MCsomes after UV

xxix

irradiation for 2 min (Scale bar: 500 nm). Figures 8.38c and 8.38d indicate that the irradiation does not
change the vesicular morphology. .................................................................................................. 185
Figure 8.39 1H NMR spectrum of 3,4,5-tris(dodecyloxy)benzoate in chloroform-d1 at 298 K ......... 189
Figure 8.40 1H NMR spectrum of 3,4,5-tris(dodecyloxy)benzoic acid in chloroform-d1 at 298 K ... 189
Figure 8.41 1H NMR spectrum of N-(3-bromopropyl)-3,4,5-tris(dodecyloxy)benzamide in chloroformd1 at 298 K .................................................................................................................................... 191
Figure 8.42 1H NMR spectrum of complex 5 in chloroform-d1 at 298 K......................................... 193
Figure 8.43 1H NMR spectrum of target complex 6 in chloroform-d1 at 298 K ............................... 194
Figure 8.44 31P NMR spectrum of target complex 6 in chloroform-d1 at 298 K............................... 194
Figure 8.45 TEM images of the film formed on the surface of the solution a) low magnification, b) large
magnification. ............................................................................................................................... 197
Figure 8.46 The size change (Dh) of P(FpP) aggregates by addition of various amounts of GdCl 3
solution. And TEM images of P(FpP) colloids with various amounts of GdCl 3 aqueous solution (25
μM), b) 1 mL, c) 2 mL GdCl3 aqueous solution. ............................................................................. 199

xxx

List of Tables
Table 5.1. The self-assembling behavior of FpC6Pyrene in response to solution conditions. ............. 90
Table 8.1. The viscosity and refractive index for DMSO at different temperatures.......................... 150
Table 8.2 The repulsive parameter (a ij) and the chain stiffness potential (kc) of P(FpP) as a function of
temperature. .................................................................................................................................. 153
Table 8.3 The viscosity and refractive index for THF/water mixed solvents with varied THF contents.
..................................................................................................................................................... 162
Table 8.4. The viscosity of DMSO/water* ...................................................................................... 164
Table 8.5. The viscosity of THF/water * .......................................................................................... 164
Table 8.6 The solubility of complex 6 in different organic solvents ................................................ 195

xxxi

List of Abbreviations
AFM

Atomic force microscope

ACQ

Aggregation-caused quenching

CAC

Critical aggregation concentration

CO group

Carbonyl group

Cp

Cyclopentadienyl group

CV

Cyclic voltammetry

CWC

Critical water content

Dh

Hydrodynamic diameter

DLS

Dynamic light scattering

DMF

Dimethylformamide

DMSO

Dimethyl sulfoxide

DPD

Dissipative particle dynamics

DP

Degree of polymerization

EDX

Energy-dispersive X-ray spectroscopy

EELS

Eletron energy loss spectra

xxxii

ESI-MS

Electrospray ionization-mass spectrometry

FL

Fluorescence

Fp

(PPh3)(Cp)Fe(CO)(CO-)

FpK

Cyclopentadienyl dicarbonyl potassium

GPC

Gel permeation chromatography

HE

Hydrophobic effect

HH

Hydrophobic hydration

HI

Hydrophobic interaction

MIP

Migration insertion polymerization

MCsomes

Aqueous vesicles of metal carbonyl complexes

MCH

Methylcyclohexane

NMR

Nuclear magnetic resonance

NP

Nanoparticles

PDI

Polydispersity index

Ph

Phenyl ring

PPh3

triphenylphosphine

xxxiii

Rg

Radius of gyration

Rh

Hydrodynamic radius

SEM

Scanning electron microscope

SLS

Static light scattering

TEM

Transmission electron microscopy

THF

Tetrahydrofuran

WCIs

Water carbonyl interactions

γ

Surface tension

ζ

Zeta Potential

∆𝐸1⁄

2

Redox coupling (Separation between two oxidation peaks in a CV curve.)

xxxiv

Chapter 1 Introduction
1.1 Self-assembly
1.1.1 Introduction to self-assembly
Self-assembly has become a rapidly growing research field, 1-2 because it is an effective approach for
the synthesis of complex ordered structures and also a strategy for a better understanding of biological
structures and functions. Cell functions rely highly on the assembling behaviour, which is referred as
living cells self-assembly. Chemists have tried to mimic this assembly for functional materials. 1,3 A
typical example is the bilayer membranes assembled from amphiphilic molecules or block copolymers.
Living cells assembly also includes assembling behaviour based on non-amphiphilic building blocks,
such as proteins, which is far from understood and requires substantial research effort. 4

1.2 Living cell self-assembly
The living cells self-assembly creates a range of complex ordered structures, such as cell membranes,
DNA, and protein assemblies. The cell membrane inspired amphiphilic assembly is the result of
amphiphilic assembly;5 DNA assemblies are mainly based on hydrogen bonding and structure
rigidities.6-8 Protein assemblies are strongly influenced by hydrophobic effect and kinetic pathways,
which are complicated and difficult to study.9-10
1.2.1 Cell membranes self-assembled from amphiphilic phospholipids
The bilayer structure of cell membranes self-assembled from phospholipids is well known. 11
Phospholipids are amphiphilic molecules that consist of two hydrophobic chains and one hydrophilic
head (Figure 1.1). The bilayer is formed via the association of the hydrophobic chains, which exposes
the hydrophilic heads to water, thus stabilizing the cell membrane.5 The formed cell membrane not only
protects the cell but also serves as a barrier for the selective permeation of certain molecules.12-13 Cell
1

membrane is the most understandable structure in living cell self-assembly, based on the phase
segregation of hydrophobic and hydrophilic segments which has been developed as a basic principle
for the synthesis of aqueous colloids.

Figure 1.1. Chemical structure of a single phospholipid composed of two moieties, one
hydrophilic head and two hydrophobic chains and schematic representation of its selfassembly into a membrane.
1.2.1 Self-assembly based on nonamphiphilic proteins and DNA.
Examples of self-assembly that occur in living cells include the assemblies of DNA and proteins that
are far more complex than the formation of the cell membrane. For example, large amounts of protein
subunits surround a single RNA forming a tobacco mosaic virus that has a length of 300 nm and width
of 18 nm (Figure 1.2).14 This assembly cannot be explained based on the theory of amphiphilicity,
because proteins and RNA exhibit no obvious separation between their hydrophobic and hydrophilic
2

moieties as lipids do. To better understand the complexity in the living cell self-assembly, it is required
to explore the effect of factors other than amphiphilicity on self-assembly. Among these factors, the
effect of structural rigidity is crucial for DNA self-assembly, and the hydrophobic effect is essential for
protein folding that usually is influenced by its kinetic pathways.

Figure 1.2. The schematic representation and TEM image of the tobacco mosaic virus.
The virus was composed of a single RNA and 2130 protein subunits which selfassembled around the RNA. Reproduced with permission from ref 14.
1.2.2 The influence of DNA structural rigidity on their self-assembly
DNA and RNA have no hydrophobic and hydrophilic segments, but they can assemble through
specific hydrogen bonding between the base pairs.6-7 It is found that the conformational flexibility of
these biological macromolecules is important for the construction of well-defined nanostructures.15 For
example, Mao’s group demonstrated that the five-point-star DNA icosahedra tiles could self-assemble
into various 3D nanostructures, including tetrahedra, dodecahedra, and buckyballs, depending on the
conformational flexibility of the building blocks (Figure 1.3).8 The Mao group also reported that the
3

three-point-star DNA tiles could self-assemble into 2D nanocrystals on a solid surface. To realize this
self-assembly process, the reducing flexibility of the DNA tiles was reduced by weak interactions
between the DNA tiles and the solid surface which played a critical role.16 The rigidity of the DNA
could make the self-assembled DNA nanostructures exhibit unusual motifs or lattices. 17 These motifs
could be employed in the construction of certain periodic patterns where structures have great potential
applications in scaffold assembly of other molecules like proteins or inorganic nanoparticles. For
example, as shown in Figure 1.3c, DNA self-assembled into a 4×4 DNA tile with immobile DNA
branched junctions.18 These DNA tiles could self-assemble into nanogrids (Figure 1.3c). The nanogrids
could further induce self-assembly of protein streptavidin shown to fabricate periodic streptavidin
arrays.

4

Figure 1.3. a) Schematic representation of DNA icosahedra self-assembled from stickyended five-point-star motifs (tiles). b) Three views of the DNA icosahedron structure
reconstructed from cryo-EM images. c) Schematic representation of self-assembly of
DNA nanogrids using 4×4 DNA tile strand structure followed by scaffold assembly of
5

streptavidin and the bottom images are the corresponding AFM images. Reproduced
with permission from ref 8.
1.2.3 The hydrophobic hydration on the protein folding and self-assembly
Hydrophobic hydration plays an important role in proteins self-assembly.19 It is well known that the
surface of proteins is not completely hydrophilic.9 Hydration of the hydrophobic surface determines the
solubility and stability of proteins in water (Figure 1.4a). With the assistance of computer simulations
and the structure characterization of hydrated water using advanced techniques, including NMR,
Raman and dielectric relaxation (DR) measurements, it is revealed that hydrophobic hydration is
sensitive to the solution conditions, 20 e.g. concentration, pH and salts, as well as the surface
topography.21 The hydrophobic hydration of proteins can, then, be adjusted, which influences the
structure of the assemblies and their biological functions. For example, enzyme activities can be
influenced by the conformation of proteins which is easily affected by temperature and pH. A detailed
understanding of the role of hydrophobic hydration in protein conformation has yet to be achieved. 10
Protein self-assembly also depends on the degree of hydration. 10 For example, globular proteins can
self-assemble into various aggregates depending on the solution conditions (Figure 1.4b). Although the
effect of the hydrophobic hydration has been observed, its role is far from understood.

6

Figure 1.4. a) The schematic representation of protein surfaces where the hydrophobic
and hydrophilic moieties are shown on the surface. b) Various assemblies were
fabricated by proteins or peptides. Reproduced with permission from ref 9-10.
1.2.4 Kinetic study on the living cell self-assembly
In the last decades, much progress has been made to study the thermodynamics of large-scale
structures.22 However, the self-assembly process from monomers to large-scale structures is not a
continuous downhill process but results in intermediate structures that are trapped by various kinetic
barriers and form certain intermediate structures (Figure 1.5a).23 For examples, the self-assembly of
lamins begins with the association of two dimers into tetramers followed by the growth in the axial
direction (I). The radial growth (II and III) subsequently occurs as shown in Figure 1.5b.24 Investigating
these different intermediates is possible by taking advantage of advanced imaging techniques and is
essential to understand the living cells self-assembly process.

7

Figure 1.5. a) The schematic presentation of self-assembly process with different kinetic
barriers. b) Schematic biological assembly of lamins and the corresponding TEM
images. Reproduced with permission from ref 24.
In addition to the study focusing on the intermediates or kinetically trapped structures, the kinetics of
the self-assembly processes have been investigated. For instance, the formation of amyloid β (Aβ)
fibrils proceeds through a complicated kinetic self-assembly process (Figure 1.6). Nucleation-growth
sigmoidal model alone is not sufficient to describe the process. Additional processes have been
8

considered, including a secondary growth process as well as an elongation process (Figure 1.6) for the
formation of the fibrils. However, these kinetic studies are mainly dependent on simulations. The
experimental research is still at its infancy stage due to the lack of techniques to follow the complex
self-assembly processes.25

Figure 1.6. Schematic presentation for the kinetic self-assembly process of amyloid
fibril growth. Reproduced with permission from ref 25.
1.3 Chemical self-assembly based on amphiphiles in aqueous solution
To mimic the self-assembly observed in nature, chemists have made great efforts to fabricate different
model systems. Amphiphilic molecules or block copolymers have been the most studied. They form
9

various nanostructures by taking advantage of their amphiphilicity. As shown in Figure 1.7,
amphiphilic block copolymers can self-assemble into various nanostructures either in bulk or solution. 26
Among these nanostructures, vesicles and micelles have been intensively studied for potential
biological applications such as drug delivery and in vivo imaging.27-29 Moreover, theories and
mechanisms have been well developed to control and predict the self-assembling behavior when these
amphiphiles are used as building blocks. 30

Figure 1.7. Schematic representation of the block copolymers and their possible selfassembled nanostructures. Reproduced with permission from ref 30.
To introduce the chemical self-assembly of amphiphiles, we will first discuss the assembly of small
amphiphilic molecules or surfactants, analogous to phospholipid molecules, which have been employed
10

for various applications.31 Subsequently, the self-assembly of amphiphilic block copolymers will be
briefly introduced.32-34 As the vesicles assembled from block copolymers are particularly interesting
and potentially useful, the progress in the synthesis and applications of nanovesicles will be
discussed.35-38
1.3.1 Chemical self-assembly of small amphiphilic molecules or surfactants
The self-assembly of small amphiphilic molecules is commonly used in our life and has been studied
for many years.3,39 The theory describing this assembling behaviour has been well developed. The
critical packing parameter (CPP) can be calculated based on the structure of amphiphilic molecules and
used to predict the structure of assembled morphologies. The CPP is defined as p = v/aolc, where v
represents the volume of hydrophobic segments, a0 is the interfacial area of the hydrophilic head, and lc is
the length of hydrophobic segments. As shown in Figure 1.8, when p < 1/3, spherical micelles are formed;
while 1/3 < p < 1/2 results in cylindrical micelles and bilayer membranes are formed when 1/2 < p < 1. The
planar bilayers formed when the p = 1. The condition p >1 leads to the formation of the inverted micelles.40
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Figure 1.8. The definition of CPP and its relationship with the formed morphology selfassembled from amphiphilic surfactants. Reproduced with permission from ref 40.
1.3.2 Chemical self-assembly based on amphiphilic block copolymers
Amphiphilic block copolymers consist of two or more immiscible blocks that are linked together by
covalent bonds (Figure 1.9). These molecules have a similar assembling behavior as amphiphilic
surfactants do. The amphiphilicity, which causes a phase segregation in aqueous solution, is a major
reason for the assembly. The morphologies of the resultant assemblies depend on the relative volume
12

of the two different immiscible blocks. Under thermodynamic conditions, the structure of the
assemblies is determined by the dimensionless packing parameter (p)

41

As shown in Figure 1.9, p is

defined as the ratio between the volume (v) of the insoluble chains and that occupied by the product of
the interfacial area a0 and the length of the insoluble chains lc (Figure 1.9). p is similar to the CPP mentioned
in the self-assembly of amphiphilic surfactants, which is the basic parameter governing the amphiphilic
block copolymer self-assembly.30 The conditions p < 1/3, 1/3 < p < 1/2 , and 1/2 < p < 1 result in the
formation of spherical micelles, cylindrical micelles and polymersomes.41 The self-assembled aggregates
from amphiphilic block copolymers usually possess higher stability and durability than the ones selfassembled from small surfactants. This makes the aggregates self-assembled from amphiphilic block
copolymers have greater potential biological applications than those obtained from small surfactants.30

Figure 1.9. The multiple nanostructures self-assembled by the amphiphilic block
copolymers. The formed nanostructures are determined by the dimensionless packing
parameter p. Reproduced with permission from ref 41.
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Due to the unique mechanical and physical properties of block copolymers, the self-assembly of
amphiphilic block copolymers is a slow dynamic process which could lead to kinetically trapped
structures.42 Kinetically trapped structures are non-equilibrium structures that sometimes possess exotic
morphologies such as stripped cylinders, 43 patchy spheres44 and toxoids45 and which enrich the variety
of self-assembled nanostructures. These exotic morphologies of kinetically trapped structures cannot
be predicted by the dimensionless packing parameters (p) because they are the results of kinetic
pathways.46 Considering that kinetically trapped structures are no-equilibrium structures, the kinetically
trapped structures could self-assemble in a hierarchical manner into more complex structures by
manipulating the solution conditions. For example, with the cosolvent mixing method, the PAA94-bPMA103-b-PS44 could self-assemble into spherical micelles in THF/water mixtures. By introducing
more THF, the spherical micelles could further transform into dislike micelles. Moreover, the formed
dislike micelles could self-assemble into one-dimensional supra-assemblies by anisotropic growth as
shown in Figure 1.10.
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Figure 1.10 a) Triblock copolymer, PAA-b-PMA-b-PS. b) growth mechanism of the
hierarchical self-assembly of spherical micelles by addition of THF and c) its
corresponding TEM images. Reproduced with permission from ref 44.
1.3.3 Vesicles self-assembled from amphiphiles
Among the multiple morphologies, vesicles assembled from block copolymers (polymersomes) have
been the most studied. 47-48 Different types of cargos, such as drug molecules, dyes and inorganic
nanoparticles, have been encapsulated within the hollow interior of polymersomes for various
applications including drug delivery, controlled catalysis, and cell imaging. 47-50 For example, by
introducing certain functional groups to amphiphiles, the corresponding vesicles can respond to
external stimuli, such as pH, temperature, light and redox potential, for a controlled release of cargoes
(Figure 1.11).51 However, most vesicles assembled from amphiphiles suffer from a number of
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drawbacks, including broad size distribution and low reproducibility, which is still a big issue for
potential clinical applications.48

Figure 1.11. Schematic presentation of the external stimuli drug-releasing behavior of
vesicles. Reproduced with permission from ref 51.
1.4 Chemical self-assembly based on nonamphiphilies in aqueous solution
In addition to amphiphilic molecules, a number of non-amphiphiles have been reported to assemble
in water. Though the assembly of non-amphiphiles is commonly observed for biological molecules, the
supramolecular theory on this aspect is not developed and remains to be explored.
1.4.1 Self-assembly of hydrophilic-hydrophilic block copolymers
The mixing of two water-soluble macromolecules has been shown to result in an immiscible mixture
in aqueous solution.52 As shown in Figure 1.12a, two-phase separation occurs when the aqueous
solution of poly(ethylene oxide) is mixed with the solutions of water-soluble homopolymers dextran
16

and pullulan, respectively. The water solutions of dextran and poly(sarcosine) also causes phase
separation. Block copolymers containing these types of hydrophilic blocks were able to assemble in
water into defined aggregates with various morphologies including micelle-like structures, lamellae,
and cylinders.53-56 The hydrophilic phase separation in water was attributed to the difference in the
water absorption capabilities of the two hydrophilic blocks. This difference produced an osmotic
pressure at the interface of the two hydrophilic blocks, which induced the microphase separation.57
Recently, Brosnan and co-workers created first nano- and microsized vesicle-like aggregates using this
hydrophilic phase separation mechanism.58 As shown in Figure 1.11a and b, the hydrophilic block
copolymers of dextran-block-poly(ethylene oxide) (Dex-PEO) self-assembles into nanovesicles at a
low polymer concentration (0.1-0.5 wt%) and microsized vesicles at a high polymer concentration (1525 wt%). In contrast to the polymersomes formed by traditional amphiphilic block copolymers, 29 the
vesicle-like structures formed by hydrophilic block copolymers may have a highly permeable
membrane.
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Figure 1.12 a) Chemical structure of the hydrophilic blockpolymer Dex-PEO. b)
Cryogenic scanning electron microscopy images of vesicle-like aggregates of DEX-PEO
at different concentrations. Reproduced with permission from ref 58.
1.4.2 Self-assembly based on homopolymers
Homopolymers could also self-assemble into various defined aggregates.59-63 The aggregates selfassembled from homopolymers usually exhibit unique properties compared to the ones self-assembled
from amphiphilic block copolymers. 63-65 Unlike the distinct amphiphilic nature of block copolymers,
no obvious boundary exists between the hydrophobic and hydrophilic segments in homopolymers. And
this “fuzzy” boundary makes the homopolymer vesicles possess nonbilayer membrane structures which
exhibit interesting and unique properties. However, the homopolymer vesicles are unusual and rarely
reported, which remains a main challenge in this field.60,66-69
1.4.1.1 Homopolymer vesicles with flexible membrane structures
Changez and co-workers synthesized a homopolymer poly(2-(4-vinylphenyl)pyridine) (PVPPy) with
hydrophilic moieties attached to each repeating unit of the flexible hydrophobic chain. 69 As shown in
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Figure 1.12a, the homopolymer PVPPy can self-assemble into well-defined vesicles in the THF/H2O
mixed solvent. The PVPPy vesicles have a membrane bilayer, which is formed by the hydrophobic
interaction of the vinyl backbone. The rigid 2-phenyl pyridine pendent groups in each monomer unit is
at the exterior of the membrane (Figure 1.12a). The thickness of the PVPPy vesicles measured by
inverse fast Fourier transform (IFTT) images supports the proposed bilayer structure.69
Due to the unique membrane structure compared to lipid-membrane bilayers, the homopolymer
PVPPy vesicles show distinct sizes increase depending on the solvent composition. The size changed
from 795 nm to 90 nm by increasing the water content from 40 % to 90 %. Based on our knowledge,
this large size variation obtained by manipulating the solvent composition has rarely been reported for
block copolymer vesicles.32 The authors attributed it to the flexible backbone nature of the PVPPy
homopolymer.

