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Abstract 

This work is focused on the development and application of small-angle x-ray scattering 
(SAXS) techniques for measuring reaction kinetics during the in situ synthesis of polymer 
nanoparticles. A combination of scattering equations, derived for the various structural 
morphologies formed during such reactions, and equations that account for mass balance of 
the reaction components are used to analyse time-resolved SAXS patterns to obtain detailed 
mechanistic information. Exchange of both reagent and solvent molecules between the self-
assembled particles and the surrounding medium occurs during the polymerisation. This 
causes a continuous change in scattering length density for the system components and 
enables determination of both the local concentration of the reaction components and various 
structural parameters for the growing self-assembled particles. The new SAXS approach 
developed in this work is applied to three different systems: (i) synthesis of poly(stearyl 
methacrylate)-poly(benzyl methacrylate) (PSMA-PBzMA) diblock copolymer nano-objects via 
reversible addition-fragmentation chain transfer (RAFT) dispersion polymerisation in a non-
polar medium (mineral oil), (ii) synthesis of poly[2-(dimethylamino)ethyl methacrylate]-
poly(benzyl methacrylate) (PDMA-PBzMA) diblock copolymer nano-objects via RAFT emulsion 
polymerisation in a polar medium (80/20 ethanol/water mixture) and (iii) synthesis of 
poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA)/silica nanocomposite particles via 
conventional free radical emulsion polymerisation in aqueous media. 

 For RAFT dispersion polymerisation in mineral oil, SAXS analysis revealed that after 
micellar nucleation, the rate of polymerisation was proportional to the local monomer 
concentration within the micelle cores which is consistent with theoretical predictions. It was 
also found that SAXS could be used to determine Flory-Huggins parameters for pairs of the 
system components. Moreover, SAXS indicated that the nascent nuclei comprise spherical 
particles containing a mixture of mineral oil and BzMA monomer within the particle cores 
stabilised by short PSMA chains. 

For RAFT emulsion polymerisation in an 80/20 ethanol/water mixture, SAXS provided 
detailed information about morphological development in the system from initially dissolved 
PDMA stabiliser blocks into PDMA-PBzMA deblock copolymers forming spherical micelles at a 
later stage of the synthesis. The binary solvent composition complicated the SAXS analysis, so 
two scenarios were considered. According to the most physically realistic scenario, the 
monomer concentration within the micelle cores was close to zero throughout the reaction, 
suggesting that the rate of polymerisation was controlled mainly by diffusion of the BzMA 
monomer through the solvent medium to the spherical micelles and not by the rate of reaction 
like in the RAFT dispersion polymerisation. 

For the free radical aqueous emulsion polymerisation to produce PTFEMA-silica (core-
shell) nanocomposite particles, SAXS analysis, apart from measurements of the monomer 
diffusion coefficient and parameters describing the reaction kinetics, provided information 
regarding formation of the silica shell and also the silica nanoparticle packing density within 
this shell. 

Overall, in situ SAXS measurements combined with a new approach for scattering analysis 
counting mass balance of reaction components are shown to be more informative than 
traditional post-mortem characterisation techniques such as electron microscopy or dynamic 
light scattering. 
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Nomenclature 

 

A   

A  amplitude of the form factor 

Aape  area of an aperture 

Abr  amplitude of the solvophilic block 

Acore,micelle  amplitude of the core of spherical micelle 

Acore,worm  amplitude of the core of worm-like micelle 

Acore,vesicle  amplitude of the core of vesicle 

Acorona,micelle  amplitude of the corona of spherical micelle 

Acorona,worm  amplitude of the corona of worm-like micelle 

Acorona,vesicle  amplitude of the corona of vesicle 

Ae  Helmholtz free energy of polymer chain with the excluded volume 

effect 

Ae_silica  silica nanoparticle packing efficiency 

AG  Helmholtz free energy of the Gaussian chain 

AGC  amplitude of ideal polymer chain 

Aint  interfacial free energy in self-consistent field theory 

Amix_FH  Helmholtz free energy of the polymer solution 

ApApB  interfacial area between block A and block B in strong segregation 

theory 

aphi  optimal surface area 

Apc  amplitude of the solvophobic block 

Amc  amplitude of the spherical micelle core 

p

p

N

NA


 
 

Np-permutation of pN   

As  amplitude of the form factor of sphere 

As-cap  spherical cap area coverage by one silica particle on the polymer 

cores surface 

As-co  total area of the polymer core surface 

Ash  amplitude of the form factor of shell with no thickness of 

membrane 

Asu_c_GC  suspension particle core with Gaussian core block chains scattering 

amplitude  

Asu_GC  amplitude of the suspension particle with Gaussian core block 

chains 

Asu_s_cs  amplitude of the shell of the suspension particle as core-shell 

structure 

Asur  boundary surface area between the medium and the reaction 

region 

ATRP  atom transfer radical polymerisation 
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B   

b  
 end-to-end vector of polymer chain structures 

b  length of end-to-end vector of polymer chain structures 

be  scattering length of electron 

BSsf  Boltzmann sigmoidal equation 

   

C   

c-ps&silica  core-particulate shell with non-absorbed silica 

CCD  charge-coupled device 

CI  product of efficiency, area of an aperture, incident flux, and solid 

angle 

clight  speed of light 

aggic
 

 concentration of the aggregates with aggregation number 

cmon  monomer concentration 

cP·  radical concentration 

CMC  critical micelle concentration 

CMOS  complementary metal-oxide-semiconductor 

conv  monomer conversion 

cP  primitive cubic 

CTA  chain transfer agent 

   

D   

Dagg  dimension of the aggregates 

dc  parameter for simulation of the nonpenetration of the corona 

chains in the core 

Df  fractal dimension 

Dlm  diffusion coefficient of the liquid molecule 

Dm  diffusion coefficient of the molecule 

dsilica  the diagonal of the cube face 

DCP  disk centrifuge photosedimentometry 

DI  dispersity index 

DLS  dynamic light scatterin 

DP  repeat unit 

DPRAFT  targeted repeat unit of reversible addition-fragmentation chain 

transfer polymerisation 

dqHS  parameter in Boltzmann sigmoidal equation 

   

E   

E  spherical excess 

E0  amplitude of the X-ray 

Es  amplitude of scattered x-ray for one particle in medium 

   

F   
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fi  initiator efficiency 

fA  fraction of block A of diblock polymer chain in weak segregation 

theory 

fB  fraction of block B of diblock polymer chain in weak segregation 

theory 

Fbr  self-correlation term of scattering intensity of the corona block 

Fc-ps  form factor of the core-particulate shell 

ffri  friction 

Fdri  driving force 

Fint_SST  interface energy of strong segregation theory 

fmon  volume fraction of the monomer in the micelle cores 

FstA_SST  stretching energy of block A diblock polymer chain in strong 

segregation theory 

FstB_SST  stretching energy of block B diblock polymer chain in strong 

segregation theory 

fpc  fraction of copolymers disassociated in the solvents 

Fpc  diblock copolymer form factor 

Frasp  raspberry model form factor 

Frasp_sf  raspberry model form factor with structure factor 

Fsilica  silica nanoparticle form factor 

fsm  fraction of copolymers assembled in spherical micelles 

Fsm  micelle form factor 

FSST  free energy of strong segregation theory 

Fsu_cs  suspension particle as core-shell structure form factor 

Fsm_GC  suspension particle with Gaussian core block chains form factor 

fsol  volume fraction of solvent in the micelle cores 

FWST  free energy of weak segregation theory 

   

G   

g  number of the segment length of blob 

( )pg R   correlation function of a particle at position pR  

GPC  gel permeation chromatography 

   

H   

HSP  Hansen solubility parameter 

   

I   

I  intensity collected by detector in small angle X-ray scattering 

experiment 

I2  initiator 

[I2]  initiator molar concentration 

iagg  is the aggregation number 

Ibg  solvent background scattering intensity 

Iexp_bg  solvent background scattering intensity measured by experiments 
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Ic-ps  scattering intensity of the polymer/silica (core-particulate shell) 

structure 

Ic-ps-silica  scattering intensity of the polymer/silica nanocomposite particles 

Ids  dimers constructed by spherical micelles scattering intensity 

Ii  incident intensity 

Ilsm  intensity of the relatively large spherical particles 

Ipc  scattering intensity of the soluble polymer chains 

Irasp  scattering intensity of the polymer/silica nanocomposite particles 

described by the raspberry model 

IS  scattering intensity 

ISB  scattering intensity of the background 

ISB+S  scattering intensity of the sample and the background 

Isilica_c-ps  scattering intensity of the absorbed silica nanoparticles within the 

particle shell 

Isilica_med  scattering intensity of the non-absorbed silica nanoparticles in 

medium phase 

Ism  scattering intensity of the spherical micelles 

Issm  intensity of the relatively small spherical particles 

Itot  total scattering intensity 

IR  infrared spectroscopy 

   