Figure 1.13 a) Model for homopolymer PVPPy self-assembly into homopolymer vesicles
b) DLS profile and c) SEM micrograph images of PVPPy vesicles in THF/water
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(6/4 v/v). d) DLS profile and e) SEM micrograph images of PVPPy vesicles in
THF/water (1/9 v/v). Reproduced with permission from ref 69.
1.4.1.2 Homopolymer vesicles with the membrane structures containing inner polar groups
Recently the Du group fabricated new homopolymer vesicles self-assembled from poly[2-hydroxy-3(naphthalene-1-acylamino)propyl methacrylate] (PHNA). The membrane contained both hydrophobic
and hydrophilic moieties as shown in Figure 1.14. This unique homopolymer caused the hydrophilic
moieties to be embedded in the membrane (Figure 1.14). This hybrid membrane composition could
lead to PHNA homopolymer vesicles with unusual functionalities. 70 The authors found that the
homopolymer PHNA vesicle membrane could immobilize Au nanoparticles thanks to the secondary
amines -NH- . This hybrid particles could be useful for

water remediation by removing trace

carcinogenic organic pollutants.71 Moreover, due to the compatibility of the hydrophobic and
hydrophilic moieties in the membrane structure, the membrane shows some swelling that enhances the
permeability of the membrane. The traditional amphiphilic block copolymer vesicles do not have this
unique property.32
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Figure 1.14. Model for the formation of homopolymer vesicles by self-assembly of
PHNA and the synergistic mechanism of the excellent catalytic efficiency of
AuNPs@vesicles for the reduction of 4-nitrophenol (4-NP). Reproduced with
permission from ref 71.
Self-assembly of nonamphiphiles (the nonamphiphilic assembly) is still not common and the theory
describing the nonamphiphilic assembly behavior is in its early stage. The effects of the properties of
nonamphiphiles such as structural rigidity and hydrophobic effects on the self-assembly behaviors are
rarely studied. Moreover, the lack of appropriate molecular models is another reason for the limited
number of studies on nonamphiphilic assembly. Few examples of nonamphiphilies including small
molecules and homopolymers could self-assemble into well-defined nanostructures.64 So finding a
suitable model system in chemical self-assembly to elucidate nonamphiphilic assembly is needed.
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1.5 Self-assembly of metal carbonyl Fp complexes
Our group has synthesized a series of metal carbonyl Fp((Cp)Fe(CO)(CO-)) compounds using
migration insertion polymerization and reaction. 72-78 These compounds include macromolecules,
P(FpP), and small molecules (Figure 1.14) which are hydrophobic but can self-assemble in water into
colloids with defined nanostructures such as vesicles.73,79

Figure 1.15. Chemical structures of the metal carbonyl Fp compounds.
1.5.1 Self-assembly of P(FpP)
The homopolymer P(FpP) (Figure 1.15) is hydrophobic but could self-assemble into vesicles in water
as shown in Figure 1.16a. The hydrophobic P(FpP) was first dissolved in THF followed by quick
addition of a large excess of deionized water. The formed P(FpP) nanovesicles were quite stable for
several months. IR (Infrared spectroscopy) was used to investigate the reason for the stability of the
P(FpP) nanovesicles. The IR absorption peaks of the acyl and terminal CO groups are shown in Figure
1.16b. When a large amount of water was added, the absorption peaks of the acyl (ca.1603 cm-1) and
terminal CO groups (ca.1914 cm-1) shifted to lower wavenumbers. These shifts demonstrated that water
carbonyl groups interact with water to form the water carbonyl interactions (WCIs) which stabilized
the colloids. Moreover, the formed P(FpP) nanovesicles had a high loading efficiency of water-soluble
22

molecules which has a great application potential for drug delivery.79 The solubility of homopolymer
P(FpP) in DMSO is different at various temperatures. At room temperature, the homopolymer P(FpP)
with a high molecular weight (8.9 kg/mol-1) is insoluble. However, as the temperature increases to a
certain point, P(FpP) becomes soluble. This phenomenon demonstrates that the homopolymer P(FpP)
has an upper critical solution temperature (UCST) behavior in DMSO. 80

Figure 1.16 a) Self-assembly of hydrophobic P(FpP) and b) IR spectrums of P(FpP)
solution by addition of water. Reproduced with permission from ref 79.
1.5.2 Self-assembly of Fp-based small molecules
We not only explored the self-assembly behavior of the hydrophobic homopolymers P(FpP) but also
that of small hydrophobic Fp acyl derivatives. Fp acyl derivatives which contain the Fp head group and
an alkyl tail also assemble in water into vesicles as shown in Figure 1.17. During the assembling
process, the CO moiety in the Fp head group interacts with water via WCIs and the alkyl chains come
together resulting in the formation of bilayer vesicles (Figure 1.17a).
The stability of the formed nanovesicles was investigated in details. The WCIs and the hydrophobic
interactions between the alkyl chains played an essential role in the stability of the assembled
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nanovesicles. To prove this idea, CpMo-based molecules (MpC6) were synthesized as shown in Figure
1.17b. They contain three CO groups in the head group. IR measurements demonstrated that the WCIs
were enhanced in water.74 Moreover, the formed nanovesicles were quite stable.74 Additional molecules
were prepared with alkyl chains of different lengths as shown in Figure 1.17c. By comparing the
stability of these Fp molecules as a function of different alkyl chain length (Figure 1.17c), we
demonstrated that longer alkyl chain lengths enhanced the hydrophobic interactions of tail-tail groups
which further increased the stability of the self-assembled aggregates.81

Figure 1.17. a) The schematic presentation of Fp-based nanovesicles and b) selfassembly of MpC6 in the aqueous solution. c) Synthesis and chemical structure for
FpCn and Photographs illustrating the aqueous behavior of FpC 1 and FpC18.
Reproduced with permission from ref 73,74 and 81.
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Consequently, the Fp-based molecules provide an opportunity to study the role of nonamphiphilic
nature on self-assembly. As mentioned in this chapter, the nonamphiphilic nature is critical in the living
cells self-assembly observed in numerous systems, including in living cells but is much less studied.74,81
The hydrophobic Fp-based compounds including P(FpP) and small Fp-based molecules have been
shown to self-assemble into stable nanovesicles that are stabilized by WCIs. The effect of hydrophobic
interactions between tail-tail groups on the stability of the nanovesicles has also been studied. However,
the research on the self-assembly of Fp-based materials is still in its infancy. This inspired us to explore
more on the self-assembly of Fp-based compounds. In this thesis, the nonamphiphilic assembly of metal
carbonyl Fp complexes was studied based on kinetic trapping, structural rigidity and hydrophobic
effect.82-83,149

1.6 Thesis outline
This thesis includes seven chapters. The first chapter introduced the nonamphiphilic assembly
observed in nature and chemistry. It was stated that the study of the nonamphiphilic assembly is at an
early stage and that it is urgent to widen the variety of molecular model systems to study. Herein we
employ Fp-based complexes as a model to study how its kinetic assembly, structural rigidity, and
hydrophobic effect on its self-assembly behavior.
In the second chapter, we first investigate the kinetics of homopolymer P(FpP) precipitation in
different solution conditions. We find that the P(FpP) could self-assemble into spherical nanoparticles
by decreasing the temperature or addition of a nonsolvent. The P(FpP) nanoparticles were instable and
easily aggregated into precipitates. However, addition of protic solvents or changing the nonsolvent
content enabled the kinetic trapping of the P(FpP) nanoparticles which suggests that the self-assembly
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of P(FpP) was kinetically and not thermodynamically controlled. In the third chapter, we explored the
self-assembly behavior of P(FpP) in DMSO/water mixtures solution as a function of temperature. A
wide range of nanostructures including nanosheets, nanovesicles and worm-like micelles could be
generated by changing the temperature. With the assistance of (dissipative particle dynamics) DPD
simulation, the self-assembled structures were shown to be mainly dependent on the structural
flexibility of the homopolymer P(FpP). The fourth chapter reports on the nonbilayer vesicles selfassembled from P(FpP) and their swelling properties in response to THF contents.
In the fifth chapter, we employed the metal carbonyl molecule FpC6Pyrene as a model to investigate
the role of π-π interactions in the self-assembly behavior. From the self-assembled results, we know
that the π-π interactions in response to solution conditions can be adjusted as a driving force or not
where various nanostructures are assembled from the same aromatic molecule. In the sixth chapter, we
investigate the hydrophobic effect on the hierarchical self-assembly of the formed nanovesicles.
Moreover, we further explore the relationship between the hydrophobic interaction of tail-tail groups
and hydrophobic hydration of Fe in the Fp head groups. In the last chapter (Chapter seven) a general
summary is provided.
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Chapter 2 Kinetic Control of Homopolymer Precipitation in Solution for the
Synthesis of Nanospheres and Nanowires

The kinetics of homopolymer precipitation in solution was explored for the synthesis of nanoparticles.
The metal carbonyl homopolymer P(FpP) (FpP: CpFe(CO)2(CH2)3 or 6PPh2) is soluble in THF, insoluble
in hexane and exhibits an upper critical solution temperature (UCST) behavior in DMSO. This polymer
precipitates by adding hexane to THF solutions or cooling DMSO solutions below the UCST
temperature. By varying kinetic pathways for the precipitation, kinetically-trapped nanostructures with
narrow size distributions, including spherical and worm-like nanoparticles, were produced. A number
of parameters, including concentration, additive and the solvation quality, e.g. THF/hexane ratio, were
adjustable for the kinetic control. Kinetic assembly of readily available homopolymers in solutions is,
therefore, worthwhile to be explored as a reliable technique for nanosynthesis.
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2.1 Introduction
The kinetics of self-assembly, relative to thermodynamics, is less studied, but crucial for developing
supramolecular theory as well as fabricating non-equilibrium and exotic nanostructures. 23,46,84 One
challenge in this research is to produce well-defined and reproducible kinetically-trapped assemblies.85
Precipitation of homopolymers in poor solvents is a commonly used purification technique to remove
contaminated small molecules. Intermolecular cohesive interactions, relative to solute-solvent
interactions, are stronger for macromolecules, 86 which drive a phase separation of polymers from the
media, resulting in precipitation. Kinetic control of this precipitation process by adjusting the balance
between polymer-polymer and polymer-solvent interactions has not been systematically studied, 87-88
but is attractive as a reliable approach for the synthesis of nanostructures using readily available
homopolymers.
By contrast, block selective precipitation of block copolymers in solution has been explored and
flourished as a major technique for nanosynthesis. 30,89-91 Although the assembling behavior of block
copolymers governed by thermodynamic equilibrium is well explained, 30,92 the assembly has a
propensity to be kinetically trapped in nonequilibrium states depending on the processing route taken. 46
It has attracted significant attention to the kinetic pathways, resulting in a remarkable progress in the
synthesis of nanostructures.85,91,93-94 This kinetic assembly allows the structure-related functions of
nanoobjects assembled from the same materials to be investigated.
Unlike block copolymers, only a few experiments illustrate that homopolymers with or without
solvent-soluble groups assemble in a poor solvent into non-equilibrium nanostructures.60,64,87,95 These
empirical discoveries motivate the investigation into the kinetics of homopolymer precipitation. The
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research may eventually lead to the recognition of kinetic barriers and pathways in dependence of the
chemical structure of homopolymers and solution conditions. This knowledge will be fundamentally
important for polymer supramolecular chemistry and nanosynthesis. 1
We have created a new class of metal carbonyl polymers, P(FpP) (Scheme 2.1) via migration insertion
polymerization (MIP) of CpFe(CO)2(CH2)3 or 6PPh2 (FpP).96-98 P(FpP) is hydrophobic, but able to
assemble in water into kinetically stable vesicles. 79 Water-carbonyl interactions are responsible for the
colloidal stability in water.79 Like many other homopolymers, P(FpP) in THF, a good solvent, undergoes
a precipitation upon the addition of hexane, a poor solvent for P(FpP). 72 The DMSO solution of P(FpP)
exhibits a molecular weight-dependent upper critical solution temperature (UCST) behavior.80 Phase
separation is observed when a solution of P(FpP) with DP of 64 is cooled from 65 oC to 25 oC in
DMSO.80

Scheme 2.1 Chemical structure of P(FpP) (m = 3 or 6, the degree of polymerization (DP)
n = 4~63)
Herein, we report the kinetic behavior for the precipitation of a P(FpP) solution either in THF upon
addition of hexane or DMSO upon decreasing the temperature. By adjusting the balance between the
polymer-polymer and polymer-solvent interactions, the kinetic pathways for the precipitation can be
altered into a one-dimensional growth of nanostructures. Several parameters, including concentration,
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additive, temperature and the ratio of THF/hexane, have been used to adjust this balance, resulting in
the synthesis of kinetically-trapped nanospheres and nanoworms with narrow size distribution.

2.2 Experimental section
2.2.1 Materials and instrumentation
Sodium (Na), potassium (K), 1-bromo-3-chloropropane, 1, 6-dichlorohexane, cyclopentadienyl iron
dicarbonyl dimer (Fp2) were purchased from Sigma-Aldrich. Chlorodiphenylphosphine was purchased
from Tokyo Chemical Industry (TCI). Benzophenone was purchased from Fisher Scientific. DMSO
and all other solvents were commercially available and were used without further purification.
1

H,
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P, and

13

C NMR were carried out on a Bruker-300 (300 MHz) spectrometer at ambient

temperature using either CDCl3 or DMSO-d6 as a solvent. NMR samples were prepared under a dry
nitrogen atmosphere. Gel permeation chromatography (GPC) was employed to characterize the
molecular weights of polymers. THF was used as an eluent at a flow rate of 1.00 mL/min. The Viscotek
GPC max unit was equipped with a VE 2001 GPC, three PolyAnalytik organic mixed bed columns,
PAS-103-L, PAS-104-L and PAS-105-L, with dimensions of 8 mm (ID) × 300 mm (L), and a Viscotek
triple detector array, including refractive index, viscosity, and dual-angle light scattering detectors.
Polystyrene standards were used as references. Dynamic light scattering (DLS) measurements were
carried out on a Malvern Zetasizer (Nano S90) with a laser operating at 633 nm. The auto measure
mode was selected and the evaluation method was based on a standard Gaussian method. The
measurements were made at a scattering angle of 90o. The viscosity and refractive index of DMSO at
different temperatures used in the DLS measurements are listed in the Table 8.1. Transmission electron
microscopy (TEM) images were obtained on a LVEM5 Benchtop (Delong) with a low voltage (5 kV)
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and Philips CM10 with the acceleration voltage of 60 kV. TEM samples were prepared by casting a
drop of P(FpP) solution on a copper grid covered by carbon film followed by drying at room
temperature. Statistical analyses of the size of nanoparticles in the TEM images were performed by the
Gatan Digital Microscopy software. UV-Vis spectroscopy was performed on the Varian Cary 100 Bio
UV–Visible Spectrophotometer. The turbidity experiments were performed by measuring the
transmittance of the light with a wavelength at 600 nm as a function of temperature under a
thermodynamic model. The heating and cooling rates were set at 1 oC/min. The spectra of transmittance
(600 nm) as a function of time at 25 oC was obtained when the instrument was operated in the kinetic
model.
2.2.2 Synthesis of P(FpP)
P(FpP) (n=6, DP=4) was synthesized based on the previous report.98-99 Polymerization of
CpFe(CO)2(CH2)6PPh2 (FpP) was performed in bulk at 70 oC for 14 h. Afterward, the crude products
were dissolved in THF and precipitated in hexane. The obtained precipitates were collected by filtration
and dried at room temperature. 1H NMR (CDCl3): 7.24–7.44 ppm (10H, C6H5), 4.32–4.62 ppm (5H, C5H5),
2.75 ppm, 2.30 ppm (4H, COCH2, PCH2), 1.00–1.30 ppm (8H, CH2CH2CH2CH2). 13C NMR (CDCl3): 23
ppm and 24 ppm (CH2CH2CH2CH2), 28 ppm, 29 ppm, 30 ppm (CH2P(Ph)2), 65 ppm and 68 ppm
(COCH2CH2CH2CH2), 84 ppm (C5H5), 128 ppm, 131 ppm, 132 ppm, 135 ppm, 136 ppm, 137 ppm (Ph), 218
ppm (FeC

O), 278 ppm (FeCOCH2). 31P NMR (CDCl3): 73.4 ppm (backbone PFe), −13.7 ppm (end

group PPh2), and 34.8 ppm (oxidized end group PPh2O). FTIR: 1909 cm−1 (terminal CO stretch) and 1604
cm−1 (migrated CO groups stretching). GPC: Mn = 2000; PDI = 1.67.
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P(FpP) (n=3, DP=64) was synthesized using the reported procedure.96-98 A typical synthesis is
described as follows: Polymerization of CpFe(CO) 2(CH2)3PPh2 (FpP) was carried out in the presence
of DMSO (ca 5% by weight) at 105 oC for 20 h. After the polymerization, the solution was cooled to
room temperature. The crude product was first dissolved in a minimum amount of THF and then
precipitated in a large amount of hexane. The precipitates were collected via filtration and dried under
vacuum overnight at room temperature yielding yellow powders. The resultant bright yellow powders
were characterized using NMR, IR, and GPC. P(FpP) (Mn = 25700 g mol−1): 1H NMR (DMSO-d6 ):
7.8–7.1 ppm (10H, C6H5), 4.4–4.2 ppm (5H, C5H5), 2.78–2.60 ppm (1H, COCH2), 2.47–2.17 ppm (1H,
COCH2), 2.13–1.89 ppm (2H, CH2PFe), and 1.32–0.74 ppm (2H, CH2CH2CH2). 31P NMR (CDCl3):
73.4 ppm (coordinated phosphorus in the main chain), 73.2 ppm (Coordinated phosphorus in the
terminal repeating unit) and -13.6 ppm (uncoordinated phosphorus in the end group). IR: 1910 cm–1
(terminal carbonyl groups), 1600 cm–1 (migrated carbonyl groups). GPC: Mn = 25700 g/mol; PDI =
1.73.
2.2.3 Preparation of colloidal solution of P(FpP) in THF/hexane
P(FpP) (n=6, DP=4) was first dissolved in THF to obtain P(FpP)/THF solution (1.0 mg/mL).
Afterward, 30 μL of the prepared P(FpP) in THF solutions was injected separately into THF/hexane
solvents (0.72 mL) with varying amounts of THF. After addition of the P(FpP)/THF solution, a clear,
blue-tinted solution was observed.
2.2.4 Preparation of colloidal solution of P(FpP) in DMSO
111.60 mg, 55.30 mg and 13.80 mg of P(FpP) (n = 3, DP = 64) were added to DMSO (10 mL) in three
vials separately at room temperature. Upon heating at 65 ℃, P(FpP) (n = 3, DP = 64) dissolved in
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DMSO resulted in solutions with respective concentrations of 1.00, 0.50 and 0.125 wt%. The solutions
were filtered at 65 ℃ via a syringe filter with pore size of 220 nm to remove dust before cooling to 25
o

C.

2.2.5 Segregation and stabilization of P(FpP) nanoparticles in DMSO
After three solutions (4 mL) of P(FpP) (n = 3, DP = 64) in DMSO (0.125 wt%) were cooled from 65
o

C to 23 oC, the protic solvents H2O, MeOH and EtOH (480 mmol) were separately added to these

solutions and the vials were gently shaken. DLS was subsequently employed to track the hydrodynamic
diameter (Dh) as a function of aging time.

2.3 Results and discussion
2.3.1 Kinetic assembly of P(FpP) in THF/hexane
When hexane was added dropwise to a P(FpP) solution in THF, the solution was initially cloudy, and
a precipitate was observed shortly thereafter. However, when a THF solution of P(FpP) was added
quickly to hexane (shock precipitation), a clear, blue-tinted colloidal solution was obtained. This
suggested that the shock precipitation was able to arrest the kinetics of the assembled nanostructures.
The effect of the THF/hexane ratio on the shock precipitation was examined. Solutions with varied
ratios of THF/hexane were prepared by injecting a THF solution (30 μL with P(FpP) concentration
varying from 1.0 mg/mL to 0.72 mL) into THF/hexane mixed solvents with various amounts of THF.
After aging for one hour, these solutions were analyzed using dynamic light scattering (DLS). The
hydrodynamic radii (Dh) and polydispersities (PDI) for the colloids as a function of the THF/hexane
ratio were plotted in Figure 2.1. As shown in Figure 2.1a and b, at THF contents below 10 and above
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30 vol%, the colloids had large Dh values and broad size distributions. For THF contents between 10
and 30 vol%, the Dh value for the assembled particles was ca. 200 nm and the PDI was ca. 0.10 or less.
The short-term kinetic behavior of P(FpP) colloids in THF/hexane mixtures containing 4 vol%, 16
vol%, and 40 vol% THF was subsequently investigated. As shown in Figure 2.1c and d, the Dh value
for the samples containing 16 vol% THF remained unchanged and the PDI was below 0.1, suggesting
that the colloids were kinetically trapped. However, the colloids in the solutions containing 4 vol% and
40 vol% THF grew noticeably over the course of the first hour (Figure 2.1c), increasing in Dh by 110
% and 88 %, respectively. The PDI for the colloids in the latter solution increased rapidly, suggesting
that the particles were aggregating irregularly. In contrast, although the colloids in the solution with a
smaller amount of THF (4 vol%) grew continuously (Figure 2.1c), the PDI remained less than 0.20
(Figure 2.1d), suggesting that the growth followed a structure-controlled pathway.
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Figure 2.1 a) The size change and b) PDI of P(FpP) colloids prepared in THF/hexane
mixed solutions with varied THF contents. c) Size change and d) PDI of P(FpP) colloids
prepared in THF/hexane with 4 vol%, 16 vol% and 40 vol% THF contents with time
aging.

The P(FpP) aggregates after aging for one hour in THF/hexane mixed solvents were characterized by
TEM. The results are shown in Figure 2.2. One-dimensional branched fibres were formed in the system
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containing 4 vol% THF (Figure 2.2a), while spherical particles with varied sizes were observed in the
solutions with a larger amount of THF (40 vol%) (Figure 2.2c). This comparison suggests that, by
lowering the THF content, the kinetic pathway for aggregate formation by precipitation varies from
isotropic to one-dimensional growth, resulting in precipitates in a few days. At a THF content of 16
v%, the assemblies were kinetically-trapped (Figure 2.2b) into worm-like particles. These experimental
results demonstrate that the shock precipitation can be adjusted into a one-dimensional growth pathway
depending on the solvation quality. The system with a medium THF contents (10-30 vol %) creates an
energy barrier arresting the worm-like assemblies that are stable for a few months. This experiment
illustrates that the precipitation kinetics can be controlled for nanosynthesis by varying the solvation
quality.

Figure 2.2 TEM images for P(FpP) colloids formed in the THF/hexane solutions
containing a) 4 vol%, b) 16 vol%, and c) 40 vol% THF. The inset images in the Figures
2.2a and 2.2b are the large magnification image of the corresponding P(Fp)P
aggregates. The images were recorded after the solutions were prepared by shock
precipitation and aged for one hour.
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2.3.2 Kinetic assembly of P(FpP) by cooling DMSO solutions.
We have reported that P(FpP) with DP of 64 in DMSO has a UCST behaviour.80 The polymer
precipitated by cooling from 65 oC to 25 oC (Figure 8.1). The effect of concentration on this
precipitation was first investigated. Three solutions of P(FpP) in DMSO with concentrations of 1.00,
0.50 and 0.125 wt% were separately heated. The light transmittance at 600 nm for these solutions at 65
o

C was greater than 80 % (Figure 2.3), suggesting a good solubility. The more concentrated solution

exhibited a relatively lower transmittance, which was attributed to the light absorption by P(FpP)
(Figure 8.2). While cooling, the transmittance dropped abruptly at 43.9 oC, 40.5 oC and 33 oC,
respectively, for the solutions with decreased concentrations. After cooling to 25 oC, the transmittance
for the more concentrated solutions (0.50 and 1.00 wt%) approached 0 % due to the phase separation,
which is commonly observed for polymers with UCST behaviour.100-101 However, the more diluted
solution (0.125 wt%) had slower kinetics for the phase transition and could still transmit 53 % of the
incident light at the end of the cooling process. Poly(N-acryloyl amino acid) (PNAA) solutions (< 1.0
wt%) at pH 2.0 have a similar behavior.102 The phase separation continued from 25 oC to 26 oC as the
heating cycle started immediately upon cooling to 25 oC (Figure 2.3a). If the solution was retained at
25 oC after the cooling process, the transmittance decreased continuously from 53% to 39% over 1.5 h
(Figure 2.3b) and a precipitate was produced in a few hours (Figure 8.3).
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Figure 2.3. a) The transmittance curves of the three DMSO solutions of P(FpP) with
varying concentrations as a function of temperature. b) The time-dependent
transmittance of DMSO solution of P(FpP) (0.125 wt%) at 25 oC. The experiment
started right after the solution was cooled from 65 oC to 25 oC.
The phase separation process for the (0.125 wt%) solution was also examined using the DLS
technique. As shown in Figure 2.4a, the count rate abruptly increased as the solution cooled to 35 oC,
indicative of the occurrence of phase separation. This temperature was higher than that obtained from
the turbidity experiment (33 oC) (Figure 2.3a), because light scattering, compared to light transmittance,
is more sensitive to the onset of aggregation. To further examine the phase separation, the solutions
after cooling to 25 oC, were examined using TEM. As shown in Figure 2.4b, the cooling process induced
the P(FpP) in 0.125 wt% solution in DMSO to assemble into spherical particles with a fairly uniform
diameter of ca. 150 nm (Figure 2.4b). The spherical particles were also formed for the more
concentrated solutions (1.00 wt% and 0.50 wt%), which agglomerated relatively faster resulting in
precipitates (Figure 8.4). The formation of nanoparticles was reasonable, as the phase separation of
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polymers in solution usually starts from the contraction of individual polymer chains, followed by the
aggregation of the folded polymers into a globule structure. 103-104

Figure 2.4. a) DLS count rates as a function of temperature, and b) TEM image for
P(FpP) particles resulted from DMSO solutions with P(FpP) concentrations of ca.0.125
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wt% c) DLS profiles of P(FpP) colloid based on intensity before and after a membrane
filtration. The inset image is the DLS profiles based on number. d) TEM image for the
particles prepared from DMSO solution of P(FpP) (0.125 %wt) after a membrane
filtration (ca.220 nm for the pore sizes). e) Schematic presentation of solution behavior
of P(FpP) polymers during the cooling process.
2.3.3 Kinetic arrest and assembly of P(FpP) particles formed by cooling DMSO
solutions.
It caught our attention that the diameter estimated from the TEM image of the P(FpP) aggregates (ca.
150 nm) is much smaller than their Dh (ca. 594 nm). The larger Dh could be caused by the presence of
large-sized contaminates that dominated the light scattering intensity. As a result the solution was
filtered through a membrane with pore sizes of ca. 220 nm. The Dh of the filtered solution, measured
based on the intensity of scattered light (ca. 533 nm) as well as the number of particles (ca. 502 nm),
was similar to that obtained with the solutions before the filtration (ca. 594 nm based on the intensity
and ca. 554 nm based on the number) (Figure 2.4c). Furthermore, the average diameter (ca. 140 nm)
for the filtered sample as shown in the TEM image (Figure 2.4d) was also smaller than the Dh (ca. 533
nm). The larger Dh relative to the diameter estimated from TEM is, therefore, not caused by the presence
of contaminats. To rationalize this phenomenon, we propose that the particles are loosely associated in
the solution (Figure 2.4e). The interactions between the particles are weak and readily disrupted by the
mechanical forces generated during the filtration, which dissociates the agglomerates and allows the
particles (ca. 150 nm) to pass through the pores (220 nm). After the filtration, the agglomeration occurs
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again. No agglomerates were observed in the TEM images, because the interactions between the
particles were too weak to hold the agglomerates when the solution dried on the TEM grid.
The surfaces of the P(FpP) particles possess polarized CO groups that can interact with protic solvents
via dynamic hydrogen bonds.79 Therefore, the addition of protic solvents may be able to kinetically
arrest the assembled particles, like ligands for metallic particles. On the other hand, protic solvents,
such as H2O and alcohol solvents, are poor solvents for P(FpP), which can be an unfavored factor for
colloidal stability. The outcome of these two opposite effects was investigated by adding H2O, methanol
and ethanol (8 mol% relative to DMSO) separately into three DMSO solutions of P(FpP) (0.125 wt%)
that were prepared by cooling from 65 to 25 oC.
As shown in Figure 2.5a, the addition of these protic solvents decreases the Dh. The Dh for the solution
with ethanol reduced to 336 nm, but is still larger than the single particle shown in Figure 2.4b. This
suggests that the interparticle interactions are partially disrupted by ethanol. Time-dependent DLS
indicates that the addition of ethanol kinetically stabilizes the colloids and maintain the Dh at ca. 350
nm over a few days (Figure 2.5b). The TEM image indicates that the trapped particles are spherical and
the diameter is ca. 200 nm (Figure 2.5c). The addition of H2O or methanol is able to segregate the
agglomerates more completely because these two solvents are stronger donors for hydrogen bonding
as compared with ethanol. Right after the addition of these two protic solvents, the D h drops from ca.
594 nm to ca. 200 nm which is close to the diameter estimated from the TEM image (Figure 2.5b).
However, the particles subsequently assembled into suspensions within one hour. These suspensions
were characterized by TEM. As shown in Figure 2.5d, 2.5e and 2.5f, entangled worm-like structures
are observed and the unentangled nanoworms parallelly align on the substrate into a nematic ordered
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pattern due to the rigidity of the nanoobject. 105 The addition of water or methanol, therefore, separates
the agglomerates first, the separated particles are, however, not kinetically trapped and undergo a onedimensional growth. The width of the worm is ca. 190 nm and ca. 250 nm for the systems with H2O
(Figure 2.5d) and methanol (Figure 2.5e), respectively. The worm-like structures also have a smooth
surface, suggesting that the particles, upon one-dimensional aggregation, coalesced and fused together.
The fusion is caused by the flow of polymer chains within solvophobic domains, which is commonly
observed and responsible for a local structure adjustment of block copolymer micelles.106-109
Chain growth of nanoparticles has been reported and several assembling mechanisms were proposed
depending on the type of nanoparticles. 23,110-113 For example, the stability and assembly of metal
nanoparticles stabilized by ligands are influenced by the dynamic exchange rate of ligands adsorbed
and detached from the nanoparticles. This “on”/”off” ratio of ligand is proposed as a reason governing
the anisotropic assembly of nanoparticles. 113 In our case, the protic solvents used for the kinetic
investigation may function as ligands. The affinity of ethanol to the P(FpP) particles is weaker resulting
in a smaller “on”/“off” ratio, resulting in an isotropic growth. In contrast, the “on”/“off” ratio of water
and methanol is higher due to the stronger affiliation to the particles, which cause a directional assembly
directing the kinetic pathway into a one-dimensional growth as observed.
The above experiments indicate that the protic solvents functions as ligands and poor solvents, which
segregate the coagulated particles and subsequently induce a one-dimensional growth depending on the
capability of proton donation (Figure 2.5g). H2O can completely segregate the particles and induce an
assemble into branched fibres. Methanol induces the same solution behavior, but results in relatively
thick fibres, probably because the P(FpP) particles are not completely segregated by methanol. Ethanol,
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a weak proton donor, only partially segregate the coagulated particles, but do not substantially decrease
the solvation power, resulting in kinetically trapped spherical particles.

Figure 2.5. a) The Dh size change of P(FpP) colloid (0.125 wt%) upon addition of
ethanol, methanol and H2O (8% mol%). b) Dh as a function of aging time for
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P(FpP)/DMSO colloids the upon addition of ethanol, methanol and H2O (8% mol%)
TEM images for the aggregates prepared from DMSO solution of P(FpP) (0.125 wt%)
after addition of c) ethanol and d) H2O, the insert image is the large magnification of
the worm-like structures. e) Methanol, the insert image is the large magnification of the
one-dimensional structures and f) linear aggregates by addition of H 2O. g) The
schematic presentation of the behavior of P(FpP) nanoparticles by addition of water,
methanol and ethanol.
2.4 Conclusions
In conclusion, by varying the conditions for the precipitation of P(FpP), we experimentally illustrated
that the kinetic pathways of P(FpP) aggregates could be selectively adjusted to yield a one-dimensional
assembly. Kinetically trapped worm-like and spherical particles were produced. By quick addition of
P(FpP) solution in THF into THF/hexane mixtures, the precipitation started from the aggregation of the
polymer into spheres in the system with a higher content of THF (40 vol%). By lowering the THF
content from 40 vol% to 4 vol%, the polymer assembled into branched fibers before precipitation. At a
medium THF content (16 vol%), worm-like aggregates were kinetically stable for a few months. P(FpP)
with DP of 64 in DMSO has a UCST behavior, and also assembled into spheres when the solution was
cooled from 65 oC to 25 oC. The spheres further agglomerated into larger aggregates than the more
diluted solution (0.125 wt%). It had slow aggregation kinetics which could be controlled by addition
of a trace amount of protic solvents, e.g. ethanol, methanol or water. The addition of ethanol trapped
the spheres in a kinetic stable state, while water and methanol with stronger dynamic hydrogen bonds
with the P(FpP) spheres enabled the assembling of particles into nanoworms. Kinetic control of
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homopolymer precipitation is, therefore, a promising technique for nanosynthesis and worth a
systematic investigation, given the fact that homopolymers with various functional groups are readily
available.
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Chapter 3 Aqueous Self-Assembly of Hydrophobic Macromolecules with
Adjustable Backbone Rigidity

P(FpP) (Fp: CpFe(CO)2; P: propyl diphenyl phosphine) has a helical backbone, resulting from the piano
stool metal coordination geometry, which is rigid with the intramolecular aromatic interaction of the
phenyl groups. The macromolecule is hydrophobic, but the polarized CO groups can interact with water
for aqueous self-assembly. The stiffness of P(FpP), which can be adjusted by changing the temperature,
determines the nature of the assembled morphologies. P(FpP) self-assembles in DMSO/water (10/90
by volume) mixtures into lamellae at 25 oC, vesicles at 40 oC and irregular aggregates at higher
temperatures (60 and 70 oC). Dissipative particle dynamic (DPD) simulations revealed that the same
temperature-dependent self-assembled morphologies were obtained with an interior of hydrophobic
aromatic groups covered by the metal coordination units. The rigid backbone at 25 oC resulted in a
layered morphology, while the more flexible P(FpP) at 40 oC curved up the lamellae into vesicles. At a
higher temperature (60 or 70 oC), P(FpP) behaved as a random coil without obvious amphiphilic
segregation, thus resulting in irregular aggregates. The stiffness is, therefore, a crucial factor for the
aqueous assembly of macromolecules without obvious amphiphilic segregation, which is reminiscent
of the solution behavior observed for many biological macromolecules that display hydrophobic
microdomains such as proteins.
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3.1 Introduction
The development of supramolecular chemistry relied substantially on the inspiration from nature.114-117
Amphiphilic lipids have led to the development of the synthesis and self-assembly of surfactants and
block copolymers.30,32,118-119 Many biological macromolecules like DNA, RNA, and proteins, contain
hydrophobic segments without obvious amphiphilic features, which also assemble into various defined
structures laced with a few groups interacting with water at the surface. 3,18,120-124 This assembly is
strongly influenced by factors other than amphiphilic segregation, such as the conformational
flexibility.8,125
Many synthetic polymers are rigid, such as helical polypeptides, aromatic polyesters, and conjugated
polymers.126-128 It is well known that rigid-coil block copolymers display an assembling behavior that
is substantially different from coil-coil amphiphilic block copolymers in terms of the assembled
nanostructures.129-132 However, it is not easy to elucidate the effect of chain stiffness on the assembling
process, because the segregation of the amphiphilic blocks is usually the overwhelming factor.
Macromolecular building blocks with variable rigidity and no obvious amphiphilic segments,
reminiscent of some biological species, are ideal systems to investigate the effect of stiffness on selfassembly, but this type of macromolecules are rarely available.
P(FpP) (Fp: CpFe(CO)2; P: propyl diphenyl phosphine) is a macromolecule synthesized by migration
insertion polymerization (MIP) of FpC3P (Scheme 1). As illustrated in Scheme 3.1, the backbone of
P(FpP) is constructed from the connection of phosphine coordinated Fp acyl repeating units that have
a piano stool coordination geometry. 72,80,99 The polymer adopts a helical conformation in good
solvents,80 and the phenyl groups from the neighboring repeating units interact closely with each other.
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The strength of this aromatic interaction can be adjusted by varying the solvent quality,99 which may

be a variable that can be used to modify the stiffness of P(FpP).

Scheme 3.1 Synthesis of P(FpP) by migration insertion polymerization
P(FpP), regardless of its degree of polymerization (DP), is soluble in THF.79 When water is added into
a THF solution, P(FpP) assembles into vesicles with the metal coordination units exposed to water via
water carbonyl interactions (WCIs).79 DMSO, however, is a marginal solvent. P(FpP) with DP of 64 is
only soluble in DMSO at an elevated temperature. 80 This temperature-dependent solvation may be a
factor affecting the self-assembly behaviour of P(FpP). To perform this study, P(FpP) with DP of 7 was
used as a building block, as the solvation can be adjusted in a range of temperature from 25 oC to 70
o

C.80 A theoretical simulation was performed to assist the investigation, 133-134 because the theory

underlying the aqueous self-assembly of homopolymers without water-soluble groups is less
developed.63,66,71,135 The temperature-dependent chain conformation was quantitatively correlated to the
stiffness of the backbone using both all-atom and dissipative particle dynamics (DPD) simulation. 136139

Herein, we report that the stiffness of P(FpP) can be varied from a rigid backbone at 25 oC to a less
rigid chain at 50 oC and a random coil at 70 oC. The effect of this temperature-dependent rigidity on the
assembly of P(FpP) in a DMSO/water (10/90 by volume) mixture was described for the first time. Both
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experiment and simulation reveal that P(FpP) lamellae, vesicles, and irregular aggregates are formed at
25 oC, 40 oC and higher temperatures (60 and 70 oC), respectively. Regardless of the temperature, the
molecules associated into a sandwich structure with an interior made of the aromatic groups covered
by the metal coordination groups. The rigidity of the backbone at 25 oC directs the sandwich structure
into lamellae. By increasing the temperature to 40 oC, the lower rigidity of the chains allowed the
membranes to curve up and form vesicles. At a higher temperature (60 and 70 oC), P(FpP) became a
random coil without obvious amphiphilic segregation and the sandwich aggregates became irregular
particles.

3.2 Experimental section
3.2.1 Materials and instrumentation.
Sodium (Na), potassium (K), 1-bromo-3-chloropropane and cyclopentadienyl iron dicarbonyl dimer
(Fp2) were purchased from Sigma-Aldrich. Benzophenone was purchased from Fisher Scientific.
DMSO was commercially available from Sigma-Aldrich and used without further purification.
1

H,
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P, and

13

C NMR experiments were carried out on a Bruker-300 (300 MHz) spectrometer at

ambient temperature using either CDCl3 or DMSO as a solvent. NMR samples were prepared under a
dry nitrogen atmosphere. Dynamic light scattering (DLS) measurements were carried out on a Malvern
Zetasizer (Nano S90) with a laser wavelength of 633 nm. The Auto measure mode was selected and the
evaluation method was based on a standard Gaussian method. Transmission electron microscopy
(TEM) experiments were performed using a transmission electron microscope (Philips CM10) with an
acceleration voltage of 60 KV. TEM samples were prepared by dipping a carbon-coated TEM copper
grid into the solution of P(FpP) colloids, followed by drying in air. Atom force microscopy (AFM)
49

experiments were performed using a Nanoscope MultiModeTM AFM microscope. The measurements
were carried out in tapping mode using a Conical AFM tip with a spring constant of 40 N/m, a resonance
frequency of 300 kHz, and tip radius of 8 nm. A freshly prepared colloidal dispersion was dropped on
a freshly cleaved mica substrate for spin-coating. The substrates were then dried at room temperature
before the measurements.
3.2.2 Synthesis of P(FpP).
P(FpP) was synthesized using the reported technique. 72,80,99 The polymerization of FpC3P (ca.1 g) was
carried out in the bulk at 70 oC for 20 h. The system was then cooled to room temperature. The crude
product was first dissolved in a minimum amount of THF (ca.5 mL) and then precipitated in a large
amount of hexane (100 mL). The precipitates were collected via filtration and dried under vacuum
overnight at room temperature yielding yellow powders. The resultant bright yellow powders were
further characterized using NMR, IR and GPC. 1H NMR (DMSO-d6): 7.6–7.1 ppm (b, 10H, C6H5),
4.4–4.0 ppm (b, 5H, C5H5), 2.8–2.60 ppm (b, 1H, COCH2), 2.4–2.1 ppm (b, 1H, COCH2), 2.1–1.8 ppm
(b, 2H, CH2P), and 1.4–0.8 ppm (b, 2H, CH2CH2CH2).31P NMR (DMSO-d6): 73.2 ppm, 35.5 ppm. IR:
1910 cm–1 (terminal carbonyl groups), 1600 cm–1 (migrated carbonyl groups). GPC: Mn = 3320 g/mol;
Mw = 3920 g/mol, PDI = 1.18.
3.2.3 Self-assembly of P(FpP).
Self-assembly of P(FpP) was performed using DMSO as a co-solvent. A DMSO solution of P(FpP) (1
mg/mL) was prepared first. Then distilled water was added to the solution rapidly resulting in a colloidal
dispersion. The final concentration of P(FpP) was 0.1 mg/mL. To investigate the effect of temperature
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on the assembly, the DMSO solution of P(FpP) and distilled water were first heated at a certain
temperature for 24 h before they were used for the preparation of the colloids.
3.2.4 All-atom simulation.
The all-atom simulations were performed using Materials Studio, v8.0.24 One macromolecule was
mixed with water molecules in a periodic simulation box using the Amorphous Cell modulus. The
Discover modulus was adopted to run the simulation. The Nose thermostat was used to control the
system temperature during the simulations. The compass force field was acted in the whole system, and
the atom based summation method was applied to both van der Waals and Coulomb forces. First, the
system was optimized to minimize the free energy using the steepest descent method. Then molecular
dynamics simulations were performed under an NVT ensemble for temperatures ranging from 25 to 75
o

C. The time step was set to 1.0 fs and all the simulations were run for 10 μs. The Blend modulus in

Materials Studio was used to calculate the Flory-Huggins Parameter (ij) between the different species.
3.2.5 DPD simulation system.
A detailed description of the DPD simulation method can be found in Supporting Information. The
DPD simulations were performed using LAMMPS packages. The simulations were run in a periodic
simulation box with a size of 50 rc3 where rc is the length unit. The bead density was set to 3 rc-3. All the
simulations were performed for 104 τ (τ is the time unit), providing enough time for the system to reach
equilibrium.
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3.3 Results and discussion
3.3.1 Temperature-dependent chain conformation of P(FpP).
To reveal the chain conformation of P(FpP) in response to temperature, all-atom simulations were
performed using Materials Studio.99 Figure 3.1 exhibited the conformations of P(FpP) in water at
equilibrium. As shown in Figure 3.1a, an alpha-helical structure is observed at 25 oC and the average
distance for the neighboring aromatic groups is ca. 4.7 Å, indicating strong - interactions. Upon
increasing the temperature to 50 oC, the aromatic pendent groups do not interact in the same fashion
and the distance between them increased to 5.9 Å (Figure 3.1b), suggesting the helical nature of the
chain is weakened. The chain appeared to be a random coil without obvious alpha-helix at 70 oC (Figure
3.1c) and the distance between the aromatic groups equalled 7.3 Å. This simulation revealed that both
the aromatic interaction and chain conformation of P(FpP) was temperature-dependent.

Figure 3.1. Morphologies of P(FpP) chain in response to temperatures. The green
groups represent the neighboring phenyl rings and the red numbers indicate the
distances between the groups.
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3.3.2 Temperature-dependent self-assembly of P(FpP).
To evaluate the effect of temperature-dependent chain conformation on the self-assembly, solutions of
P(FpP) (1 mg/mL) were prepared in DMSO/water (1/9 by volume) mixture at various temperatures.
The resultant assemblies were characterized by TEM, AFM, and DLS. P(FpP) assembled at 25 oC into
aggregates with hydrodynamic diameters (Dh) of ca. 87 nm and PDI of 0.21 (Figure 8.5a). The AFM
image shown in Figure 3.2a indicated that the size of P(FpP) assemblies was ca. 70 nm. The height
profile (Figure 3.2b and 3.2c) revealed that the thickness of the aggregates was ca.3.5 nm. The size-tothickness ratio was high confirming that nano-sheets were obtained. The TEM images, shown in
Figures 3.2d and 8.5b, also displayed a layered structure, but the size was over a few micrometers
(Figure 3.2d). The larger size observed in TEM images is attributed to the drying effect resulting from
the fusion of the nano-sheets (Figure 8.5b). The AFM samples were prepared by spin coating, which
minimized the drying effect and resulted in a measured size that was comparable to the Dh (Figure
8.5a).

Figure 3.2. a) AFM phase mode image, b) height mode image, c) height profile along the
line in b (the full scale of Y-axis is 19 nm) and d) TEM image for P(FpP) nano-sheets
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assembled at 25 oC in DMSO/H2O (10/90 by volume) solution (0.1 mg/mL). Scale bar
for TEM: 500 nm.
P(FpP) assemblies prepared at 40 oC had a Dh of 98 nm with PDI of 0.361 as indicated by DLS analysis
(Figure 8.6a). Cooling the solution brought no change in Dh suggesting that the aggregates were
kinetically stable (Figure 8.6b). The TEM images for the assemblies were displayed in Figures 3.3, 8.6c
and 8.6e. As shown in Figures 3.3a and 3.3b, some spherical aggregates showed a contrast between the
periphery and center, suggesting that nano-vesicles were formed. The thickness of the wall was ca.3.2
nm that is similar to the height of the nano-sheet obtained at 25 oC. Interestingly, many collapsed nanovesicles with a severe indentation and distortion also appeared in the TEM images (Figures 3a and 8.6).
Figures 3.3c and 3.3d showed that the vesicle had a bowl-shape. The side view indicates that the
periphery is relatively dark (Figure 3.3c), suggesting that the wall of the vesicles was not broken. PAAb-PS (PAA: polyacrylic acid; PS: polystyrene) block copolymer has been reported to form bowl-shaped
vesicles. This result was attributed to the preparation method for the TEM specimens.140 When the
sample was dried under high vacuum, a pressure gradient between the two sides of vesicles was
generated which caused the deformation of the vesicles. The mechanism for the formation of bowlshaped vesicles was later studied in details. 141-143 It was found that the PEG-b-PS (PEG: poly(ethylene
glycol)) bowl-shaped vesicles can be formed in solution due to the deflation of spherical vesicles
induced by the osmotic pressure. For example, the addition of water to the solution of vesicles in a
dioxane/H2O mixture led to the diffusion of dioxane through the PS wall resulting in a negative pressure
within the vesicles, which promoted the indentation. The evaporation of DMSO/water at ambient
condition is slow and might not be able to generate sufficient osmotic pressure to deform the vesicles.
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The bowl-shaped vesicles are, therefore, formed during the addition of water to the DMSO solution. In
addition to the deformed vesicles, some vesicles with a ruptured wall were captured in the TEM images
(Figures 3.3e and 8.6c).