J   

Ji  incident flux 

Jm  flux of molecule 

Jlm  flux of the liquid molecule 

Jn  Bessel function for integer values of n 

   

K   

k  magnitude of wave vector 

k   scattered wave vector 

0k   incident wave vector 

kB  Boltzmann constant 

kd  initiator decomposition rate constant 

kp  propagation rate coefficient 

kp’  reduced propagation rate coefficient 

ksf  coefficient of structure factor 

ktc  composite rate constant 

ktd  disproportionation rate constant 

Kα  wavelength of X-ray for characterisation radiation from K shell 

   

L   

L  Distance between sample and detector 

ld  closed distance between the particles of the pearl chains 

lpho_c  semiempirical critical length 
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Lw  length of the core of worm-like micelle 

   

M   

[M]  monomer molar concentration 

[M]0  initial monomer molar concentration 

[M]p  monomer molar concentration in the particle 

mbr  hydrophilic block mass 

Mbr  peak molecular weight of macro- chain transfer agent measured 

by nuclear magnetic resonance 

Mco  molar mass of the solvophobic block repeat unit 

mini_mon  initial monomer mass 

Mm  molecular weight of monomer 

Mmolecule  molecular weight of the molecule 

nM   number-mean molecular weight 

Mp  molecular weight of homopolymer 

wM   weight-mean molecular weight 

zM   z-mean molecular weight 

MEHQ  monomethyl ether hydroquinone 

MT  morphological transition 

MT-I_ds-s  morphology transition including the dimers constructed by 

spherical micelles and the spherical micelles 

MT-II_ls-ds-ss  morphology transition including relatively large spherical micelles, 

the dimers constructed by spherical micelles and relatively small 

spherical micelles 

MT-III_cs  morphology transition including the relatively large suspension 

particles as core-shell structure and the relatively small suspension 

particles as core-shell structure 

MT-IV_GC-s  morphology transition including the suspension particles with 

Gaussian core block chains and spherical micelles 

   

N   

N  number of segments in polymer chains 

n   mean number of radicals per particle 

nagg  aggregation number 

Nagg  mean aggregation number 

NA  Avogadro constant 

nagg_su_ch  aggregation number of suspension particle as core-shell structure 

Nagg_su_ch  mean aggregation number of suspension particle as core-shell 

structure 

nagg_su_GC  aggregation number of suspension particle with Gaussian core 

block chains 

Nagg_su_GC  mean aggregation number of suspension particle with Gaussian 

core block chains 

NA&B  total number of segments on the diblock copolymer chain 
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nbr  number of moles of solvophilic block 

nframe  total number of recorded frames 

Δnlm  monomer amount transferring from the medium to the reaction 

region 

np  number of the diblock copolymer chains 

Np  number of the particles 

np/V  number density of particles in the system 

Npearl  number of the particles of the pearl chains 

nsilica  number of the silica nanoparticles within the particulate shell 

Nsilica_cell  number of the silica nanoparticles on the polymer cores under the 

ideal unit cell situation 

nsite  number of sites in Flory-Huggins mean-field theory 

NMP  nitroxide mediated polymerisation 

NMR  nuclear magnetic resonance 

NNLS  non-negative least squares 

   

P   

P·  polymer radical 

[P·]  polymer radical concentration 

P  form factor 

pagg  packing parameter 

Pchains  form factor of ideal chain 

Pmicelle  form factor of spherical micelle 

pp  probability of a propagation reaction 

PGC  form factor of Gaussian chain 

Pw  form factor of worm-like micelle 

Pvesicle  form factor of vesicle 

PDI  polydispersity index 

PDDF  pair distance distribution function 

PISA  polymerisation-induced self-assembly 

PY  Percus–Yevick approximation, or Percus–Yevick equation 

   