Figure 3.3. a, b, c, d) TEM images of P(FpP) nano-vesicles assembled at 40 oC in
DMSO/H2O (10/90 by volume) solution (0.1 mg/mL). scale bar: 100 nm.
P(FpP) assemblies prepared at 60 oC have a Dh of ca.71 nm with PDI of 0.236 (Figure 8.7). TEM
images indicated that irregular aggregates were formed (Figure 8.8a). We also noticed that the irregular
aggregates, unlike the aggregates formed at other temperatures, were not stable and easily broken when
exposed to the electron beam (Figures 8.8b-8.8d). Further increasing the temperature to 70 oC led to
the assembly of the macromolecules into aggregates with three size populations from 50 nm to 4500
nm as indicated in the DLS profile (Figure 3.4a). As shown in a TEM image (Figure 3.4b), the
aggregates appeared to have a worm-like structures (Figure 3.4c). Many of them were entangled
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together (Figure 3.4d), and might exist in the solution as large aggregates, as detected by DLS analysis
(Figure 3.4a).

Figure 3.4. a) The DLS profile and b, c, d) TEM images of P(FpP) nano-vesicles
assembled at 70 oC in DMSO/H2O (10/90 by volume) solution (0.1 mg/mL). scale bar:
100 nm.
3.3.3 Self-assembled morphologies reproduced by simulation.
To simulate the self-assembling behavior, DPD simulations were performed using a coarse-grained
molecular model of P(FpP). As shown in Figure 3.5a, COFeCO and (CH2)3P were grouped as polar
beads of O (yellow) and P (red), respectively, while the phenyl and Cp groups were denoted as
hydrophobic beads R (green). Figure 3.5b displays the coarse-grained chain. As shown in the chain, the
macromolecule possesses a polar metal coordination backbone with hydrophobic beads as side groups.
The repulsive parameters (aij) of the hydrophobic beads (R groups) with the backbone (O and P groups)
and solvents were denoted as aRO, aRP, and aRS, respectively, which is calculated from Flory-Huggins
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Parameter (ij) and listed in Table 8.2 (SI).144 The value for ij as a function of temperature was
calculated using Materials Studio v8.0.99

Figure 3.5. Schematic illustration for the coarse-grained model of P(FpP) used for DPD
simulation. a) Coarse-grained groups for P(FpP) (green, orange and red beads
represent benzyl/Cp, COFeCO, and (CH2)3P groups, respectively). b) Coarse-grained
P(FpP) chain.
The all-atom simulations have suggested that the backbone is helical and rigid. In the DPD simulation,
we adjusted this rigidity by the strength of a three-body angle potential (denoted by kc) that was applied
to the backbone (formed by O and P groups). The larger the kc value and the stronger the chain stiffness.
To confirm that the variation of kc from 0 to 5 kBT can effectively capture the evolutionary rigidity of
the chain in a DPD simulation, the persistence length (lp) of a single chain which is proportional to
chain stiffness, 37 was calculated using both all-atom and DPD simulations. The lp in response to a
temperature varying from 25 to 70 oC (calculated from the all-atom simulation) and the profile of lp as
a function of kc (calculated from the DPD simulations) are compared in Figure 3.6. As shown in Figure
3.6, the profiles (lp vs kc and lp vs temperature) calculated from the two simulations are similar. The lp
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is larger at 25 oC, corresponding to a kc value of 5kBT, and gradually decreased with increase in
temperature (all atom simulation) or a decrease in kc (DPD simulation). At 60 oC. corresponding to a kc
value of 0, lp decreased to its minimum value and plateaued off. The chain conformations in response
to kc simulated from the DPD simulations of a single chain were also similar to those simulated from
the all-atom simulation (Figure 3.6). The similarity of these two calculations elaborates that the
temperature-dependent change in chain conformation was caused by the variations in backbone rigidity,
which is a parameter crucial for the assembly of P(FpP).

Figure 3.6. Persistence length as a function of kc in DPD simulation (the black curve)
and temperature in all-atom simulation (the red curve). The chain conformations at 25
and 70 oC, corresponding to kc of 5 and 0 kBT, are shown in the figure.
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DPD simulations of the assembling process in response to changes in temperature were performed.
Figure 3.7a shows a lamella at the end of the simulation conducted at 25 oC. The backbones of P(FpP)
were aligned almost parallel to each other. As shown in the cross section of a lamella (Figure 3.7b), the
hydrophobic R groups (green) aggregated into a layer with the surfaces decorated by the polar O
(orange) and P groups (red). By examining the densities of these three groups along the normal direction
(denoted by x1 in Figure 3.7b), the R groups yielded a wider peak between the peaks for O and P
groups, supporting a sandwich layered structure. As the thickness of the assembled nano-sheet was 3.2
nm as measured by AFM, the sandwich membrane was likely a face-to-face assembly of two P(FpP)
molecules. The density profile (Figure 3.7b) indicated that the thickness of the sandwich was ca.7 rc (rc
is the cut-off distance in the simulation) with 5 rc representing the middle layer of the aggregated R
groups. Figure 3.7c described the calculated order parameter (S) for P(FpP) backbones packing along
lamellae (denoted by x2). As shown in Figure 3.7c, a relatively larger value of S (0.8, 0 ≤ S ≤ 1) was
observed, suggesting that the P(FpP) backbones were highly ordered. A small value of S (ca. 0.5)
indicating a less ordered alignment, was obtained near the edges of the lamella (Figure 3.7c). This
reduced alignment was caused by the coverage of the polar groups (O, P) on the high-energy edges to
minimize the contacts between the hydrophobic R groups and water. The formation of lamellar
assemblies at 25 oC was, therefore, caused by the chain stiffness (Table 8.2).
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Figure 3.7. a) Morphologies of the simulated lamellae structure at 25 oC (kc = 5kBT and
aRO = aRP = 60, aRS = 75). The dashed lines indicate where the structure is sliced and
enlarged for further analysis; b) The densities of O, P and R groups along the cross
section (x1 direction). c) The order parameter of the backbones along the membrane
plane (x2 direction).
Figures 3.8a and 3.8b displayed the morphology of P(FpP) assembled at 40 oC and the cross-section
image. The density profiles for the polar O, P and hydrophobic R groups along the radial direction is
displayed in Figure 3.8c. As shown in the figures, the vesicular wall also showed a sandwich structure
similar to that for the lamellae formed at 25 oC, where a hydrophobic domain of R groups (denoted by
green) was covered by the polar O (orange) and P groups (red). The thickness of the vesicular wall
shown in Figure 8c was also similar with that of the lamella. The chain stiffness potential at 40 oC (kc
= 2kBT) was lower than that at 25 oC (kc = 5kBT) (Table 8.2), which allowed the membrane to curve up
and form vesicles to reduce the total free energy.
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Figure 3.8. a) Morphologies of the simulated vesicular structure at 40 oC (kc = 2kBT and
aRO = aRP = 50, aRS = 60). The dashed lines indicate where the structure is sliced and
enlarged for further analysis; b) The cross section of the vesicle, c) The densities of O, P
and R groups along the cross section (x direction in the Figure 8b).
The response of the assembling behavior to the stiffness of P(FpP) was further investigated. We
performed a simulation by adjusting the stiffness (kc) of P(FpP) to 4 kBT, a value between that at 25 oC
(5 kBT) and 40 oC (2 kBT). As shown in Figure 3.9a, the volumetric map image of the simulated
assemblies indicated a curved lamella, which confirmed that the vesicles (Figure 3.9b) result from the
curve up of the lamellae due to a reduced stiffness. When the stiffness was adjusted to 1 kBT, lower than
that at 40 oC (2 kBT), the rigidity of the molecules was not sufficient to integrate the vesicular membrane
and resulted in ruptured vesicles (Figure 3.9c).
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Figure 3.9. Volumetric map images of a) curved lamellae simulated with kc of 4 kBT , b)
vesicles simulated with kc of 2 kBT, and c) ruptured vesicles simulated with kc of 1 kBT.
A higher temperature at either 60 or 70 oC further reduced the bending energy of the macromolecular
chain. P(FpP) lost its rigidity at these temperatures (Table 8.2) and took a coil conformation (Figure
3.1c). Consequently, the rigidity plays no role in the self-assembly of P(FpP) at these two temperatures.
The degree of solvation of the R group (aRS) and the segregation between the polar O and P with R
groups (aRO, aRP) regulated the assembling process. As shown in Figures 3.10a and 3.10b, the P(FpP)
aggregated into irregular particles when it adopted a random coil. Both experiments and simulations
indicated that the aggregates formed at 70 oC (Figures 3.4b and 3.10b) were larger than those formed
at 60 oC (Figures 8.8a and 3.10a), which was attributed to a lower de-solvation of the R groups and
lower repulsive forces between the R groups, O and P groups at 70 oC (Table 8.2). The cross-section of
the aggregates (Figure 3.10c) also revealed a sandwich structure with the hydrophobic association of
the R group. The packing density (Figure 3.10c) was relatively lower as compared with that for the
lamellae (Figure 3.7b) due to the lower segregation between the R groups and the solvent, and the O
and P groups. The sandwich structure resulting from the assembly of both rigid chain and flexible coil
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suggests that the assembling is initiated by the hydrophobic association of the R groups. However,
unlike amphiphilic molecules, the coil at a higher temperature lacks sufficient segregation force to drive
the assembly into defined nanostructures.

Figure 3.10. (a) Morphologies of irregular aggregates simulated with kc = 0 kBT and aRO
= aRP = 40, aRS = 50, b) Morphologies of wormlike nanoparticles simulated with kc = 0
kBT and aRO = aRP = 35, aRS = 35， c) Densities of O, P and R groups along the x
direction of one wormlike nanoparticle.
The DPD simulation has reproduced the self-assembled nanostructures observed experimentally at
various temperatures, which helped us elucidate the effect of the rigidity of PFpC3P on the assembling
process. PFpC3P assembled in the aqueous media into aggregates through the association of
hydrophobic aromatic groups, exposing its metal coordination polar backbone to water. The stiffness
of the chain at 25 oC directed the assembly into a layered structure. By lowering the rigidity of the
macromolecules at 40 oC, the layered structures started to curve and subsequently closed up forming
vesicles. As the chain became flexible, the membrane of the vesicles was ruptured. Under the conditions
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at higher temperatures (60 and 70 oC), P(FpP) lost its rigidity and became a random coil without obvious
amphiphilic segregation, the self-assembly was only regulated by the hydrophobic interaction of the R
groups resulting in less ordered aggregates as shown in Figure 3.11.
This temperature-induced variation in morphology of P(FpP) aggregates could be further explained in
a thermodynamics view. Figure 8.9 indicated that, as temperature increased, the values of χij for R-O,
R-P and R-S pairs decreased linearly. This result suggested that increasing temperature could weaken
the interactions of these different pairs. So, the enthalpy was unfavored (ΔH > 0) with increase in the
temperature. Meanwhile, the chain conformations of P(FpP) became flexible with increase in the
temperature, which demonstrated that the entropy was favored and ΔS > 0.
This analysis indicated that increasing temperature would make the self-assembly process of P(FpP)
from enthalpy-dominant process to entropy-dominant one. When the temperature was at 25 oC, the selfassembly process was enthalpy-dominant and ordered lamellae structures were preferred to form.
However, as temperature increased, the self-assembly process became entropy-dominant and less
ordered structures comparing to lamellae were fabricated such as nanovesicles, irregular nanoparticles
and worm-like structures shown in Figure 3.11.
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Figure 3.11. The effect of stiffness on the morphologies self-assembled from
macromolecules without water-soluble groups in aqueous media.
3.4 Conclusions
In summary, P(FpP) assembled in DMSO/water mixtures into nano-sheets, vesicles, and irregular
aggregates at 25 oC, 40 oC and higher temperatures (60 and 70 oC), respectively. DPD simulations
reproduced this temperature-dependent assembling behavior and indicated that the macromolecules
packed into a sandwich structure with an interior constituted of R groups covered by metal coordination
polar groups. The rigidity of P(FpP) at 25 oC was a crucial parameter that directed the assembly into a
layered structure. The formation of the vesicles at 40 oC was due to the decrease in the rigidity. P(FpP)
eventually lost its rigidity at higher temperatures (60 and 70 oC). Consequently, the membrane was
ruptured and irregular aggregates were formed. This combination of experiments and simulation
combined investigation established the effect of rigidity of P(FpP) on the self-assembly of
macromolecules that donot bear water-soluble groups. This work will guide further research into the
biomimetic supramolecular synthesis using hydrophobic macromolecules as building blocks.
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Chapter 4 Breathing Behavior of Vesicles Assembled from Hydrophobic Metal
Carbonyl Homopolymers P(FpP)

P(FpP) is hydrophobic, but can self-assemble into nanovesicles in water. Unlike traditional
nanovesicles with bilayer membrane, the membrane of P(FpP) vesicles is the result of the stacking of
polymer chains. Due to this difference in membrane structure, P(FpP) vesicles in water/THF mixtures
exhibited unique “breathing” behavior in response to the THF content. This behavior is discussed in
this chapter.
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4.1 Introduction
Proteins without obvious amphiphilic character can self-assemble into hollow nanostructures like
virus capsids.14,145 The surface of the virus capsids is hydrophobic and is laced with a few polar groups
interacting with water.9,146 This structure is different from that of bilayer vesicles assembled from
amphiphilic molecules or block copolymers. 147
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homopolymers64,71 have been explored. Recently the Du group has prepared a nonbilayer vesicle selfassembled from the homopolymer poly[2-hydroxy-3-(naphthalen-1-acylamino)propyl methacrylate]
(PHNA). The homopolymer vesicles possess nonbilayer membrane structures where there is no obvious
boundary between the hydrophilic and hydrophobic segments. Though the exact membrane structure
of this homopolymer vesicle is not clear, the hydrophilic moieties like the amide or hydroxyl groups
were confirmed to be embedded inside the membrane of homopolymer vesicles membranes. Due to the
presence of the amide or hydroxyl groups, the PHNA homopolymer vesicles could immobilize Au
nanoparticles.71 The exploration of the membrane structure of this kind of vesicles and the discovery of
new properties is still at an early stage and still need more investigation.
Recently our group has synthesized a new metal carbonyl homopolymer P(FpP) using Migration
Insertion Polymerization (MIP) as shown in Scheme 4.1a, P(FpP) is hydrophobic, but can self-assemble
into vesicles in water (Scheme 4.1b).79 The formed nanovesicles are quite stable and their stability has
been attributed to the water carbonyl interactions. 79 The dissipative particle dynamic (DPD) simulation
results for P(FpP) vesicles are shown in Scheme 4.1c. The simulation results indicate that the polar
COFeCO (labeled yellow in Scheme 4.1c) and nonpolar moieties including Cp rings and C3P(Ph)2 both
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exist on the surface of the P(FpP) vesicles which is similar to the membrane structure of the virus
capsids.9 The simulation results suggested that the membrane of P(FpP) vesicles are formed by the
stacking of homopolymer chains as shown in Scheme 4.1d.82

Scheme 4.1. a) Migration Insertion Polymerization (MIP) of monomer FpP, b) Selfassembly of P(FpP) into nanovesicles in water, c) Schematic illustration for the coarsegrained model of P(FpP) used for DPD simulation and the simulated morphology of the
vesicular structure by the DPD simulation. d)The schematic presentation of the P(FpP)
vesicles and its possible membrane structures.
In this chapter, we investigate the breathing behavior of homopolymer P(FpP) vesicles in THF/water
mixtures in response to the changes in THF content. Moreover, we also investigate the swelling
mechanism of the P(FpP) vesicles by addition of THF. During the swelling process, the solvation of the
homopolymer plays an essential role in the swelling and shrinking of the vesicle membranes.
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4.2 Materials and methods
Sodium (Na), potassium (K), 1-bromo-3-chloropropane, 1, 6-dichlorohexane and cyclopentadienyl
iron dicarbonyl dimer (Fp2) were purchased from Sigma-Aldrich. Chlorodiphenylphosphine was
purchased from Tokyo Chemical Industry (TCI). Benzophenone was purchased from Fisher Scientific.
DMSO and all other solvents were commercially available and were used without further purification.
1

H,

31

P, and

13

C NMR were carried out on a Bruker-300 (300 MHz) spectrometer at ambient

temperature using either CDCl3 or DMSO as a solvent. NMR samples were prepared under a dry
nitrogen atmosphere. Gel permeation chromatography (GPC) was employed to characterize the
molecular weight of the polymers. THF was used as an eluent at a flow rate of 1.00 mL/min. The
Viscotek GPC max unit was equipped with a VE 2001 GPC, three PolyAnalytik organic mixed bed
columns, PAS-103-L, PAS-104-L and PAS-105-L, with dimensions of 8 mm (ID) × 300 mm (L), and a
Viscotek triple detector array, including refractive index, viscosity, and dual-angle light scattering
detectors. The polystyrene standards were utilized as references. Dynamic light scattering (DLS)
measurements were carried out on a Malvern Zetasizer (Nano S90) with a laser operating at 633 nm.
The auto measure mode was selected and the evaluation method was based on a standard Gaussian
method. The measurements were made at a scattering angle of 90ͦ. The viscosity and refractive index
of the THF/water mixtures was used in DLS measurements are listed in Table 8.3. Transmission
electron microscopy (TEM) images were obtained on a Philips CM10 microscope with an acceleration
voltage of 60 kV. Cyclic voltammetry (CV) experiments were carried out at 25 oC using a DY2000
Multi-Channel Potentiostat (Digi-Ivy Inc.) workstation with a scan rate of 50 mV s−1 and Ag as a
reference electrode. Before measurements, a KCl solution in water was added into the colloids and the
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final KCl concentration in the dispersion equalled 0.1 mol/L. The UV–vis spectra were obtained from
a UV–vis spectrometer (Agilent 8453A).
4.2.1 Synthesis of P(FpP)
P(FpP) was synthesized using a reported procedure.72,80,99 A typical synthesis is described as follows:
The polymerization of FpP (ca. 1 g) was performed in bulk without solvents at 70 oC for 20 h. The
system was cooled to room temperature. The crude product was first dissolved in a minimal amount of
THF (ca. 5 mL) followed by precipitation in a large amount of hexane (100 mL). The precipitates were
then collected via a filtration method and dried under vacuum overnight at room temperature yielding
yellow powders. The resultant bright yellow powders were further characterized using NMR, IR and
GPC. 1H NMR (DMSO-d6): 7.6–7.1 ppm (b, 10H, C6H5), 4.4–4.0 ppm (b, 5H, C5H5), 2.8–2.60 ppm (b,
1H, COCH2), 2.4–2.1 ppm (b, 1H, COCH2), 2.1–1.8 ppm (b, 2H, CH2P), and 1.4–0.8 ppm (b, 2H,
CH2CH2CH2).31P NMR (DMSO-d6): 73.2 ppm, 35.5 ppm. IR: 1910 cm–1 (terminal carbonyl groups),
1600 cm–1 (migrated carbonyl groups). GPC: Mn = 3320 g/mol; Mw = 3920 g/mol, PDI = 1.18.
4.2.2 Preparation of P(FpP) vesicles in water
The P(FpP) vesicles were prepared by adding large amounts of deionized water into the P(FpP)/THF
solution (1 mg/mL) in THF. The volume ratio of deionized water to THF was 10:1 (v/v). The obtained
P(FpP) colloid in water/THF mixture was dialyzed against water for 24 hours to remove the THF. At
last, an aqueous dispersion of the P(FpP) was obtained.
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4.2.3 Preparation of P(FpP) vesicles in water/THF mixture
Different amounts of THF was added into the prepared P(FpP) colloid in deionized water to obtain
the P(FpP) colloid in a water/THF mixture. The THF amounts in the final P(FpP) colloid in the
water/THF mixture were 10, 20, 30, 40 and 50 vol%.

4.3 Results and discussion
4.3.1 Characterization of the membrane structure of P(FpP) vesicles
Previous experiments and simulation results79,82 suggest that the membrane structures of the P(FpP)
vesicles are formed by the packing of polymer chains shown in Scheme 4.1. The P(FpP) vesicles were
prepared by the addition of large amounts of water into the P(FpP)/THF solutions followed by dialysis
against water to remove the organic solvent. This nanoprecipitation method suggested that the P(FpP)
vesicles were kinetically trapped structures.46 So it is possible to obtain P(FpP) vesicles with different
membrane thickness by controlling the solution conditions. P(FpP) vesicles with different membrane
thicknesses were obtained by changing the initial polymer concentrations and THF contents during the
preparation.
4.3.1.1 The effect of polymer concentrations on the self-assembly of P(FpP) in water
We first changed the initial polymer concentration and checked its effect on the self-assembled P(FpP)
nanovesicles. P(FpP) solutions in THF were prepared with different polymer concentrations (1.0
mg/mL, 0.5 mg/mL and 0.3 mg/mL). To this solution, a large amount of water was added to prepare
the P(FpP) colloids. The P(FpP) colloids in THF/water mixtures were dialyzed for 24 h to remove the
THF. DLS was first employed to characterize the size of the formed P(FpP) aggregates in water. The
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results were shown in Figure 4.2a. The DLS results indicated that P(FpP) vesicles formed at these three
different concentrations had similar size and low polydispersity index (PDI), suggesting that the formed
P(FpP) vesicles were well dispersed. Moreover, TEM was used to characterize the morphology of the
formed P(FpP) aggregates. From the TEM images shown in Figure 4.2b, c and d, the P(FpP) aggregates
formed at different polymer concentrations were found to exhibit features that were similar to the ones
reported before.79 No clear contrast between the periphery and interior of the P(FpP) aggregates were
observed in the low concentration samples (0.05 and 0.03 mg/mL). This suggested that the membrane
thickness of the P(FpP) vesicles did not change with polymer concentration. This conclusion was
reasonable considering that the vesicles were prepared by a fast nanoprecipitation process which may
be less related to the initial polymer concentration. 46 This conclusion led to the hypothesis that changing
the THF content during the preparation process could alter or change the membrane thickness of the
P(FpP) vesicles.
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Figure 4.1 a) DLS profile of P(FpP) colloids with various polymer concentrations. TEM
images of the P(FpP) colloids with various polymer concentrations b) 0.10 mg/mL c)
0.05 mg/mL d) 0.03 mg/mL.
4.3.1.2 The effect of THF content on the self-assembly of P(FpP)
The effect of THF content on the self-assembly of P(FpP) was also investigated. The experiments
were done as follows. P(FpP) was first dissolved in THF to obtain a P(FpP)/THF solution (1 mg/mL).
Then χ mL of THF was added to 1 mL of P(FpP)/THF solutions, followed by quick addition of (10 –
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χ) mL of water. Then P(FpP) colloids with various THF contents in the THF/water mixture were
prepared. The formed colloids were characterized by DLS. Figure 4.2a showed that the size of the
P(FpP) aggregates increased with THF content. Moreover, the PDI of the P(FpP) also became larger
with higher THF content, which demonstrated that the formed P(FpP) aggregates were unstable and not
uniform. TEM was employed to characterize the P(FpP) aggregates in the 30 vol% THF. Interestingly,
large lamellae structures were clearly observed under TEM as shown in Figure 4.2b. From the previous
report, we know that the P(FpP) aggregates in 10 vol% THF were nanovesicles.79 By comparing the
TEM results of the P(FpP) colloids in 10 vol% THF and 30 vol% THF, we know that the morphologies
of the P(FpP) nanostructures could be altered by THF content adjusted between 10 and 30 vol%. Further
experiments are still under way to obtain P(FpP) vesicles with various membrane thicknesses.

Figure 4.2 a) Dh of P(FpP) colloids prepared in THF/water mixed solvent with various
THF contents. B) TEM image of the P(FpP) aggregates in THF/water mixed solvent
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with 30 vol% THF contents (Label red in the Figure 4.2a), the insert image is the large
magnification of P(FpP) aggregates.
4.3.2 Swelling behavior of P(FpP) vesicles
Though the detailed membrane structure of P(FpP) vesicles was not experimentally verified,
simulation and experimental results have shown that the P(FpP) vesicles do not have a traditional
bilayer membrane. It is already well known that the membrane structure determines the broad range of
the membrane curvature and size.148 So here we explore the size changing of the P(FpP) vesicles upon
addition of THF. As shown in Figure 4.3a, the addition of THF into the P(FpP) colloids in water could
increase the size of the P(FpP) vesicles. The size of the P(FpP) vesicles increased from ca.200 nm to
430 nm upon increasing THF content to 30 vol%. No significant size difference was observed after the
THF content was further increased to 50 vol%. Though the size of the P(FpP) vesicles increased, the
PDI of the various P(FpP) vesicles caused by the addition of THF remained small (less than 0.1) (Figure
4.3a), which indicated that the formed P(FpP) vesicles were uniform. Moreover, the vesicles by addition
of THF were quite stable. Figure 4.3b shows the size of P(FpP) colloids in THF/water mixtures over 2
weeks. The sizes remained stable and no precipitates were observed over two weeks. This indicated
that various P(FpP) nanovesicles with a narrow size distribution could be formed in response to
different THF contents.
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Figure 4.3 (a) The Dh change of P(FpP) colloids in aqueous solution (14 μM) by addition
of different amounts of THF. The inset image is the DLS profiles with different THF
contents. (b) the size change as time aging for different P(FpP) colloid with varied THF
amounts.
The P(FpP) vesicles exhibited not only swelling but also shrinking behavior in response to THF
content. As shown in Figure 4.4a, the size of the P(FpP) vesicles in 10 vol% THF/water mixture
increased immediately from 250 nm to 440 nm by addition of THF to 50 vol%. The size of the vesicles
could reversibly decrease to the original size (ca.250 nm) by addition of water. The reversible size
change of the P(FpP) vesicles in response to THF content indicated that the P(FpP) vesicles exhibited
a breathing behavior. In addition, the change in vesicle size changing was an immediate process with
no intermediates being observed by DLS. We also employed TEM to characterize the P(FpP) aggregates
in a 50 vol% THF/water mixture. As shown in Figure 4.4c, the size of the aggregates was about 400
nm which was consistent with the measured Dh from DLS. The inset image in the Figures 4.4d and
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4.4e shows a broken P(FpP) aggregate. There was a clear contrast between the periphery and interior
of the aggregates, compared to the P(FpP) vesicles prepared without addition of THF, which suggested
that the formed P(FpP) aggregates had vesicle-type morphology. Moreover, we could also see that the
thickness of the membranes was about 30 nm. Here we hypothesised that the stability of the P(FpP)
vesicles by addition of a large amount of THF could be attributed to the large thickness of the vesicle
membranes.

Figure.4.4 (a) The DLS profiles of P(FpP) vesicles in response to THF contents. TEM
image of the P(FpP) vesicles obtained from the P(FpP) colloids with (b) 0 vol% THF
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and (c) 50 vol% THF. (d) and (e) TEM image of the P(FpP) aggregates with large
magnification from the P(FpP) colloid (50 vol% THF content).
4.3.3 Membrane structure behavior in response to THF content
We also explored how the membrane structure changed upon addition of THF. Addition of THF could
change the polarity of the solvent around the P(FpP) nanovesicles from a polar media to an apolar
media. In response to the change in the local polarity experienced by the membrane, the membrane
structure of P(FpP) nanovesicles must be changed correspondingly. To verify the change in the
membrane structure upon addition of THF, cyclic voltammetry (CV) experiments were conducted to
check the Fe oxidation signal arising from the membranes of the P(FpP) vesicles. A previous report
estabilised that only the hydration of Fe could be detected by the CV experiments. 149 As shown in Figure
4.5a, without THF, no Fe oxidation signal was detected in the CV profile. Upon addition of THF, the
oxidation signal appeared and the dFe-Fe became larger which indicated that the Fe element was hydrated
on the surface of the membranes and became detectable by CV. By increasing the THF content to the
50 vol%, the Fe oxidation signal was still observed in the CV profile shown in Figure 4.5b. The behavior
of Fe in the membranes induced by addition of THF could be further probed from the zeta potential
profiles. As shown in Figure 4.5c, addition of THF to the 50 vol% into the P(FpP) colloid dispersion
decreased the zeta potential. This could be attributed to the hydrated Fe[δ+] which appeared on the
membrane due to the increased solvation of the polymer chains and neutralized the negative surface
charge of the P(FpP) nanovesicles which is consistent with the obtained CV results. Interestingly, for
the samples with high THF contents (30, 40 and 50 vol%), the P(FpP) colloid is still stable even though
the zeta potential is much lower than -30 mV. We hypothesized that the stability of the P(FpP)
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nanovesicles with high THF content was due to the solubility of the hydrophobic moieties on the surface
of the nanovesicles. To prove this hypothesis, we added acetonitrile instead of THF into the prepared
P(FpP) nanovesicles because P(FpP) is soluble in THF but insoluble in acetonitrile (Figure 4.5d). After
addition of acetonitrile into the prepared dispersion of P(FpP) nanovesicles, the P(FpP) nanovesicles
became unstable in the 20 vol% acetonitrile sample with Figure 4.5e showing multiple peaks in its DLS
profile and precipitates were immediately formed in the high acetonitrile contents dispersions (40 vol%
and 50 vol% acetonitrile) as shown in Figure 4.5f. The above experiments indicated that the addition
of THF could enhance the hydration of Fe, and in the higher THF contents (40 vol% - 50 vol%), the
solubility of the hydrophobic moieties plays an important role in the stability of the P(FpP) vesicles.

Figure 4.5 CV results of P(FpP) colloids (0.1 mg/mL) by addition of varied amounts of
THF added into the dispersion: (a) 0 vol% and (b) 50 vol%. c) Zeta potential of P(FpP)
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colloid as a function of varied amounts of THF. d) Solubility of P(FpP) in THF and
acetonitrile with same concentration (1 mg/mL). e) DLS profiles with different
acetonitrile contents: 10 vol%, 20 vol% and 30 vol%. f) The photograph image of
P(FpP) colloids with high content of acetonitrile: 40 vol% and 50 vol%.
4.3.4 Swelling behavior of FpC6Pyrene bilayer vesicles
Previous reports have shown that the metal carbonyl molecule FpC6Pyrene could self-assemble into
nanovesicles in water as shown in Figure 4.6a.148,150 The nanovesicles have a bilayer membrane
structure.150 Here we compare the swelling behaviors between P(FpP) vesicles and FpC 6Pyrene bilayer
vesicles. By addition of THF, FpC6Pyrene nanovesicles with a bilayer membrane structure exhibited
different swelling behaviors compared to the P(FpP) nanovesicles. As shown in Figure 4.6a, the size of
the FpC6Pyrene nanovesicles increased to ca. 350 nm upon addition of THF to 10 vol%. Further
addition of THF to 20 vol% resulted in no significant size change. Meanwhile, FpC6Pyrene
nanovesicles showed a large size distribution as confirmed by the large PDI value (0.23) shown in
Figure 4.6b. When the THF content increased to 30 vol%, the FpC 6Pyrene colloid became unstable and
large aggregates were formed. Moreover, precipitates could be observed in the dispersion (Figure 4.6a).
Interestingly, when the THF content increased to 40 vol% and 50 vol%, the FpC 6Pyrene dispersion
became transparent unlike the original FpC6Pyrene colloid as shown in Figure 4.6a. This phenomenon
indicated that the formed nanovesicles may be soluble in the 40 vol% THF and 50 vol% THF samples
where there was no signal in DLS profiles and precipitates appeared in the 30 vol% THF colloid
illustrated in the Figure 4.6c. Comparing the FpC6Pyrene nanovesicles with the P(FpP) nanovesicles,
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we could see that the uncommon swelling behavior of P(FpP) nanovesicles could be mainly attributed
to the nonbilayer membrane structure of the P(FpP) nanovesicles.

Figure 4.6 a) Dh change of FpC6Pyrene colloids with low THF contents (0~30 vol%).
The inset image is the solution behavior of FpC6Pyrene colloids with higher THF
contents (30 vol%~ 50 vol%) b) DLS profiles of FpC6Pyprene colloid below 30 vol%
THF/water mixed solvents. c) Schematic presentation of FpC 6Pyrene nanovesicles by
addition of different amounts of THF.
4.4 Conclusions
Hydrophobic homopolymer P(FpP) could self-assemble into nanovesicles in aqueous solutions. The
formed nanovesicles had different membranes whose structure was different from that of the traditional
membrane bilayers. The membrane of P(FpP) nanovesicles was formed by the stacking of the
homopolymer chains based on simulation results. This unique membrane structure determined the
properties of P(FpP) nanovesicles with a particular swelling behavior in response to THF content. The
formed nanovesicles were stable and uniform for a variety of THF contents. This is different from
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traditional vesicles self-assembled from amphiphilic molecules or block copolymers. 148 This could
provide an opportunity to mimic the hollow structures self-assembled from proteins in cytometric
chemistry and investigate the unique properties that amphiphilic bilayer vesicles do not have.
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Chapter 5 The Effect of Solution Condition on the Driving Force for SelfAssembly of a Pyrene Molecule

FpC6Pyrene is soluble in DMSO and THF, but insoluble in water, methanol and ethanol. The
hydrophobic force drives the molecules to assemble into vesicles in THF/water mixtures. The π-π
interactionss between the pyrene groups subsequently occurred within the vesicular membrane. The
assembly, however, is driven by the π-π interactionss in DMSO/water (water content: 40-80 vol%) into
membranes, which is attributed to the relatively higher degree of de-solvation (δ) of pyrene in DMSO.
Further increase in δ (90 vol% water/DMSO) suppresses the π-π interactions and spherical particles are
formed. On the other hand, the supersaturated solutions were prepared via a cycle of heating and cooling
of FpC6Pyrene in methanol or ethanol. FpC6Pyrene aggregates into particles without the π-π
interactions in the solutions with a lower supersaturation σ. In contrast, a higher σ induces π-π
interactions, which drives the assembly into nanotapes. The π-π interactions in response to solution
conditions can be adjusted as a driving force to produce various nanostructures assembled from a same
aromatic molecule.
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5.1 Introduction
Intermolecular interactions between π-conjugated molecules, widely used for functional or structuredefined assemblies,151-160 are far from understood.161-165 As aromatic interactions are usually induced by
the de-solvation of planar molecules, it is debated whether π-π interactions 166-168 result in or are a
consequence from assembled nanostructure.161-162,165,169 This question can be better discussed if the
occurrence of π-π interactions and the structures of the assemblies can be adjusted by the de-solvation
conditions. Such research is rarely reported because π-π interactions in many systems are complicated
by other forces and not sensitive enough to solution conditions for the study. 170
We have discovered that Fe(CO)2 (Fp) hydrophobic derivatives are able to self-assemble in water into
aqueous colloids.79,171-173 For example, [Fe(CO)(Cp)(PPh3)] (FpC6) assembled in water into a metal
carbonyl vesicle (MCsome) with the alkyl groups hydrophobically associated into a bilayer wall and
the carbonyl groups interacting with water. The water-carbonyl interaction (WCI) is a weak force, 174176

so it is expected that the assembling behavior may be sensitive to the association of the hydrophobic

tails. Aromatic groups tethered to Fp derivatives will, therefore, constitute ideal model systems for the
investigation on the role of π-π interactions in the assembly of hydrophobic Fp aromatic derivatives.
A bithiophene tethered Fp derivative (Fp-bithiophene) (Scheme 5.1) self-assembled in water into a
metal carbonyl vesicle (MCsome) with the aromatic group confined within the vesicular wall without
π-π interactions. The resultant MCsome exhibited the aggregation-induced emission (AIE).177 As the
degree of de-solvation (δ) of aromatic groups was considered as a factor influencing the π-π
interactionss,178-179 we examined the assembly of Fp-bithiophene in various solvent mixtures, including
THF/water and DMSO/water. The MCsome without π-π interactions was exclusively formed,177 which
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is in line with the inherently weak π-π interactions of bithiophene groups. Pyrene is a large polycyclic
aromatic hydrocarbon (PAH), which generates a relatively stronger aromatic interaction. The π-π
interactions of the pyrene groups have been reported in the assembling of a pyrene trimer in aqueous
media.180-181 It is therefore expected that the self-assembly of a pyrene tethered Fp derivative
(FpC6Pyrene) (Scheme 5.1) may involve π-π interactions and be influenced by solution conditions. The
solution conditions can be varied using different solvent systems. FpC6Pyrene is soluble in DMSO and
THF but insoluble in water. The solubility of the molecules decreases in the mixed solvents of
DMSO/water and THF/water with increased water content. The δ for pyrene group is larger in
DMSO/water than in THF/water mixture with a same water content, because the experimental mole
fraction solubility, XSsat, for pyrene in DMSO and THF equals 0.01694 and 0.1402, respectively.182 On
the other hand, FpC6Pyrene is insoluble in methanol or ethanol at 23 oC, but soluble at 60 oC, Thus the
supersaturated solutions with various degrees of supersaturation (σ) can be prepared via a cycle of
heating and cooling of FpC6Pyrene in these two solvents. The effect of δ and σ on the π-π interactions
can, therefore, be revealed by studying the assembling behavior in response to the solution conditions.

Scheme 5.1. The chemical structure for Fp-bithiophene (left) and FpC6Pyrene (right).
Herein, we report the effect of solution conditions on the π-π interactions between the pyrene groups
and the role of this aromatic interaction in the self-assembly of FpC6Pyrene. UV-Vis and fluorescence
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spectroscopies were used to probe the π-π interactions while dynamic light scattering (DLS) and
imaging techniques, including TEM, SEM, and AFM, were used to investigate the assembly behavior
under various solution conditions as listed in Table 5.1. The experimental results support that the π-π
interactions is required for the assembling depending on δ or σ. When the δ or σ parameter favor for
the π-π interactions, it is a driving force directing the assembly into layered structures. On the other
hand, if δ or σ is not in favor of the π-π interactions, vesicles or particles are formed driven by the
hydrophobic interactions. The π-π interactions occur within the vesicular wall via the confined packing
of the pyrene groups, whereas the particles result from the absence of the π-π interactions.

5.2 Experimental Section
5.2.1 Materials
1-(6-Bromohexyl) pyrene was synthesized according to the procedures reported in the literature.183
Dichloromethane (DCM) was distilled with CaH2. Tetrahydrofuran (THF) and diethyl ether were
distilled from Na/benzophenone prior to use. All reactions were carried out under an inert atmosphere
of N2. The other chemicals are commercially available and used directly.
5.2.2 Measurements and Characterization.
Dynamic light scattering (DLS) analysis was performed at 25 oC using a Zetasizer Nano Series (NanoS90, Malvern Instruments) with a laser wavelength of λ = 633 nm at a fixed angle of 90o. 1H and 31P
NMR spectra were recorded at room temperature using a Bruker-300 (300 MHz) spectrometer.
Transmission electron microscopy (TEM) experiments were performed using an electron microscopy
(Philips CM10) with an acceleration voltage of 60 KV. Cryo-TEM measurements were carried out on
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a Cryo Tecnai G2 F20 microscope with the acceleration voltage of 200 KV. SEM measurements were
carried on a JSM-7800F scanning electron microscope. Atomic force microscopy (AFM) experiments
were conducted using a Nanoscope MultiModeTM. A conical AFM tip with a spring constant of 40 N
m-1, a resonance frequency of 300 KHz and a tip radius of 8 nm were used. The sample was prepared
by transferring one drop of the FpC6Pyrene suspension onto a freshly cleaved mica substrate and then
left to dry overnight before scanning. The UV–Vis spectra were acquired using a UV–Vis spectrometer
(Agilent 8453A). Fluorescence emission was monitored using a Varian Eclipse fluorometer and the
solutions were excited at 330 nm.
5.2.3 Synthesis of FpC6Pyrene.
The synthesis of FpC6Pyrene was based on the protocol shown in Scheme 5.2. A solution of 1-(6bromohexyl) pyrene (3.8 g, 10.4 mmol) in THF (20 mL) was added dropwise to a solution of FpK (2.4
g, 11.1 mmol) in THF (80 mL) at 0 °C. The mixture was stirred at 0 °C for 30 min and then at room
temperature for 2 h. Triphenylphosphine (2.9 g, 11.1 mmol) was added in one pot and then the reaction
mixture was refluxed for 72 h. After cooling to room temperature, excess FpK and KBr were removed
by filtration on a short silica column using THF eluent. The filtrate was concentrated in vacuo yielding
a crude product that was washed with hexane and diethyl ether. The resultant product appeared as a
yellow powder (5.6 g, 79%). 1H NMR (300 MHz, CDCl3): δ (ppm) 8.34-7.75 (m, 9H), 7.56-7.08 (m,
15H), 4.38 (s, 5H), 3.26 (t, 2H), 2.93-2.44 (m, 2H), 1.75 (t, 2H), 1.48-0.94 (m, 6H). 31P NMR (300
MHz, CDCl3): δ (ppm) 77.97.
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Scheme 5.2 Synthetic scheme for FpC6Pyrene
5.2.4 Preparation of FpC6Pyrene solution in DMSO/water or THF/water.
FpC6Pyrene was dissolved in DMSO or THF (X mL, X ranges from 1 to 9). Various amounts of water
(10 - X mL) was then added to prepare the solution with the same concentration of FpC6Pyrene in the
mixed solvents.
5.2.5 Preparation of FpC6Pyrene solution in methanol or ethanol.
FpC6Pyrene was mixed with methanol or ethanol and then heated to 60 oC for a few minutes. The
solutions were then cooled to 23 oC.

5.3 Results and discussion
5.3.1 Self-assembly of FpC6Pyrene in DMSO/water
FpC6Pyrene

was

prepared

by

reacting

1-(6-bromohexyl)

pyrene

with

potassium

cyclopentadienyldicarbonyliron (FpK), followed by a migration insertion reaction (MIR) in the
presence of triphenylphosphine (Scheme 5.2, Figure 8.11).72,171,177 The self-assembly was first
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performed by injecting water into the DMSO solution of FpC6Pyrene, which resulted in the same
concentrated solutions with various volume ratios of the two solvents.

Table 5.1. The self-assembling behavior of FpC6Pyrene in response to solution
conditions.