Q   

q   scattering vector 

q  magnitude of scattering vector 

qe  elementary charge 

   

R   

r   position of the photons 

agg1r   effective radius of the monomer 

R   a half of the shortest distance between core interfaces of the 

neighbouring micelles 

RA  thickness or radius of block A phase in self-consistent field theory 

rc_c-ps  radius of the polymer core of core-particular shell model 
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Rc_c-ps  mean radius of the polymer core of core-particular shell model 

rds  radius of spherical micelle constructing dimer structure 

Rds  mean radius of spherical micelle constructing dimer structure 

re  classical radius of the electron 

Rep_e  equilibria radius of the particle 

RF  root-mean-square end-to-end distance 

Rg  root-mean-square radius of gyration 

Rg_br  radius of gyration of the solvophilic block 

Rg_co  radius of gyration of the solvophobic block 

Rg_co_est  estimation of radius of gyration of the solvophobic block 

RHS_silica  effective radius of the hard sphere for silica particle 

Rin  inner radius of core of vesicle 

Ri  rate of decomposition of the initiators to the primary radical 

formation 

jR   position of the particle j 

rlmc  radius of relatively large spherical particle 

Rlmc  mean radius of relatively large spherical particle 

Rm  radius of the molecule 

rmc  micelle core radius 

Rmc  mean micelle core radius 

rN  final position of the end of the polymer chain with N segments 

Rout  outer radius of core of vesicle 

Rp  rate of the propagation 

rsilica  radius of silica nanoparticle 

Rsilica  mean radius of silica nanoparticle 

Rsf  one-half of the inter-micelle distance 

rsmc  radius of relatively small spherical particle 

Rsmc  mean radius of relatively small spherical particle 

rsu  radius of the suspension particle 

Rsu  mean radius of the suspension particle 

rsu_c  core radius of the suspension particle of suspension particle as 

core-shell structure 

Rsu_c  mean core radius of the suspension particle of suspension particle 

as core-shell structure 

Rt  rate of the termination 

Rv  mean shell radius of vesicle 

Rw  radius of the core of worm-like micelle 

RAFT  reversible addition-fragmentation chain transfer 

RDF  radical distribution function 

RDRP  reversible-deactivation radical polymerisation 

   

S   

S(q)  structure factor 

Sd  structure factor for dimer structure by spherical particles 
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Se  entropy of such excluded volume effect 

( )
silicahs HS

MAX
S  

 
  hard-sphere Percus-Yevick structure factor peak intensity 

Sp  mean surface area of the particle cores 

Spearl  structure factor for pearl necklace chains 

SAS  small angle scattering 

SAW  self-avoiding walk 

SAXS  small angle X-ray scattering 

SEC  size exclusion chromatography 

SEM  scanning electron microscopy 

SG  entropy of the conformations of the polymer chains 

Smix_FH  entropy of the polymer solution in Flory-Huggins mean-field 

theory 

Si(x)  sine integral 

SRMP  stable radical mediated polymerization 

   

T   

t  time 

T  temperature 

tps_c-ps  thickness of the particulate shell of core-particular shell model 

Tps_c-ps  mean thickness of the particulate shell of core-particular shell 

model 

TS  transmission of the sample 

tsh  thickness of membrane of vesicle 

TSB  transmission of the background 

TSB+S  transmission of the background and the sample 

Δtdri  mean travelling time for the liquid molecules by driving force as 

chemical potential gradient 

Δtsol  mean travelling time for the liquid molecules via Brownian motion 

Δttra  mean travelling time for the liquid molecules 

TEM  transmission electron microscopy 

TR SAXS  time-resolved small angle X-ray scattering 

   

U   

Umix_FH  interactions of internal energy in Flory-Huggins mean-field theory 

   

V   

   mean kinetic chain length 

Vbr  hydrophilic block total volume 

vbr  solvophilic block volume 

Vco  hydrophobic block total volume 

Vcore  volume of the core 

Vcorona  volume of the corona chains 

ve  occupied volume of single segment of one polymer chain 

Veff  effective volume for Percus–Yevick approximation 
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Vex_liq  total volume of external liquid 