The UV-Vis spectrum for the DMSO solution of FpC6Pyrene shows two absorptions at the
wavelengths of 330 nm and 346 nm due to the second electronic transitions of the pyrene group (Figure
5.1a).184 These two absorptions appear at the same wavelengths for the systems with lower water
contents (10-30 vol%), whereas a redshift, due to the J-aggregation of pyrene units,180-181 occurs when
the water content ranges from 40 to 80 vol% (Figure 5.1a). It suggests that a certain level of δ resulting
from higher water contents is required to induce aromatic interactions. However, there is no redshift of
the peaks for the system with 90 vol% water (Figure 5.1a), suggesting that the π-π interactions is
suppressed when the δ is too strong. By reducing the water content from 90 vol% to 80 vol%, the
redshift appeared. Apparently, the level of δ should be high enough (> 30 vol% water) to induce the π90

π interactions, but lower than a maximum value (< 90 vol% water) to ensure the mobility of molecules
for parallel packing.165
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Figure 5.1. a) UV/Vis absorption and b) fluorescent spectra, and c) hydrodynamic
diameter (Dh) for the solution of FpC6Pyrene in DMSO/water (1.4 x 10-4 M) with
various water contents.
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Figure 5.1b showed the fluorescence spectra for the FpC6Pyrene solutions with various water content.
The main observation was that no excimer fluorescence was observed despite the strong aggregation
of the pyrene labels probed by absorption measurements. Contrary to most dyes, pyrene aggregation
results in excimer formation.185 This implied that pyrene aggregation provides a photophysical pathway
for emission, similar to the AIE phenomenon. 186 The lack of excimer emission was due to quenching
by electron transfer between an excited pyrene and the iron in the head group of FpC 6Pyrene. The
residual fluorescence observed in Figure 5.1b was probably due to a small fraction of cleaved pyrene
label that was free in solution. Since water has a much lower solubility for oxygen, a known quencher
of pyrene fluorescence, addition of water to the DMSO solution reduced the oxygen concentration
which increased the quantum yield of free pyrene in the solution. At a water content of 30 vol%, the
formation of FpC6Pyrene aggregates generated hydrophobic microdomains that drove the association
of the free pyrenes which were then quenched by electron transfer with the Fe present in the head
groups. The formation of FpC6Pyrene aggregates resulted in the incorporation of the free pyrenes into
the FpC6Pyrene aggregates and the quenching of their fluorescence which became more prominent as
more water was added to the mixtures. The absence of pyrene aggregation observed in water based on
the absorption spectra shown in Figure 5.1a agreed with the increase in fluorescence observed in Figure
5.1b, although its cause is not fully understood at the present time.
As shown in Figure 5.1c, the DLS analysis indicated that FpC6Pyrene molecules did not aggregate
until the water content was larger than 30 vol%. The aggregates with hydrodynamic diameters (Dh) of
a few hundreds of nanometers were formed in the solution with water contents in the range between
40-80 vol% (Figure 8.13). These aggregates are nano-plates as displayed in the TEM images (Figures
5.2a and 8.14). These plates grew over time and eventually evolved into cotton-like assemblies floating
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in the solution (Figures 5.2b and 8.15). The cotton-like solids, as examined using TEM (Figures 5.2c
and 8.15), were micro-sized thin membranes. The π-π interactions (Figure 5.1a, b) were responsible for
the formation of the layered structure. When the water content increased to 90 vol%, the π-π interactions
were suppressed (Figures 5.1a, b). And particles (Dh ≈ ca.100 nm) were obtained (Figure 5.2d). When
the water content was adjusted from 90 vol% to 40-80 vol% to decrease δ, the π-π interactions was
turned on and the particles were converted to membranes. The π-π interactions is therefore induced by
δ in the systems (40-80 vol% water), which drives the assembly into the layered structure.
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Figure 5.2. a) TEM image for the aggregates assembled from FpC6Pyrene in
DMSO/water solutions (40 vol% water), b) photograph for the solutions of FpC6Pyrene
in DMSO/water, c) TEM images for the cotton-like assemblies separated from the
solution of DMSO/water (40 vol% water), d) TEM images for the nanoparticles formed
in the solution containing 90 vol% water. (The solution concentration is 1.4 x 10-4 M)
FpC6Pyrene molecules in THF/water did not show π-π interaction up to a water content of 60 vol% as
indicated by the absence of the shifts in the UV-Vis absorption (Figure 5.3a) spectra. DLS analysis,
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however, suggested that the molecules started to aggregate at this water content (Figure 5.3c). The
hydrophobic interaction is, therefore, responsible for the assembly. The solutions with water contents
of 50 and 60% did not show any π-π interactions even after aging for 5 days (Figure 8.16). Only when
the water content was larger than 60 vol%, the red-shift in the UV-Vis spectra (Figure 5.3a) and the
quenching (Figure 5.3b) of the emission observed, suggesting that the occurrence of the π-π interactions
is a consequence of the aggregation driven by hydrophobic interaction. The increase in the intensity of
emission as shown in Figure 5.3b before the assembling at 60 vol% water is attributed to a decrease in
the solubility of oxygen, a known quencher of the fluorescence of pyrene in water.
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5.3.2 The self-assembly behavior of FpC6Pyrene in THF/water

Figure 5.3 a) UV/Vis, b) fluorescent spectra, and c) the hydrodynamic diameters (D h)
for the solution of FpC6Pyrene in THF/water (1.4 x 10-4 M) with various water contents,
d) cryo-TEM image for the FpC6Pyrene assemblies in THF/water (90 vol% water).
The assemblies observed in in THF/water (90 vol% water) mixture as indicated by the SEM image
was larger than ca. 500 nm (Figure 8.17), but the DLS analysis suggested that the Dh equaled 105 nm
with PDI of 0.162. This difference in size was attributed to the drying effect, consequently, the cryoTEM experiments were performed. As shown in the cryo-TEM image (Figure 5.3d), the particles have
97

a diameter of ca. 80 nm and a relatively dark periphery, suggesting that vesicles are formed. This
morphology is similar to the MCsomes assembled from Fp-bithiophene.177 The difference is that the
FpC6Pyrene vesicles are subjected to the π-π interactions within the vesicular wall (Figure 5.3b, c). The
strength of this aromatic interaction apparently is relatively weak and exerts no impact on the
assembling nanostructure. As the π-π interactions occur after the aggregation was initiated. It was not
the driving force for the assembly of FpC6Pyrene in THF/water mixture.
5.3.3 The effect of σ on the aromatic interactions
σ is another factor influencing aromatic interactions. 187 FpC6Pyrene is not soluble in methanol and
ethanol at 23 oC, but soluble at an elevated temperature. So, after a cycle of heating at 60 oC and cooling
to 23 oC, supersaturated solutions were prepared with various σ. The freshly prepared solutions of
FpC6Pyrene (2.5 x 10-4 M) in either methanol or ethanol barely scattered light as indicated by DLS
analysis, suggesting no aggregation occurred right after the preparation. The methanol solution
generated precipitates after a few days, whereas colloids were formed after aging the ethanol solution
for a week. TEM images indicate that both the precipitates and colloids were spherical particles with
diameters of ca. 150 nm (Figures 5.4a, 8.18 and 8.19a). UV-vis analysis of the freshly prepared ethanol
solutions and corresponding aged colloids indicates that the colloids showed no π-π interactions (Figure
8.20). This behavior can be explained by the strong δ in the supersaturated solutions. To test this
hypothesis, we prepared a solution in methanol/DMSO (10 vol% DMSO) mixture via a cycle of heating
and cooling (2.5 x 10-4 M). The lower δ due to the presence of DMSO allowed the π-π interactions to
drive the assembly into nano-tapes (Figure 5.4b).
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Figure 5.4 TEM images for a) the aggregates formed in FpC6Pyrene solution in ethanol
with a lower σ (1 x 10-4 M), b) in methanol/DMSO (10 vol% DMSO), c) TEM image and
(d) AFM image for the aggregates assembled from the solution of FpC6Pyrene in
methanol with a higher σ (5.5 x 10-4 M). All the solutions were prepared via a cycle of
heating and cooling.
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Although the large δ in the supersaturated solutions does not favor π-π interactions as discussed above,
a higher σ might force a compact packing of FpC6Pyrene via a parallel arrangement of the pyrene
groups, which subsequently induced the π-π interactions. We, therefore, prepared the solution in
methanol (5.5 x 10-4 M) and ethanol (1.1 x 10-3) with a relatively higher σ. The solutions were clear
right after cooling, but gradually turned cloudy and eventually, cotton-like aggregates appeared after a
few hours at 23 oC. The TEM image of the aggregates, as illustrated in Figures 5.4c and 8.19b, showed
a tape-like morphology with widths of ca. 200~500 nm. The height of the nano-tape as indicated in the
AFM image was approximately 2.9 nm (Figure 5.4d) that was close to twice the length of FpC6Pyrene.
It suggested that the nano-tape, like the wall for MCsomes,177 had a double-layered structure. The height
profile indicated that there were holes in the tapes (Figure 5.4d), whereas the TEM image with a larger
magnification (Figure 8.21) indicated a smooth surface. The holes may, therefore, be generated during
the preparation or measurement of the AFM samples. It also suggests that the intermolecular
interactions, which led to the formation of the thin tape, were weak.

5.4 Conclusions
In summary, the solution condition for the de-solvation of aromatic groups is a parameter determining
whether π-π interactions can act as a driving force or not. When the condition in δ and σ favors the π-π
interactions, this interaction drives the assembly of FpC6Pyrene into layered structures with the parallel
packing of the pyrene groups. On the other hand, hydrophobic interaction resulting from the desolvation drives the assembly. π-π interactions may subsequently occur depending on the assembled
structure. This π-π interaction responds to solution conditions and results in various assemblies from
the same molecule. Like the effect of solvents on organic synthesis, 21 the de-solvation condition is a
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parameter adjusting the role of π-π interactions in self-assembly. This knowledge is fundamentally
important in the context of precise and sophisticated supramolecular synthesis. 158,22
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Chapter 6 Hydrophobic Effect for Hierarchical Self-Assembly
The hydrophobic Effect (HE), including Hydrophobic Hydration and Interaction (HH and HI), is crucial
in protein chemistry. Its role in the organization of molecules in water, however, remains elusive and
difficult to investigate without appropriate model systems. Metal Carbonyl vesicles (MCsomes),
assembled from hydrophobic FpC6X (Fp head = (PPh3)(Cp)Fe(CO)(CO-); C6X = hydrocarbon tail), are
dispersible in water via HH of the Fp heads. By taking advantage of the redox activity and the
fluorescence quenching ability of hydrated Fe elements, we examined the dependence of the HH on
solution conditions as well as on the HI of C6X tails within the vesicular wall. A subtle variation in the
HH and HI substantially varied the solution behavior of the MCsomes for hierarchical structural
evolutions. This scrutiny resolved a long-standing challenge to explain the role of HE in self-assembly
at the molecular level, an imperative step to understand biological systems.
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6.1 Introduction
The hydrophobic Effect (HE) rationalizes the solution behavior of many biological assemblies19,188-191
including dilution-induced refolding of denatured proteins, 192-193 stabilization of proteins by
hydrophobic interaction (HI) 194 and protein-protein interactions depending on the hydrophobic
hydration (HH) of metal center in metalloproteins. 195-196 The role of the HE in this observed behavior,
however, cannot be explained at the molecular level. Although the HE, being sensitive to subtle changes
in solution conditions and chemical structures,20,197-198 is being studied via simulation and
characterization of hydrated water,20,190,199-201 the solution behavior of solutes in response to the HE
(including HH and HI) is difficult to study without appropriate model systems. 19,188,197,202 Amphiphiles
are commonly used for aqueous assemblies, 200,203 in which the role of the HE is concealed by a strong
affinity of water with water-soluble heads. Systems with colloidal behavior sensitive to the HE,
therefore, are desirable to enable this investigation.
We have reported the aqueous self-assembly of hydrophobic molecules, FpC6X (Fp head =
(PPh3)(Cp)Fe(CO)(CO-); C6X = hydrocarbon tail) (Figure 6.1).73,150 FpC6X molecules are neither
surface active nor amphiphilic,81 but can assemble in water into Metal Carbonyl bi-layer vesicles
(MCsome) (Figure 6.1) driven by HI of the tails.73,75 HH of the hydrophobic Fp heads 81 is responsible
for the dispersion of the MCsomes in water.73,75 The zeta potential (ζ) of MCsomes is negative due to
the presence of water carbonyl interactions (WCIs). 73,75,173 It suggests that the carbonyl oxygen is
partially negatively charged (O[δ-]) with its HH level relatively higher than the partially positively
charged Fe (Fe[δ+]). Fe[δ+] results from the back π bonding from Fe to CO groups204 (Figure 6.1). The
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solution behavior of MCsomes is expected to be sensitive to the HH of Fp heads and HI of the tails,
which offers an ideal opportunity for the exploration of the HE on hierarchical self-assembly.
HH is higher for a same solute at a lower concentration, which is explained by the entropy term.19,205206

It is, therefore, possible to enhance the HH of Fe[δ+] by dilution. The hydrated Fe[δ+] can be probed

using electrochemical149 and fluorescence (FL) quenching experiments.207 The HH of O[δ-] by WCIs
via hydrogen bonds 199,208 may be less dependent on concentrations but can be dehydrated by
protonation. The ζ of MCsomes reflects the relative HH level of Fe[δ+] and O[δ-], which is measurable.
These features associated with the Fp head enable an investigation on the HH effect resulting from
different solution conditions. Three MCsomes with the same Fp head, but various tails, were
investigated to study the influence of the tail-tail interaction on the HH of the head (Figure 6.1). The
consequent solution behavior of MCsomes was examined to explore the role of the HE in hierarchical
self-assembly. In addition, this assembly, unlike many reported assemblies of solid nanoparticles,209-211
is a platform to understand the structural evolution via vesicular fusion. 32,212
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Figure 6.1. Schematic illustration for MCsomes assembled from FpC6X molecules in
water.
6.2 Experimental section
6.2.1 Materials and Methods
4-Phenylazophenol and 1,6-dibromohexane were obtained from Sigma-Aldrich. Potassium carbonate
and triphenylphosphane were obtained from TCI Chemicals. Tetrahydrofuran (THF) was distilled from
Na/benzophenone under N2 atmosphere prior to use. Other solvents or chemicals were commercially
available and used directly. FpC6 and FpC6Pyrene were synthesized based on the previous reports. 73,150
1

H and 31P NMR spectra were recorded at room temperature on a Bruker-300 (300 MHz) spectrometer.

Mass spectrometry was performed using Thermo Scientific Q-Exactive Orbitrap. Acetonitrile was used
as the carrier solvent. DLS analysis was performed on a Zetasizer Nano Series instrument (Nano-S90,
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Malvern Instruments). Multi-angle SLS measurements were carried out on a Brookhaven Laser Light
Scattering System equipped with a BI-200 SM goniometer. TEM (transition electron microscope)
experiments were performed on an electron microscope (Philips CM10) with the acceleration voltage
of 60 KV. EDX (Energy Dispersive X-Ray Spectroscopy) and EELS (Electron energy loss
spectroscopy) analyses were performed on Jeol 2010F at Canadian Center for Electron Microscopy.
SEM (scanning electron microscope) measurements were carried out on a JSM-7800F scanning
electron microscope. Atomic force microscopy (AFM) experiments were carried out using a Nanoscope
MultiModeTM. The surface tension of pure water and the aqueous colloid dispersions with different
concentrations were measured at 24 °C using a tensiometer Data Physics DCAT 21 system. The ATRFTIR spectra were obtained with a Bruker Tensor 27 spectrophotometer with a germanium crystal Pike
MIRacleTM ATR Attachment using Pike Technologies. Cyclic voltammetry (CV) experiments were
carried out at 25 oC using a DY2000 Multi-Channel Potentiostat (Digi-Ivy Inc.) workstation with a scan
rate of 50 mV s−1 and Ag as a reference electrode. Before measurements, a KCl solution in water was
added into the colloid dispersions and the final KCl concentration in the colloid was 0.1 mol/L. The
UV–Vis spectra were obtained from a UV–Vis spectrometer (Agilent 8453A). Fluorescence emission
spectra (FL) were carried out on a Varian Eclipse fluorometer. For the FL quenching experiments, the
MCsomes were used as quenchers. A calcein solution (1.7 µM) in water (100 µL) was added into
MCsomes solutions (1 mL) with concentrations varied from 14 to 140 µM. The solutions were excited
at 490 nm and emitted fluorescence at 514 nm. F0 and F refer to the emission intensity of calcein in the
absence and presence of MCsomes. A Stern-Volmer plot was made by plotting F0/F against the
concentration of MCsomes.
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6.2.2 Synthesis of FpC6Azobenzenetrans

Scheme 6.1 Synthetic scheme for FpC6Azobenzenetrans
6-Bromohexane-4-azobenzene and cyclopentadienyl dicarbonyliron potassium (FpK) were
synthesized based on previous reports. 97,213 As shown in Scheme 6.1, 6-bromohexane-4-azobenzene
(3.46 g, 0.01 mol) in dry THF was added dropwise under N2 to a solution of freshly prepared FpK (4.32
g, 0.02 mmol) in dry THF (30 mL) cooled by an ice bath. After the addition, the solution was warmed
to room temperature and stirred for 2 h. Then triphenylphosphine (5.24 g, 0.02 mmol) was added
directly to the solution. The mixture was refluxed for 3 days under N 2 atmosphere and then cooled to
room temperature. After removing salts by a short plug of silica gel, the solvent was removed under
reduced pressure. The crude product was purified by chromatography (CH2Cl2 as eluent) using a silica
gel column and the orange phase was collected. After removing the solvents by using rotary
evaporation, an orange solid was obtained in 55 % yield. 1H NMR (CDCl3): δ 0.90-1.00 ppm (m, 2H,
-CH2CH2CH2CH2O-), 1.20-1.35 ppm (m, 2H, -CH2CH2CH2CH2O-), 1.62-1.75 ppm (m, 2H, CH2CH2CH2CH2O-), 2.60 ppm (s, 1H, COCH2), 2.80 ppm (s, 1H, COCH2), 3.93-4.04 ppm (t, 2H,
CH2O), 4.35-4.43 ppm (s, 5H, C5H5) 6.93-7.01 ppm (d, 2H, aromatic), 7.19-7.28 ppm (m, 2H,
aromatic), 7.27-7.39 ppm (m, 8H, aromatic), 7.42-7.54 ppm (m, 8H, aromatic), 7.81-7.93 ppm (m, 4H,
aromatic). 31P NMR (CDCl3): 77.9 ppm. ESI-MS [M+H+]: calcd for C43H42FeN2O3P 721.2274; found
721.2277.
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6.2.3 Preparation of FpC6X MCsomes in water
FpC6X was first dissolved in THF to obtain a yellow solution. Then deionized water was quickly
added into the solution (water/THF: 10:1 v/v). The resultant FpC 6X colloid was dialyzed against water
for 24 hours to remove THF.

6.3 Results and Discussion
6.3.1 Dilution-induced assembly of FpC6Azobenzenetrans MCsomes.
FpC6Azobenzenetrans (trans: trans configuration) is hydrophobic and non-surface active (Figure 8.22)
and can self-assemble in water using THF as a common solvent (Figure 8.23a).73,214 Like FpC6 and
FpC6Pyrene, 73,150 FpC6Azobenzenetrans assembles in water into MCsomes (140 μM) (Figures 6.2a and
8.24) with detectable WCIs (Figure 8.23b). The zeta potential (ζ) of the colloids is ca.-51 ± 0.8 mV,
suggesting that the HH of O[δ-], relative to Fe[δ+], is stronger due to the presence of WCIs.73,173,214 The
hydrodynamic diameter (Dh) was ca. 168 nm (Figures 8.24a and 6.2a) and remained unchanged after
aging for 25 days (Figure 6.2b). This colloidal stability was attributed to a considerable HI of the tails81
assisted by the π-π interactions of trans-azobenzene groups as indicated by the UV-Vis spectrum (Figure
8.25a). When the solution was diluted from 140 μM to 14 μM, there was no change in Dh (ca.170 nm)
right after the dilution (Figure 8.25b). However, time-resolved DLS experiment indicated that the
diluted MCsomes (14 μM), unlike those at 140 μM, enlarged to micrometers over 25 days (Figure 6.2b).
The TEM image of the aged sample showed a helical morphology (Figure 6.2c) that is supported by
the Energy Dispersive X-ray (EDX) line analyses of C, Fe, P, O elements (Figures 8.26 and 8.27). As
shown in Figure 6.2d, the distribution of C elements is wave-shaped along the helix and is higher in the
middle when the cross section is analyzed. The helical pitch is ca. 500 nm, the width is ca. 500 nm
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(Figure 6.2c) and the length varied from ca. 7 μm to 30 μm (Figure 8.28). It is worth noting that dilutioninduced self-assembly of a guest-host complex in water has been reported with experimental
phenomena implying the crucial role of dilution-enhanced hydration.215

Figure 6.2. (a) TEM image of the MCsome assembled from FpC6Azobenzenetrans in
water (140 μM). (b) The time-dependent Dh of FpC6Azobenzenetrans MCsomes in water
for the solutions with concentrations of 140 μM and 14 μM. (c) TEM image of the helix
assembled from FpC6Azobenzenetrans MCsomes that were diluted to 14 μM and aged for
30 days. (d) Electron energy loss spectrum (EELS) of carbon elements distributing
along and normal to the helical axis. Scale bar: 500 nm.
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6.3.2 The conditional effect of HH.
HH is a conditional effect depending on the solution conditions. 19-20 This elusive concept was
examined using MCsomes as a model system (Figure 6.3a). As shown in Figure 6.3b, the dilution
reduces the net surface charge, but does not obviously affect the hydration of O[δ-] as indicated by IR
analysis (Figure 8.29). It suggests that the HH of Fe[δ+] is enhanced upon the dilution. This
enhancement was confirmed by cyclic voltammetry (CV) experiments. As shown in Figure 6.3c, the
oxidation signals due to the hydrated Fe[δ+] at 140 μM were barely detectable, but appeared even after
10 times dilution to 14 μM. In addition, the oxidation coupling (ΔE½) of the two-oxidation peaks is
smaller for the solution with a lower concentration, suggesting that the distance between the Fp heads
(dFp-Fp) in close proximity was increased,73,214,216 resulting from the dilution-enhanced HH19,205-206. This
concentration-dependent hydration of Fe[δ+] was further verified by fluorescence (FL) quenching
experiments. Figure 6.3d shows that the Stern-Volmer plot for the solution of calcein presented a
downward curve as the MCsomes is diluted, because the dilution-enhanced HH of Fe[δ+] facilitated its
interaction with the water-soluble dye and enhanced the quenching effect. To show that the ζ results
from the charge balance between the hydrated Fe[δ+] and O[δ-], the pH-dependent ζ was measured. As
shown in Figure 6.3e, ζ of MCsomes at 140 μM reduced to ca.-26 mV by lowering the pH to 3.0 due
to the protonation of O[δ-]. For the diluted solution (14 μM), the ζ at pH 3 is even lower (ca.-8.2 mV)
due to the combined effect of protonation of O[δ-] and dilution-enhanced HH of Fe[δ+] (Figure 8.30a).
The three MCsomes listed in Figure 6.1 showed the same concentration- and pH-dependent ζ (Figures
8.31and 8.32), confirming that the HH of the Fp head is a conditional effect depending on the
concentration and pH (Figure 6.3a). The HH effect was also dependent on the chemical structure of the
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tails and was discussed separately in the section where the effect of tail-tail interactions on selfassembly was examined.

Figure 6.3. (a) Schematic illustration for the hydrophobic hydration (HH) of the Fp
head in response to dilution and lowering pH. The zeta potential of the FpC6Azobenene
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MCsomes in dependence of the dilution from 140 μM to 14 μM and pH lowering from
7.3 to 3.0 is indicated in the scheme. (b) Zeta potential of FpC 6Azobenzenetrans MCsome
in water upon dilution (from 140 μM to 14 μM). (c) The cyclic voltammogram (CV) for
FpC6Azobenzenetrans MCsome in water with the concentration of 140 μM, 70 μM, 35
μM and 14 μM. (d) The Stern-Volmer plot for the fluorescence quenching of calcein
(0.17 μM) in water by FpC6Azobenzenetrans MCsomes with different concentrations.
The inset displays the corresponding emission spectra. F0 and F refer to the emission
intensity of calcein in the absence and presence of MCsomes. (e) pH-dependent zeta
potential of FpC6Azobenzenetrans MCsome in water (140 μM).
6.3.3 Hierarchical self-assembling behavior.
The dilution triggered a hierarchical self-assembly (Figure 6.2) caused by the suppression of
coulombic repulsions due to the dilution-enhanced HH of Fe[δ+] (Figure 6.3). The effect of HH on
assembly might explain the dilution-induced refolding of denatured proteins. 192-193 The TEM images
were recorded at different stages of the assembly. As shown in Figures 6.4a and 6.4b, the diluted
MCsomes (14 μM) fused and enlarged from ca. 170 nm to ca. 500 nm in diameter after aging for ca.10
days to lower the membrane tension and the interfacial energy. 212 Several intermediates at different
fusion stages, including hemifusion and full fusion, 212 are shown in Figure 6.4c. On the day 14 of the
assembly process, one-dimensional arrays of vesicles were observed (Figures 6.4d and 8.33a). This
behavior was attributed to the dipole-dipole interactions217 of the dielectric MCsomes that possess a
local electric field.73,214 The majority of the vesicles in the arrays were of larger size (ca. 500 nm in
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diameter) (Figure 6.4d), indicating that the fusion occurred prior to the one-dimensional assembly.
Upon aggregation, the vesicular membrane started to coalesce (Figures 6.4e and 8.33b) and the arrays
evolved into nanotubes (Figure 6.4f) as indicated by the TEM images taken at day 20. The parallel
packing of aromatic groups might result in the formation of nanotubes with lower curvature.218-219 These
nanotubes eventually evolved into helices, which was attributed to the packing behavior of asymmetric
trans-azobenzene groups (Figure 6.4g).159,220 This nanotube-to-helix transition was supported by the
intermediate as shown in Figure 6.4h, where the assembly generated partially twisted tubes. The tubeto-helix transition has been reported before for lipid bilayer membranes. 221
The assembly could also be triggered by protonation of O[δ-] without dilution. ζ of the
FpC6Azobenzenetrans MCsome (140 μM) was reduced to -26 mV by adjusting the pH to 3 (Figure 6.3e).
Consequently, Dh of the colloids increased to micrometers in 3 days (Figure 6.4i), resulting in onedimensional arrays of vesicles as indicated by the optical microscope and TEM images (Figures 6.4j
and 4k). The vesicles in these arrays had smaller diameters (ca. 200 nm) (Figure 6.4k), which is
attributed to the relatively slower kinetics of vesicular fusion32 as compared to the formation of the
arrays at 140 μM. The coalescence of the vesicular membrane within the arrays was also observed (see
arrows in Figure 6.4k), but this process generated precipitates before the transition to the nanotubes
(Figure 8.34). At the lower concentration (14 μM) and pH = 3, Dh of the colloids increased fairly quickly
(Figure 8.20b) and precipitates formed in only a few days, because ζ for the solution (ca.-8 mV) was
too low to suspend the colloids for structural evolution.
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Figure 6.4. (a-h) TEM images for the diluted FpC6Azobenzenetrans MCsome (14 μΜ) in
water at different aging times. (a) Initially prepared MCsomes, (b) Fused MCsomes
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after aging for 10 days, (c) Fusion intermediates. The red circles represent hemifusion
where the thickness of the contact zone is close to the membrane thickness and the blue
circles represent full fusion where two vesicles are fused without membrane separation,
(d) One-dimensional arrays of vesicles after aging for 14 day, (e) Intermediates for the
coalescence of the vesicles into nanotubes, (f) Hollow tube structures after aging for 20
day, (g) Helical structures after aging for 30 day, (h) The intermediates for tube-to-helix
transition. (i-k) pH-induced solution behavior of FpC6Azobenzenetrans MCsomes (140
μM) without dilution, including (i) Time-dependent Dh measured by DLS at pH 3, (j)
Optical microscopy and (k) TEM images of the assembly after aging for 3 days at pH 3.
Scale bar = 500 nm unless otherwise indicated in figures.
6.3.4 The effect of tail-tail interactions.
The effect of tail-tail interaction on the solution behavior of MCsomes was evaluated. Dh for the FpC6
MCsomes, even at a higher concentration (140 µM), enlarged over time and precipitates were
eventually observed. 173 This lower colloidal stability and the absence of structural evolution were
attributed to the weaker HI of the hexyl tails. 81 FpC6Azobenzenetrans and FpC6Pyrene MCsomes involve
π-π interactions that strengthen tail-tail interactions and stabilize the MCsomes at the concentration of
140 μΜ (Figures 6.2b and 8.35). During the dilution-trigged assemblies, the strength of π-π interactions,
like those in biomolecules,222 is a factor influencing the structural evolution. The relatively weaker π-π
interactions of trans-azobenzene223 endows the hierarchical evolution as discussed above. In contrast,
the stronger π-π interactions of pyrene suppresses the assembly of FpC6Pyrene MCsomes. As shown in
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Figures 6.5a and 8.36a, after diluting from 140 μm to 14 μm and subsequently aging for 60 days, only
a small amount of FpC6Pyrene MCsomes assembled and evolved to nanotubes. One-dimensional arrays
of the MCsomes were captured as intermediates by TEM experiments (Figure 6.5b), suggesting that
the evolution resulted from the membrane fusion as well.
The observed effect of tail-tail interaction was a reminder that HI contributes to the stability of
proteins.194 The possible reason underlying this effect would be further investigated by taking advantage
of the model system. The oxidation signals due to the hydrated Fe[δ+] are obvious for FpC6 MCsome
(Figure 6.5c), while being barely observed for the two aromatic MCsomes (Figures 6.3c and 8.36b) at
the same concentration (140 μΜ). This comparison suggested that the weaker HI results in a stronger
HH of Fe[δ+]. The FL quenching experiments also indicate that the HH level of Fe[δ+] in FpC6 MCsome
is higher as compared with the aromatic MCsomes (Figure 6.5c). We also noticed that the FpC6Pyrene
MCsome (140 µM) with a stronger tail-tail interaction had a relatively larger ζ (-65 mV) (Figure 8.37),
and its colloidal stability was higher (Figure 8.35). It was, therefore, reasonable to think that the stability
resulting from the large net surface charge was caused by a lower HH of Fe[δ+] due to the stronger tailtail interactions. To elaborate this effect of tail-tail interactions on the HH of Fe[δ+], we irradiated
FpC6Azobenzenetrans MCsomes (140 µM) using UV light (wavelength = 365 nm), which partially
converted the configuration of azobenzene from trans to cis (Figure 8.38a). The presence of nonplanar
cis-azobenzene is expected to disrupt the tail-tail interaction due to steric hindrance against the adjacent
planar trans-azobenzene. 224 Although the morphology remained unchanged (Figures 8.38b, c and d),
the appearance of the oxidation signal after UV irradiation (Figure 6.5d) suggests that the HH of Fe[δ+]
was improved without dilution. As a result, the FL quenching ability of the UV-irradiated MCsomes
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was higher (Figure 6.5d). The HI of the tail was, therefore, also a factor influencing the HH degree of
the Fe[δ+] head, which affected the subsequent solution behaviour of MCsomes.

Figure 6.5. (a) TEM image for the diluted FpC6Pyrene colloid (14 μΜ) after aging for 60
days. (b) TEM image of one-dimensional arrays of FpC6Pyrene MCsomes (14 μM)
recorded before the formation of nanotubes. (c) Fluorescence spectra of calcein
solutions (0.17 μΜ) in the presence of three different MCsomes (140 μM). The inset is
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the cyclic voltammogram of FpC6 MCsomes in water (140 μM). (d) Fluorescence
spectra of calcein (0.17 μΜ) in the presence of FpC6Azobenzenetrans MCsomes (140 μM)
before and after UV light irradiation (365 nm). The inset is the cyclic voltammograms
for the FpC6Azobenzenetrans MCsomes in water (140 μM) before and after UV light
irradiation (365 nm). Scale bar: 1 μm.
6.4 Conclusions
HE is fundamentally crucial in life science, but remains yet to be fully understood at the molecular
level. MCsomes, assembled from hydrophobic FpC 6X, were used to enable this study. The highly
polarized Fp head (with Fe-CO groups) contained hydrated O[δ-] via WCIs and less hydrated Fe[δ+].
Interestingly, the high HH level of neutral peptide bonds (NH-CO) in proteins was also attributed to the
higher tendency of water at interacting with the carbonyl O, rather than the N-H moiety in the amide
group.225 This similarity in HH behavior made MCsomes a suitable model system to gain insight into
the solution behavior of proteins. For example, the dilution-induced refolding of denatured proteins192193

may be related to the enhanced HH of N-H. Particularly, the HE sensitivity of MCsomes, the

detectable hydration of Fe[δ+] resolved a long-standing difficulty in the evaluation of the HH role in
self-assemblies. By taking advantage of these properties, we have elucidated the HH effect resulting
from the changes in the concentration and pH of the solutions as well as the chemical structure of the
tails, and have explained how this effect triggers an assembly of MCsomes.
The subsequent assembling behavior was affected by the tail-tail interactions of C6X. The weaker HI
of hexyl tails in FpC6 MCsomes caused a higher HH degree for Fe[δ+] that weakened colloidal stability,
preventing the MCsomes to evolve into more complex structures. The presence of π-π interactions, like
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in many biological systems, improved the colloidal stability, which allowed the aromatic MCsomes to
undergo hierarchical self-assemblies generating high-level structures. This evolution was explained
based on the understanding of electrostatic, dipole-dipole,217 and π-π interactions,218-219 etc. The effect
of tail-tail interactions sheds some light on how hydrophobicity contributes to the stability of proteins
and how the structure of proteins influences the HH level and redox behavior of the metal center in
metalloproteins.195
This study using the molecular model system, complementary to the research focusing on hydrated
water,190,200-201 is essential to evaluate and create the theory of HE197,202 for an improved understanding
of biological events and rational design of waterborne materials. 19,188
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Chapter 7 General Conclusions
7.1 Conclusions
In this thesis, the nonamphiphilic assembly of metal carbonyl complexes was studied based on kinetic
trapping, structural rigidity, and hydrophobic effect.
Self-assembly is crucial for life and nature because self-assembly could provide an effective approach
to synthesize various nanostructures from small molecules or monomers. To mimic the self-assembly
in nature, chemists have made a great progress in the past decades. For examples, small amphiphilic
lipid molecules are employed to self-assemble into liposomes which mimic the cellular bilayer
membrane structures. The formed liposomes have a great potential application in drug delivery,
nanoreactors, and other biological applications. Moreover, to enhance the stability of liposomes,
amphiphilic block copolymers are used to form polymersomes. However, the synthetic self-assembly
still focuses on the molecules or macromolecules which possess an amphiphilic character. And the selfassembled nanostructures were mostly thermodynamically controlled. As well known, the selfassembly in life is more complex. First, the self-assembly of proteins or DNA which realizes the
advanced biological functions was not based on the amphiphilic nature but on more complex factors
such as hydrophobic effect and structural conformation. Second, the advanced biological function is
determined by the kinetics of the self-assembly process. In this context, we studied the self-assembly
behavior of pure hydrophobic metal carbonyl complexes. By investigating the self-assembly of pure
hydrophobic metal carbonyl complexes, the role of nonamphiphilic nature like kinetic trapping,
structural rigidity and hydrophobic effect on the self-assembly was addressed which would develop the
theory to better understand the self-assembly process in life.
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The first chapter described the background of the self-assembly in nature and synthetic chemistry. We
first briefly introduced the self-assembly in nature. Then we highlighted the achievements of synthetic
self-assembly based on amphiphilic molecules or macromolecules as well as the related theories and
applications in biology. Some challenging areas in synthetic self-assembly are described, especially the
nonamphiphilic assembly. In this thesis, we utilized the hydrophobic metal carbonyl Fp-complexes as
model systems to investigate the role of nonamphiphilic nature on self-assembly.
In the second chapter, the kinetic precipitation process of the hydrophobic homopolymer P(FpP) in a
nonsolvent was investigated. The metal carbonyl homopolymer P(FpP) was soluble in THF, insoluble
in hexane and exhibits a UCST behavior in DMSO. UV, DLS and TEM characterization demonstrated
the precipitation process of P(FpP) in THF/hexane or DMSO upon cooling, which was a slow kinetic
process. The slow kinetic process for the precipitation could be adjusted by various solution conditions.
By varying kinetic pathways for the precipitation, kinetically-trapped nanostructures with narrow size
distributions, including spherical and worm-like nanoparticles, were produced. A number of
parameters, including concentration, additive and the solvation quality, e.g. THF/hexane ratio, were
adjustable for the kinetic control. Kinetic assembly of readily available homopolymers in solutions is,
therefore, worthwhile to be explored as a reliable technique for nanosynthesis.
In the third chapter, the role of backbone rigidity on the self-assembly behaviors of hydrophobic
homopolymer P(FpP) with the assistance of simulation was studied. Simulation results demonstrated
that increasing temperature would cause the backbone of P(FpP) in DMSO flexible. And the change of
the backbone rigidity could affect the self-assembly behavior. Preparing the self-assembled samples at
different temperatures various nanostructures were formed such as lamellae, vesicles and irregular
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aggregates. And further increasing the flexibility of the homopolymer chains by increasing temperature
would make the self-assembled structures disordered and irregular. This work could guide further
research into the biomimetic supramolecular self-assembly using hydrophobic macromolecules as
building blocks.
In the fourth chapter, the unique membrane structure of nonbilayer P(FpP) vesicles and the
corresponding unique swelling behavior in respond to THF were investigated. It was found that the
formed homopolymer P(FpP) vesicles could be formed by the packing of the homopolymer chains.
Considering the formed P(FpP) vesicles were kinetic trapped structures, various kinetic conditions were
employed to fabricate P(FpP) vesicles with various thickness. Moreover, the breathing properties of
P(FpP) vesicles in response to THF were studied. By addition of THF, we discovered that the P(FpP)
vesicles could swell into large vesicles which are stable and possess a narrow size distribution. This
was different from traditional bilayer vesicles. Moreover, the mechanism of the swelling behavior of
P(FpP) vesicles in response to THF was also discussed. And the role of solvation of polymer chains
seemed to play a critical role in the swelling behavior of P(FpP) vesicles in response to THF.
The effect of hydrophobic interaction and π-π interactions on the self-assembly behavior of proteins
or other biological molecules is a long debate. In the fifth chapter, we exploited the metal carbonyl
molecule FpC6Pyrene as a model system to investigate the self-assembly behaviors under various
solutions conditions. DLS, TEM and FL spectroscopies suggested that the π-π interactions in response
to solution conditions could be adjusted as a driving force or not. In DMSO/water or methanol/water
systems, aromatic interactions are predominant and drive the assemble into lamellae, while in a
THF/water system. hydrophobic effect drives the assembly into vesicles. When the driving force for
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the FpC6Pyrene molecule was different, various nanostructures could be formed. This knowledge is
fundamentally important in the context of protein and supramolecular chemistry.
Hydrophobic effect plays an important role for the self-assembly of proteins. However, few studies
in supramolecular chemistry on this issue were reported, which was mainly due to lack of a suitable
model system. In the sixth chapter, we synthesized hydrophobic FpC 6, FpC6Azobenzene and
FpC6Pyrene which could self-assemble into MCsomes in water. And these three different MCsomes
were utilized as model systems to investigate the role of hydrophobic effect on their hierarchical selfassembly. CV, DLS, zeta potential characterization and fluorescence quenching experiments
demonstrated that hydrophobic hydration could be adjusted by dilution which determined the stability
of the MCsomes. Moreover, we also discussed how the hydrophobic interactions influence the
hydrophobic hydration of MCsomes which solved a long-standing problem in protein chemistry.
In the seventh chapter, we summarized the self-assembly behavior of metal carbonyl complexes and
provided new knowledge and theory for an improved understanding of biological events and rational
design of waterborne materials.
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Chapter 8 Appendices
This chapter mainly includes supporting figures for each chapters and dissipative particle dynamic
(DPD) simulation methods for chapter 3. In the end of the chapter, synthesis of Fp-based dendrimers
was described. Moreover, the preliminary results to explore the function of CO groups in the P(FpP)
were discussed. The experimental results included the fabrication of nanoparticles arrays using P(FpP)
film as a template and coordination of Gd3+ to P(FpP) MCsomes in water.

8.1 Supporting information for Chapter 2
Table 8.1. The viscosity and refractive index for DMSO at different temperatures.
Temperature / ℃

Viscosity / cP

Refractive index

Dielectric Constant

25

1.990

1.479

47.24

30

1.808

1.479

47.24

35

1.654

1.479

47.24

40

1.511

1.479

47.24

45

1.396

1.479

47.24

50

1.286

1.479

47.24

75

0.916

1.479

47.24
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Figure 8.1. Concentration-dependent thermoresponsive behaviors for the solution of
P(FpP) in DMSO.
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Figure 8.2. UV-vis absorption spectrum for the solution of P(FpP) in DMSO at 65 oC.

Figure 8.3. TEM images for the precipitates of P(FpP) suspension in DMSO at room
temperature.
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Figure 8.4.TEM images of the particles prepared from DMSO solution of P(FpP) a) 0.5
wt% and b) 1 wt%) after cooling to room temperature.
8.2 Supporting information for Chapter 3
Table 8.2 The repulsive parameter (aij) and the chain stiffness potential (kc) of P(FpP) as
a function of temperature.
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(Note: 1. R, O, P and S denotes benzyl/Cp, COFeCO, (CH2)3P groups and solvents; 2. kB is the Boltzmann constant and T is
temperature)

Figure 8.5 a) The DLS profile of the prepared P(FpP) aggregates at 25 oC. b) nanosheets
observed in the TEM images for the prepared P(FpP) aggregates at 25 oC.
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Figure 8.6 DLS profile of P(FpP) nanovesicles at40 oC cooling to 25 oC and 25 oC for 2
days TEM images of P(FpP) nanovesicles formed at 40 oC. b) The aggregation of
nanovesicles. c) and d) Independent nanovesicles found in the same TEM grid. Scale
bar: 100 nm
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Figure 8.7 DLS profile of the formed P(FpP) irregular aggregates at 60 oC, cooling to 25
o

C and 2 days later at 25 oC.

Figure 8.8 TEM images of the irregular P(FpP) aggregates breaking up with time aging
under electron beam of TEM. Scale bar: 100 nm
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8.2.1 Dissipative Particle Dynamic (DPD) simulation method
Dissipative particle dynamics (DPD) is a mesoscopic simulation method originated by Hoogerbrugge
and KoelmanS1, S2 and developed by Robert and Patrick.S3 In this method, several neighboring molecules
are coarse-grained into a single particle. Newton's equations of motion are applied to calculate the
trajectories of beads in the system. A modified velocity-Verlet algorithm is used for the propagation of
the positions and velocities of the beads.
According to the DPD method the force F i acting on a coarse-grained DPD bead, i is the sum of the
conservative force, dissipative force, and random force, represented by the following equation:

Fi =  ( FijC + FijD + FijR )
i j

(S1)

The three kinds of forces on the right side of the above equation take the following forms:


aij (1 − rij / rc ) rˆij
FijC = 

0

rij  rc
rij  rc

(S2)

− (1 − r / r )2 ( rˆ  v ) rˆ
ij
c
ij
ij
ij
F =
0
D
ij

rij  rc
rij  rc

(S3)

1/2
−1/2

( 2 kBT ) (1 − rij / rc ) ij ( dt ) rˆij
F =

0
R
ij

rij  rc
rij  rc

(S4)

aij is the repulsive parameter between two arbitrary beads i and j, rij is the distance between these two
beads rij = |ri-rj|, and rij is the unit vector rij = (ri-rj)/rij. rc is the cutoff distance.  is the strength of the
dissipation between bead i, j. According to our previous work, the friction factor  was set to 4.5S4, S5.
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vij = vi-vj. ij is a random fluctuating variable with Gaussian statistics and has zero mean and unit
deviation.
2
For diblock copolymers, an additional harmonic spring potential U ijs = 1 ks ( rij − r0 ) is applied on
2

each

pair

of

two

bonded

beads

i

and

j,

and

the

chain

stiffness

potential

c
U ijk
=

2
1
kc ( cos ( ) − cos ( 0 ) ) is performed on three neighboring beads i, j and k in rod blocks.
2

8.2.2 - stack conjugate potential
In DPD method, the conservative potential (Equation S2) provides a repulsive force between the
interacted particles. However, there are high densities of benzyl and Cp (denoted by R) groups along
the polymer chains. The interactions among these groups are p-p stack conjugation. Accordingly, the
traditional repulsive force in DPD method is insufficient to simulate the conjugation among R groups.
In addition to the potentials in DPD method, an attractive potential should be applied for providing this
conjugation. In present work, we adopted the attractive potential as follows S6:

U ij  = −kπ cos 2  ( r − rc ) / 2 / ( rext − rc ) 

rc  r  rext

(S5)

where k is the strength of the potential, r c is the lower cutoff distance, which equals to the rc in DPD
method and rext is the upper cutoff distance. This potential is firstly proposed by Cooke et al., which has
been adopted to simulate the layer structure formed by phospholipids.
8.2.3 Parameter setting
Repulsive parameter. In the DPD method, there is a linear relationship between the Flory-Huggins
parameter ij and interaction parameters aij.S3 Larger ij means larger aij. For beads of the same species,
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the repulsive parameters aij were set to 25. Since the COFeCO and (CH2)3P groups are hydrophilic
(hydrogen bonding can be formed among these groups and water), while the benzyl and Cp groups are
hydrophobic, we set aOP = aOS = aPS 25, aRO = aRP = 60, aRS = 75 at 25 oC, where R, O, P and S denotes
to benzyl/Cp, COFeCO, (CH2)3P groups and solvents, respectively. The values of repulsive parameters
aRO, aRP and aRS were varied with temperature. In present work, we used Materials Studio (Blend
Module) to calculate the values of ij between those groups at different temperatures. The results are
shown in Figure 8.9. It can be seen that the values of ij for O-P, O-S and P-S pairs almost remain
unchanged with varying temperature. However, for the case of R-O, R-P and R-S pairs, the values of
ij are linearly decreased with increasing temperature. Accordingly, we set the a RO = aRP = 50, aRS = 60
at 40 oC, aRO = aRP = 40, aRS = 50 at 60 oC and aRO = aRP = aRS = 35 at 70 oC.

Figure 8.9. Values of ij for the pairs of different species as a function of temperature.
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Harmonic spring potential. In this work, the equilibrium bond distance r 0 and were set to be 0.7rc.
The values of ks were set as 100kBT/rc-2 (kB is the Boltzmann constant and T is temperature). S7These
values are constant at different temperatures.
Chain stiffness potential. In some cases, the chain conformations may be transformed with
temperatures. In the present work, we used Materials Studio to investigate these transformations. The
simulation system with one polymer and a certain amount of solvents was constructed using the
Amorphous Cell module. Then, using the Discover module, all-atom molecular dynamic simulations
were performed under different temperatures. The simulation protocols and the parameters were all
chosen according to those in our previous work. With varying the temperature from 25 to 75 oC, the
structures of polymers at equilibrium state were obtained after the simulations. Herein, we analyzed the
persistence lengths (lp) of the backbones of these polymers under different temperatures. The formula
of lp is as follows:S8

cos (i ) = exp ( −ilb / lp )
(S6)
i is the angle between two neighboring bonds along the chain. lb is the average length of all the i bonds.
The profile of lp as a function of ka is shown as the red profile in Figure 8.10. The value of lp is largest
at 25 oC, which is approximately 70 nm. When the temperature is lower than 60 oC, with increasing
temperature, the value of lp is decreased almost linearly. For the case of temperature is higher than 60
o

C, the value of lp nearly keeps unchanged at 15 nm. The morphologies of polymers at 25, 50 and 75

o

C are provided in the inset of Figure 8.10. The profile of lp and morphologies of polymers both

represent the evolutionary chain stiffness of polymers with varying temperature.