Vex_mon  total volume of the external monomer 

Vex_sol  total volume of solvents outside of the cores 

Vgeo  geometrical volume of the aggregates 

Vin_liq  total volume of liquid components inside of the micelle cores 

Vin_mon  total volume of the internal monomer 

Vin_sol  total volume of solvents in the micelle cores 

Vliq  total volume of liquid 

vlm  liquid molecule volume 

vm  velocity of the molecule 

Vm  molar volume of monomer 

Vmc-co  mean volume of the core of the spherical micelle 

Vmon  volume of monomer remaining in the system 

Vmolecule  volume of the molecule 

Vo  occupied volume of one polymer chain 

Vp  volume of one polymer chain 

vp_co  total volume of particle cores in the system 

vpho  solvophobic part with occupied volume 

Vpol  total volume of polymer components 

Vs  molar volume of the solvent 

Vs(r)  total spherical volume of a radius of r 

Vsf  effective volume fraction of the interacting micelles 

Vsite  total volume of the latte sites in Flory-Huggins mean-field theory 

Vsol  solvent volume 

Vtot  total volume of the materials in the studied system composed of 

liquid and polymer components 

tr   mean kinetic chain length included termination by chain transfer 

   

W   

wmon  mass concentration of monomer 

wSCFT  width of the interface in self-consistent field theory 

WST  weak segregation theory 

   

X   

xm  position of molecule 

Δxdri  mean travelling distance for the liquid molecules by driving force 

as chemical potential gradient 

Δxlm  mean travelling distance during mean travelling time for the liquid 

molecules 

Δxsol  mean travelling distance for the liquid molecules via Brownian 

motion 

xpol  volume fraction of polymer in the core 

xmon  volume fraction of monomer in the core 

xsol  volume fraction of solvent in the core 
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Z   

ZFH  bond number for each site in Flory-Huggins mean-field theory 

   

2D  two-dimensional 

 

 

CHEMICALS, MONOMERS AND POLYMERS OR POLYMER-STRUCTURE FRAGMENTS 

AIBA  2,2’-Azobis(2-isobutyramidine) dihydrochloride 

BzMA  benzyl methacrylate 

DMF  N,N-dimethyl formamide 

DMSO  dimethyl sulfoxide 

PBzMA  poly(benzyl methacrylate) 

DMA  2-(dimethylamino)ethyl methacrylate 

PDMA  poly(2-(dimethylamino)ethyl methacrylate) 

P(MAA–

PEOMA) 

 poly(methacrylic acid-co-poly(ethylene oxide) monomethyl ether 

methacrylate) 

SMA  stearyl methacrylate 

PSMA  poly(stearyl methacrylate) 

T21s  tert-butyl peroxy-2-ethylhexanoate 

THF  tetrahydrofuran 

TFEMA  2,2,2-trifluoroethyl methacrylate 

PTFEMA  poly(2,2,2-trifluoroethyl methacrylate) 

scCO2  supercritical carbon dioxide 

 

 

Greek Alphabet 

αagg  constant characteristic of monomer- monomer interaction 

αsilica  fraction of the penetration depth of the silica nanoparticles in the 

polymer cores 

br  excess scattering length of solvophilic blocks 

core  excess scattering length of core 

corona  excess scattering length of corona 

pc_co  excess scattering length of solvophobic blocks 

mc  excess scattering length density of the micelle cores 

agg1
 

 interfacial free energy per unit area 

γSCFT  surface tension in self-consistent field theory 

( )a   Gamma Function 

( ),a x   upper incomplete Gamma Function 

δD  dispersion solubility parameter 

δH  hydrogen bonding solubility parameter 

δp_Hb  cohesive energy density of the polymer 

δP  polar solubility parameter 
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δs_Hb  cohesive energy density of the solvent 