160

Figure 8.10. Persistence length as a function of kc in DPD simulation and temperature
in the all-atom simulation. The all-atom morphologies under different temperatures are
shown in the figure.
In order to denote the transformation of chain stiffness of polymer backbone with changing
temperature in our DPD simulations, we reduced the chain stiffness potential k c from 5 to 0 kBT as the
temperature was increased from 25 to 70 oC. The equilibrium value of the angle 0 was set to be . A
larger value of kc corresponds to a stronger rigidity of polymer chain. Similar to the case of all-atom
simulations, the values of lp at different temperatures in the DPD simulations were also examined. The
statistical result is shown as the black profile in Figure 8.10. It can be seen that this profile is extremely
close to that obtained from the all-atom simulations. The value of lp almost keeps 10 rc when kc is
smaller than 2 kBT, while it is linearly increased with kc for the case of kc > 2 kBT. Accordingly, we can
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find a quantitative consistent result between the results from all-atom and DPD simulations, indicating
the setting values of kc in the DPD simulations can effectively capture the conformations of polymer
backbones under various temperatures. Specifically, the value of k c was set to 5, 2, 0 and 0 kBT at 25,
40, 60 and 70 oC, respectively. The kc for 60 and 70 oC were both set to 0 kBT because the lp reaches to
the smallest under these two temperatures. For clarity, we provide the a ij and kc at 25, 40, 60 and 70 oC
adopted in the present work in Table 8.2.

8.3 Supporting information for Chapter 4
Table 8.3 The viscosity and refractive index for THF/water mixed solvents with varied
THF contents.
THF contents (vol%)

Viscosity/cP

Refractive index

Dielectric Constant

10

0.880

1.330

74.20

20

0.860

1.320

67

30

0.840

1.280

60.96

40

0.820

1.220

53.44

50

0.796

1.12

45.30

8.4 Supporting information for Chapter 5
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Figure 8.11. 1H-NMR and 31P-NMR spectra of FpC6Pyrene in CDCl3

Figure 8.12. The intensity of fluorescent emission as a function of water content in
DMSO/water system (1.4 x 10-4 M).
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Figure 8.12 indicates that the intensity of the fluorescent emission increase in the solution of
DMSO/water with water content increasing from 0 to 30 vol%. If this enhancement were caused by the
variation in the polarity of the mixed solvents, a red shift in the emission should be observed (M.
Haidekker, et al. Bioorganic chemistry 2005, 33, 415-425). This is not the case. Viscosity is another
possible reason affecting the intensity, but causing no shift in the absorption wavelength (M. Haidekker,
et al. Bioorganic Chemistry 2005, 33, 415-425; M. Homocianu et.al Journal of Advanced Research in
Physics 2011, 2 (1)). The viscosity of DMSO (ca.1.99 centipoises) increases to ca.3.73 centipoises
when the DMSO/water mixed solvents containing 30% of water (Table 8.4), so the enhancement can
be ascribed to the increase in viscosity. The fluorescent intensity for the solution in THF/water also
increases with water content increasing from 0 to 60 vol% (Figure 5.3b), which is also attributed to the
increase in the viscosity (Table 8.5).

Table 8.4. The viscosity of DMSO/water*

*

Journal of Chemical and Engineering Data 7.1 (1962): 100-101.

Table 8.5. The viscosity of THF/water*
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* Indian Journal of Chemical Technology 1994, 1, 93-97.

Figure 8.13. Hydrodynamic diameters (Dh) of the colloids assembled from FpC6Pyrene
in DMSO/water (40-90 vol% water content, concentration: 1.4 x 10-4 M). The
experiments were performed right after the preparation of the solution.
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Figure 8.14. TEM images of FpC6Pyrene assemblies formed in DMSO/water solutions
(50-80 vol% water content, concentration: 1.4 X 10-4 M). The experiments were
performed right after the preparation of the solutions.
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Figure 8.15. Representative TEM images of the cotton-like suspension formed in
DMSO/water solution of FpC6Pyrene (40-80 vol% water content, concentration:1.4 x
10-4 M).
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Figure 8.16 UV spectra of FpC6Pyrene (50 vol% and 60 vol% water content) aqueous
solution at the different time.
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Figure 8.17. SEM image of FpC6Pyrene aggregates dried from the solution of
THF/water (90 vol% water).
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Figure 8.18. TEM image of FpC6Pyrene precipitates formed in methanol (2.5 x 10-4 M).
The sample was prepared after aging the solution for a few days. The solution was
prepared via a cycle of heating at 60 oC and cooling to 23 oC
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Figure 8.19. TEM images of FpC6Pyrene aggregates formed in ethanol solution with a
various degree of supersaturation. The solution was prepared via a cycle of heating at
60 oC and cooling to 23 oC. (a) The solution with a lower degree of supersaturation (2.5
x 10-4 M) is aged for a week, (b) the solution with a higher degree of supersaturation
(1.1X10-3M) results in a cotton-like suspension in a few hours.
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Figure 8.20. UV-Vis spectra of the ethanol solution of FpC6Pyrene with a lower degree
of supersaturation (2.5 X 10-5M). (a) the freshly prepared solution (b) the colloid formed
after aging for a week.
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Figure 8.21 TEM image with a relatively large magnification for the aggregates
assembled from FpC6Pyrene in methanol with a higher σ (5.5 x 10-4 M).
8.5 Supporting information for Chapter 6
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Figure 8.22. a, FpC6Azobenzenetrans directly mixed with water. b, Concentrationdependent surface tension of FpC6Azobezenetrans MCsomes in water. Figure 8.22
indicate that FpC6Azobenzenetrans is hydrophobic and non-surface active.

Figure 8.23. a, DLS count rates of FpC6Azobenzenetrans in THF/water solutions with
varied water contents. b, IR absorption of the terminal and acyl CO groups for the
solutions of FpC6Azobenzenetrans in THF/D2O with varied D2O contents. As shown in
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Figure 8.23a, FpC6Azobenzenetrans starts to aggregate when the water content is larger
than 50 vol%. After the aggregation (80 vol%), the IR signals for the acyl CO and
terminal CO groups shift to lower wavenumbers (Figure 8.23b), suggesting the presence
of water carbonyl interactions (WCIs).

Figure 8.24 a, DLS curve and b Berry plot for FpC6Azobenzenetrans MCsome in water
(1.4 µM). Figures 8.24a and 8.24b reveal that the hydrophobic radius (Rh) and gyration
radius (Rg) are ca.84 nm and 83 nm, respectively. The Rg/Rh of ca.1.0 indicates that
FpC6-azobenzenetrans assembles into nanovesicles. c, AFM height mode image with
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height profiles for FpC6Azobenzenetrans nanovesicles. The AFM analysis of the
aggregates shows that the ratio of diameter-to-height is ca.5.0 due to the deformation of
hollow structure upon dry. d, SEM image for FpC6Azobenzenetrans nanovesicles. The
inset image is the large magnification of a bowl-shaped vesicle due to the deformation of
hollow structure. Scale bar = 500 nm, unless otherwise indicated.

Figure 8.25. a, UV/Vis absorption spectra for FpC6Azobenzenetrans molecules in THF
(50 μΜ) and FpC6Azobenzenetrans MCsomes (60 μM) in water. The shift of the
absorption peak to a larger wavelength suggests that the azobenzene groups in the
MCsomes are intermolecular π-π interacted. b, Concentration-dependent DLS profiles
for FpC6Azobenzenetrans MCsomes in water. The solutions were diluted from a prepared
MCsome (140 μM) and measured right after the dilution. It indicates that the dilution
process does not change the size of the MCsomes.
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Figure 8.26. Dark-field TEM images of the helix assembled from FpC6Azobenzenetrans
MCsomes and its EDX analysis profile. Scale bar: 500 nm.
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Figure 8.27. (a and b) EDX line scanning for the elements of C, O, P and Fe (a) along
the helix and (b) normal to the helix. Scale bar: 500 nm. The same element distributions
for all the elements confirm that the helix is assembled from FpC 6Azobenzenetrans.
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Figure 8.28. TEM images recorded after aging the diluted FpC6Azobenzenetrans
MCsomes in water (14 μΜ) for 30 days. The long helixes have a low concentration, so
each image only captures one helix. Scale bar: 500 nm.
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Figure 8.29 a, Concentration-dependent UV absorption at 360 nm for
FpC6Azobenzenetrans MCsomes in water. No shift in the wavelength of the absorption
peak suggests that the dilution does not alter the π-π interactionss. b, Concentrationdependent IR absorption for the acyl and terminal CO groups. No shifts in the
wavenumbers for the absorption peaks suggest that the dilution results in no detectable
variation in WCIs.
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Figure 8.30. a, pH-dependent zeta potential of the diluted FpC6Azobenzenetrans
MCsomes (14 μΜ). b, Time-dependent Dh of diluted FpC6Azobenzenetrans MCsomes (14
μM) at pH 3.

Figure 8.31. Concentration-dependent zeta potential recorded in a process of dilution of
a, FpC6 MCsomes and b, FpC6Pyrene MCsomes.
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Figure 8.32. pH-dependent zeta potential of a FpC6 MCsomes and b FpC6Pyrene
MCsomes. The concentrations for both MCsomes are 140 μM.

Figure 8.33. TEM images recorded for the diluted FpC6Azobenzenetrans MCsomes (14
μM) after aging for 14 and 17 days. a, one-dimensional arrays of vesicles and b, the
arrays with partial coalescence of vesicles. Scale bar: 500 nm.
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Figure 8.34. TEM images of the precipitates resulting from FpC6Azobenzenetrans
MCsomes (140 μΜ) at pH = 3 after aging for ca.2 weeks. Scale Bar: 500 nm

Figure 8.35. Time-dependent DLS profiles for FpC6Pyrene MCsomes in water (140
μM).
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Figure 8.36. a, DLS profiles for the diluted FpC6Pyrene MCsomes (14 μM) in water
before and after aging. b, The cyclic voltammogram (CV) for FpC 6Pyrene MCsome in
water (140 μM).

Figure 8.37. Zeta potential of the three different MCsomes in water at 140 µM.
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Figure 8.38. a, UV/Vis spectra of FpC6Azobenzenetrans MCsomes (70 μM) in water after
UV light (wavenumber = 365 nm) irradiation for different times. b, 31P NMR spectra of
FpC6Azobenzenetrans molecules in CDCl3. These molecules were recovered from their
aqueous solutions via freeze-drying before and after UV irradiation (365 nm). There is
no change in the spectra after the irradiation suggesting no degradation of the
molecules. c, DLS profile of FpC6Azobenzenetrans MCsomes (140 μM) before and after
UV irradiation. d, TEM image of the FpC6Azobenzenetrans MCsomes after UV
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irradiation for 2 min (Scale bar: 500 nm). Figures 8.38c and 8.38d indicate that the
irradiation does not change the vesicular morphology.
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8.6 Synthesis and solution behavior of Fp-dendrimer complex
8.6.1 Materials and instruments
Methyl 3,4,5-trihydroxybenzoate, 1-bromododecane, triethylamine, xx are purchased from SigmaAldrich. Anhydrous potassium carbonate, thionyl chloride and sodium hydroxide are commercial. The
solvents mentioned in the paper are used without further purification.
1

H-NMR were measured on a Bruker-300 (300 MHz) spectrometer at ambient temperature using either

CDCl3 as a solvent. Dynamic light scattering (DLS experiments) were performed on a Malvern
Zetasizer (Nano S90).
8.6.2 Synthesis of Fp-dendrimer complex 6
8.6.2.1 Synthesis of the ligand N-(3-bromopropyl)-3,4,5-tris(dodecyloxy)benzamide (4)

Scheme 8.1 Synthetic route for the ligand-complex 4
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Synthesis of methyl 3,4,5-tris(dodecyloxy)benzoate (1)
Methyl 3,4,5-trihydroxybenzoate (3.0 g, 16.3 mmol) and K2CO3 (13.5 g, 98 mmol) were first dissolved
in 60 mL dry DMF under nitrogen atmosphere. The mixture was stirred at room temperature for 1 h
and then 1-bromododecane (13.0 g, 52.0 mmol) was added dropwise into the mixture. The reaction
mixture was stirred at 80°C for 24 h. After cooling to room temperature, the reaction mixture was
poured into a large amount of water and extracted three times with CHCl2. The combined organic layer
was washed with water and brine. Then the organic solvent was removed under reduced pressure. The
residue was subjected to column chromatography (5% ethylacetate/hexane) over silica gel to afford the
pure product. Yield: 80%. 31H NMR spectroscopy (300MHz, CDCl3, Figure 8.39) : δ = 7.25 (s, 2H),
4.03-3.99 (m, 6H), 3.89 (s, 3H), 1.84-1.81(m, 6H), 1.50-1.45 (m, 6H), 1.35-1.27 (m, 48H), 0.89-0.88
(t, 9H)
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Figure 8.39 1H NMR spectrum of 3,4,5-tris(dodecyloxy)benzoate in chloroform-d1 at
298 K
Synthesis of 3,4,5-tridodecyloxybenzoic acid (2)
Potassium hydroxide (1.63g, 30 mmol) was added to a solution of compound 1 (10g, 15 mmol) in
ethanol (200 mL). The mixture was heated at reflux for 8 h and then cooled to room temperature. The
solution was diluted with deionized water and acidified by addition of 1M hydrochloric acid to pH 1.
The precipitate was then filtered, washed with deionized water and dried under vacuum. Recrystallize
from hot ethanol gave white solid (6.34g, 63%). 1H NMR (CDCl3, 300 MHz, Figure 8.40): δ=7.29 (s,
2H, Ar-H), 4.00 (m, 6H, OCH2), 1.81-1.72 (m, 6H, CH2), 1.45-1.24 (m, 54H, CH2), 0.87 (t, 9H, CH3)

Figure 8.40 1H NMR spectrum of 3,4,5-tris(dodecyloxy)benzoic acid in chloroform-d1 at
298 K
Synthesis of 3,4,5-tris(dodecyloxy)benzoyl chloride (3)
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Compound 2 (5.0 g, 7.41 mmol) first dissolved in thionyl chloride and refluxed for overnight. After
cooling to room temperature, the Thionyl chloride (13.22 g, 11.10 mmol) was evaporated under reduced
pressure, and the resulting precipitate was dried under vacuum to give the compound 3. The compound
3 was directly used for the next step without further purification.
Synthesis of N-(3-bromopropyl)-3,4,5-tris(dodecyloxy)benzamide (4)
Compound 3 (5.0 g, 7.23 mmol) was added to a 40 mL mixed solution of DCM/H2O (1:1). Then 5.0
g K2CO3 was directly added into the mixed solution. The solution was stirred for 30 minutes at room
temperature. Then NH2(CH2)3BrHBr (2.5 g, 11.52 mmol) was quickly added and the mixture was stirred
for overnight at room temperature. After the reaction, the mixture was extracted three times with CHCl2.
The combined organic layer was washed with water and brine. Then the organic solvent was removed
under reduced pressure. The residue was subjected to column chromatography (15%
ethylacetate/hexane) over silica gel to afford the pure product. Yield: 90%.
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H NMR spectroscopy

(300MHz, CDCl3, Figure 8.41): δ = 7.0 (s, 2H), 6.22-6.33 (t, 3H), 4.03-3.90 (m, 6H), 3.46-3.62 (m, 4H),
2.16-2.25(m, 2H), 1.62-1.86 (m, 6H), 1.20-1.52 (m, 48H), 0.83-0.93 (t, 9H)
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Figure 8.41 1H NMR spectrum of N-(3-bromopropyl)-3,4,5-tris(dodecyloxy)benzamide
in chloroform-d1 at 298 K
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8.6.2.2 Synthesis of target compound 6

Scheme 8.2 Synthetic route for target complex 6
Synthesis of complex 5
FpK was synthesized based on previous literature. (Polym. Chem., 2016,7, 4419-4426) Complex 4
(1.50 g, 1.89 mmol) in dry THF was added dropwise into FpK (1.0 g, 4.63 mmol) in THF solution at 0
o

C. Then the mixture was stirred at room temperature for 3 h. After the reaction was over, the organic

solvent was removed under reduced pressure. Then the crude product was dissolved in DCM followed
by filtration to remove the salts to obtain a dark brown solution. DCM was removed under reduced
pressure followed by purification with column chromatography (DCM) over silica gel to afford the
pure product. Yield: 94 %. 1H NMR spectroscopy (300MHz, CDCl3,Figure 8.42): δ = 6.9 (s, 2H), 6.00192

6.08 (t, 3H), 4.69-4.79 (s, 5H), 3.92-3.05 (m, 6H), 3.31-3.43 (m, 2H), 1.53-1.83 (m, 12H), 1.15-1.52
(m, 48H), 0.78-0.96 (t, 9H).

Figure 8.42 1H NMR spectrum of complex 5 in chloroform-d1 at 298 K
Synthesis of complex 6
Complex 5 (1.90 g, 2.1 mmol) was mixed with 1,3-bis(diphenylphosphanyl)propane (0.44 g, 1.0
mmol) in THF at room temperature. Then the mixture was refluxed for 24 h. After the reaction is over,
THF was first removed under reduced pressure. Then the crude product was purified with column
chromatography (25% ethyl acetate/hexane) over silica gel to afford the pure product. Yield 26%. 31H
NMR spectroscopy (300MHz, CDCl3,Figure 8.43): δ = 6.63-6.80 (d, 2H), 6.95-7.08 (d, 4H),7.19-7.35
(m,20H), 4.14 - 4.27 (d, 10H), 3.84-4.05 (m, 12H), 2.13-3.27 (m, 12H), 1.65-1.87 (m, 12H), 1.15-1.52
(m, 96H), 0.78-0.96 (t, 18H).
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P NMR spectroscopy (300 MHz, CDCl3,Figure 8.44): δ = 71.6 (PPh3).
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Figure 8.43 1H NMR spectrum of target complex 6 in chloroform-d1 at 298 K

Figure 8.44 31P NMR spectrum of target complex 6 in chloroform-d1 at 298 K
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8.6.3 Solution behavior of complex 6 in organic solvents
The solution behavior of complex 6 in organic solvents was first investigated. We first check the
solubility of complex 6 in different organic solvents. As shown in Table 8.6, the complex 6 has a good
solubility in the organic solvents such as hexane, MCH and THF when the concentration was 1 mg/mL.
For the sample of complex 6 in MCH, when the concentration increased to 10 mg/mL, the complex is
still soluble. And there was no signal was detected by DLS measurements.

Table 8.6 The solubility of complex 6 in different organic solvents
Solvent

Concentration

Solution behavior

Hexane

1 mg/mL

Dissolved

Toluene

1 mg/mL

Dissolved

MCH*

1 mg/mL

Dissolved

Heptane

1 mg/mL

Dissolved

Isopropanol

1 mg/mL

Dissolved

Cyclohexane

1 mg/mL

Dissolved

THF

1 mg/mL

Dissolved

* Increasing the concentration from 1 mg/mL to 37 mg/mL, complex 6 was still soluble.
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8.7 Fabrication of gold nanoparticle arrays using P(FpP) film as a template
8.7.1 Proposal
P(FpP) polymer is hydrophobic and can self-assemble into a P(FpP) film on the water surface by the
Langmuir–Blodgett method.226 The carbonyl CO groups in the P(FpP) can interact with water which
could make CO groups distribute on the interface between film and water. Meanwhile, the watercarbonyl interactions could make the film possess negative charge.79 Here we hypothesis that CO
groups on the surface of P(FpP) films may attract and coordinate Au ions onto the P(FpP) film. Then
reducing Au nanoparticles could form nanoparticles arrays on the surface.
8.7.2 Preparation method
4.04 mg P(FpP) polymer (FpP = CpFe(CO)2(CH2)3PPh2, DP = 20) was dissolved in 5 mL toluene to
obtain 57 μM P(FpP)/toluene yellow solution. 50 μL of the P(FpP)/toluene solution was gently dropped
into 10 mL HAuCl4 aqueous solution (10-5 M) which loaded in the 20 mL vial with a 2.5 cm diameter.
The obtained solution was colorless and transparent. Then the vial was immediately capped and the
samples were left to make toluene evaporated slowly without disturbances. After a few days, the
solution became pink from colorless. and there was a thin film formed on the surface of the pink
solution.
8.7.3 TEM characterization and preliminary results
The formed thin films were transferred into the TEM carbon grid by a pipette which inhaled a small
piece. As shown in Figure 8.45a, the large-area continuous film was observed. Interestingly, in the
TEM image with a large magnification (Figure 8.45b), some branched fibers could be observed. The
preliminary results suggested that the P(FpP) film could be fabricated. Future experiments could be
196

done to check if Au nanoparticle arrays are formed on the P(FpP) film. According to previous
knowledge,71 to immobilize the Au nanoparticles, -NH, -SH, -COOH moieties are needed. which
suggest that the formed Au nanoparticles could be hard to attach on the P(FpP) film.

Figure 8.45 TEM images of the film formed on the surface of the solution a) low
magnification, b) large magnification.
8.8 To coordinate Gd3+ on the P(FpP) MCsomes
8.8.1 Proposal
From previous report79 we know that hydrophobic P(FpP) could self-assemble into nanovesicles in
water. The CO groups from P(FpP) interacts with water to form water carbonyl interactions to stabilize
the formed nanovesicles. Here we hypothesis CO groups on the surface of the P(FpP) MCsomes may
attract and coordinate heavy metal ion such as Gd3+ onto the P(FpP) MCsomes.
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8.8.2 Preparation of P(FpP) aqueous colloid
0.025 mg/mL P(FpP) (FpP = CpFe(CO)2(CH2)3PPh2, DP = 20) aqueous colloid was prepared followed
previous reported method.79 First P(FpP) was dissolved in THF to obtain P(FpP)/THF solution (0.25
mg/mL). Then large amount of water (10 mL) was quickly added into the P(FpP)/THF solution (1 mL,
0.25 mg/mL). The obtained colloid was N2 bubbled for ca. 30 minutes to remove THF.
8.8.3 Adding GdCl3 aqueous solution into P(FpP) colloid
Various amounts (0 mL, 1 mL, 2 mL, 3 mL and 4 mL) of GdCl3 aqueous solution (25 μM) were added
into the prepared P(FpP) colloid (0.025 mg/mL, 5 mL). DLS was used to measure the size change of
P(FpP) aggregates. As shown in Figure 8.46a, by addition of GdCl3 solution, the size of P(FpP)
aggregates exhibited increasing trend. TEM was employed to characterize the freshly prepared P(FpP)
colloids with various amounts of GdCl3 solutions. As shown in Figure 8.46b, by addition of 1 mL GdCl3
solution, uniform and black spherical nanoparticles were observed. When 2 mL GdCl3 solution was
added, some large P(FpP) aggregates were witnessed (Figure 8.46c). DLS and TEM characterization
suggested that addition of GdCl3 solution could cause the aggregation of P(FpP) aggregates. But more
experiments are needed in the future to prove the Gd3+ has attached on the surface of P(FpP) aggregates
and check the loading efficiency of metal ion Gd3+.
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Figure 8.46 The size change (Dh) of P(FpP) aggregates by addition of various amounts
of GdCl3 solution. And TEM images of P(FpP) colloids with various amounts of GdCl3
aqueous solution (25 μM), b) 1 mL, c) 2 mL GdCl3 aqueous solution.
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