εij  interactions of i-j to determine Flory-Huggins parameter 

(0)  scattering length of the molecule per volume at a small angle 

b  
 radius of blobs 

br  scattering length of the solvophilic blocks 

c_c-ps  scattering length density of the polymer core of core-particular 

shell model 

co  scattering length of the solvophobic blocks 

core  scattering length of the core 

corona  scattering length of the corona 

mc  scattering length density of the micelle core 

med  scattering length density of the medium of core-particular shell 

model 

mon  scattering length of the monomer 

ps_c-ps  scattering length density of the particulate shell of core-particular 

shell model 

silica  scattering length density of the silica nanoparticles 

sol  scattering length of the solvent 

su  scattering length density of the suspension with Gaussian core 

block chains Model 

su_s  scattering length density of the suspension particle as core-shell 

structure 

η  efficiency of small angle X-ray scattering experiment 

ηp_vol  volume packing efficiency 

ηp_vol_avg  average volume packing efficiency 

ηp_vol_avg_est  estimated average volume packing efficiency 

ηp_vol_cell  ideal unit cell volume packing efficiency 

ηp_sur  superficial packing efficiency 

ηs  viscosity of the solvent 

  half of scattering angle 

tp  angle between two vectors of from polymer core centre to the 

attached points of two silica nanoparticle on the polymer core 

centre 

w  azimuthal angle defined by spherical coordinate 

Λ  mean free path of the radiation 

Λx  mean free path of X-ray 

λ  wavelength 

μ  linear attenuation coefficient 

agg

0
1

 
 standard part of the chemical potential of the aggregates with 

aggregation number of 1 

aggi
 

 chemical potentials of any other aggregates with different 

aggregation number of molecules 

agg

0
i

 
 standard part of the chemical potential of the aggregates with 

aggregation number of molecules 
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agg

0
 

 bulk energy of a monomer in infinite aggregates 

Δμm  chemical potential of molecule by driving force 

Δμp_FH  chemical potential deference of the polymer chain between 

solution state and melt state 

Δμs_FH  chemical potential deference of the solvent between solution state 

and pure solvent state 

ΔμArepB_FH  chemical potential of the situation of the polymer chain B replaced 

by polymer chain A 

Δμlm  chemical potential of liquid molecules by driving force as chemical 

potential gradient 

ν  exponent of the number of polymer segments 

   osmotic pressure 

*   osmotic pressure of overlap threshold density of the polymer 

solution 

   mean density of whole material 

( )pR
 

 mean number density of a particle at position pR  

ρ*  overlap threshold density of the polymer solution 

ρ**  density of concentrated polymer solution 

ρ0  density of the segments of the diblock polymer chain 

ρbr  hydrophilic block mass density 

ρco  hydrophobic block mass density 

ρp  density of polymer 

ρmolecule  density of the molecule 

ρmon  mass density of the monomer 

σ  standard deviation 

σ  area on the detector placed at a distance from the sample at a 

special angle 

d

d




 

 differential scattering cross-section of the sample per unit solid 

angle 

σt  width of the interface between core and corona 

d

d




 

 differential scattering cross-section of the sample per unit solid 

angle per unit sample 

e

d

d

 
 

 
 

 differential scattering cross-section of the sample per unit solid 

angle of single electron 

  structural parameters tuple 

ϕc-ps  volume fraction of the cores-particulate shell population 

ϕds  dimers constructed by spherical micelles volume fraction 

ϕex  volume fraction of external liquid 

ϕHS_silica  effective volume fraction of the hard-sphere Percus-Yevick 

structure factor 

ϕHS_silica_cor  corrected effective volume fraction 

ϕHS_silica_est  estimation of effective volume of the hard-sphere Percus-Yevick 

structure factor 



Nomenclature 

 

____________________________________________________________________________________________ 

xviii 
 

ϕHS_silica_m  SAXS modelling result of effective volume of the hard-sphere 

Percus-Yevick structure factor 

ϕlm  liquid molecule volume fraction 

ϕlsm  relatively large spherical particles volume fraction 

ϕm  number density of molecule 

ϕmed_c-ps  volume fraction of the medium molecules within the particulate 

shell 

ϕp  volume fraction of the polymer in the particles 

ϕp_FH  volume fraction of the polymer in Flory-Huggins mean-field theory 

ϕpA_FH  volume fraction of the polymer A in Flory-Huggins mean-field 

theory 

ϕpB_FH  volume fraction of the polymer B in Flory-Huggins mean-field 

theory 

ϕpc  volume fraction of the soluble polymer chain  

ϕrasp  volume fraction of the core-particulate shell particles 

ϕsilica_med  volume fraction of the non-absorbed silica nanoparticles in 

medium phase 

ϕsu_cs  suspension particle as core-shell structure volume fraction 

ϕsu_GC  suspension particle with Gaussian core block chains volume 

fraction 

ϕssm  relatively small spherical particles volume fraction 

χ2  chi-paramter 

χpm  Flory-Huggins interaction parameter of polymer-monomer 

χps  Flory-Huggins parameter of polymer-solvent 

χpApB  Flory-Huggins parameter of polymer A-polymer B 

χps_H_Hb  estimation of the enthalpic contribution to Flory-Huggins 

parameter of polymer-solvent by Hildebrand solubility parameters 

χps_H_Han  enthalpic contribution to Flory-Huggins parameter of polymer-

solvent by Hansen solubility parameters 

χps_Han  Flory-Huggins parameter of polymer-solvent estimated by Hansen 

solubility parameters  

χps_S  entropic contribution to Flory-Huggins parameter of polymer-

solvent 

  multivariate normalised distribution function 

  solid angle 

ω  frequency 
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Chapter 1 

Introduction 

 

Monitoring polymerisation can basically track numerous polymer characteristics, such as 
polymer molecular weight and particle size, which may reveal chemical kinetics and 
mechanisms. From the practical opinions, monitoring polymerisation for industrial reactors 
with the additional feedback improves reaction efficiency to optimise the reaction 
conditions, reduces production cost, and achieves green manufacturing, Therefore, basic 
polymer physical and chemical properties will be presented in this Chapter. After introducing 
advantages and disadvantages of various characteristic techniques for monitoring 
polymerisation, small angle X-ray scattering will be invited to overcome the difficulties of 
monitoring polymerisation. 

 

1.1 Polymer Chemistry 

Hermann Staudinger’s idea that polymers comprised long-chain molecules was controversial 
when first conceived in 1920 but became widely accepted within a decade or so.1 Nowadays, 
polymers (or ‘macromolecules’) are defined as molecules with high relative molecular mass.2 
Polymer chains are composed of many low relative molecular mass units (monomers) 
connected together by covalent bonds.2 Naturally-occurring polymers such as rubber, starch 
and cellulose were extensively studied in the 19th century and chemical modification 
produced important materials such as vulcanised rubber and cellulose nitrate (celluloid).3 
The first truly synthetic polymer was Bakelite, which was prepared from the reaction 
between phenol and formaldehyde  in 1909.3 Polymer architectures can be subdivided into 
linear, branched, comb-like, crosslinked, and dendritic structures.4  

Linear polymer chains containing only one type of monomer repeat unit are called 
homopolymers.2 Linear copolymers can be subdivided into statistical, alternating, block or 
graft structures.3,4 For a homopolymer, its molecular weight3 is given by: 

 = p mDPM M , (1.1) 

where Mp and Mm are the molecular weights of the homopolymer and the monomer repeat 
unit respectively, and DP is the mean degree of polymerisation. Unlike small molecules, 
polymers do not possess a unique molecular weight. Instead, they exhibit a molecular weight 
distribution (MWD).3 To describe such MWDs, various moments or average molecular 

weights, M , are introduced such as:4 

 

+
=






1
p-

p-

j
i i

j
i i

N M
M

N M
, (1.2) 

where Mp-i is the molecular weight of the ith polymer, and the corresponding Ni is the number 
of polymer chains. An exponent, j, is used to determine the type of average molecular 
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weight. When j = 1, eq 1.2 becomes 
 

  
 




p-
i

i

i

N
M

N
, which is defined as the number-

average molecular weight, nM . When j = 2, eq 1.2 becomes
( )

( )

 
 
  




p-

p-

p-

i i

i

i i

N M
M

N M
, which is 

defined as the weight-average molecular weight, wM . When j = 3, eq 1.2 becomes

( )
( )

 
 
  




2
p-

p-2
p-

i i

i

i i

N M
M

N M
, which is defined as the z-average molecular weight, zM . The 

dispersity index (DI) is a crude measure of the width of the MWD, as defined by the following 
equation:3 

 
w

n

DI
M

M
= . (1.3) 

For certain natural proteins, the PDI can be equal to unity, indicating that all chains possess 
precisely the same molecular weight. For a well-controlled anionic polymerisation, the PDI 
can be as low as 1.01, while for certain types of polyethylene the PDI can exceed 30.5  

 

1.1.1 Polymer Synthesis 

Polymerisation mechanisms can be divided into step growth polymerisation and chain 
growth polymerisation.6, 7 Chain growth polymerisation includes free radical polymerisation, 
ionic polymerisation, and metal-catalysed polymerisation.6 Various techniques are required 
depending on the polymerisation mechanism. For step growth polymerisation, these include 
bulk, solution or interfacial polymerization.6 For ionic polymerisation, techniques include 
solution, slurry, and gas-phase polymerization.6 Free radical polymerisations can be 
conducted under bulk, solution, suspension, emulsion or dispersion conditions.6, 8 As 
discussed below, free radical polymerisation provides up to 45% of all synthetic polymers and 
is applicable to a wide range of vinyl monomers.9-11 It is also the basis for the polymerisation 
considered in this Thesis. 

 

1.1.1.1 Free Radical Polymerisation 

In free radical polymerisation, initiators undergo slow thermal decomposition to generate 
radicals, which then react rapidly with a single monomer unit in the initiation step.7 During 
propagation, the resulting monomer-radical adducts each react with many monomers to 
produce fast-growing polymer chains. Such polymer radicals undergo termination by either 
combination or disproportionation.7 In addition, polymer radicals can undergo chain transfer 
side-reactions via reaction with monomer, solvent or non-propagating polymer chains.12  

The kinetics of free radical polymerisation has been well-studied.7, 12 The rate of 
decomposition of the initiator to form primary radicals is given by: 
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  =  i i d 22 IR f k , (1.4) 

where kd is the initiator decomposition rate constant, [I2] is the initiator concentration, and fi 
is the initiator efficiency. The rate of propagation is given by: 

    =   p p M PR k , (1.5) 

where kp is the propagation rate constant, [M] is the monomer concentration, and [P·] is the 
polymer radical concentration. The overall rate of termination, which includes both 
combination and disproportionation mechanisms, can be written as: 

 ( )    = +   =  
2 2

t tc td t2 P 2 PR k k k , (1.6) 

where ktc is the combination rate constant, ktd is the disproportionation rate constant, and kt 
is the composite termination rate constant. Invoking the steady-state approximation, 
whereby Ri = Rt, equations 1.4 and 1.5 can be combined to give: 

     =  
0.5d

i 2

t

P I
k

f
k

. (1.7) 

Thus, the rate of propagation for a free radical polymerisation, eq 1.5, can be written as: 

    
0.5d

p p i 2

t

I M
k

R k f
k

=     . (1.8) 

Given that the rate of propagation,
 

= −p

Md
R

dt
 and [I2] is relatively constant, the monomer 

concentration can be given as: 

    
 −    

= 

0.5d
p i 2

t

I

0
M M

k
k f t

k
e , 

(1.9) 

where [M]0 is the initial monomer concentration, and t is the reaction time. This eq 1.9 
indicates that ln([M]0/[M]) should be proportional to t.  

In the absence of any chain transfer side-reactions, the average kinetic chain length,  , is 
defined as the average number of monomers that react with each primary radical: 

 
 
 

   
−

= = = =  
   

0.5p p p p

2

i t t i d t

M
M I

2 P 2

R R k k

R R k f k k
. (1.10) 

For termination by combination, nM  is equal to 2 , while for termination by 

disproportionation, nM  is simply equal to  . However, if chain transfer occurs then the 

modified kinetic chain length, tr , is given by: 
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p

tr

t tr

R

R R
 =

+
, (1.11) 

where Rtr is the rate of chain transfer.  

Therefore, the molecular weight distributions differ for polymer chains terminated by 
combination and those terminated by disproportionation. If the probability of propagation is 

given by ( )p p p t trp R R R R= + + ,1 for termination by combination with corresponding 

n_c

p

1

1
M

p
=

−
 and 

p
w_c

p

1

1

p
M

p

+
=

−
, the w_c n_c/M M  is given by 1 + pp, while for termination by 

disproportionation with corresponding n_c

p

2

1
M

p
=

−
 and 

p
w_c

p

2

1

p
M

p

+
=

−
, the w_c n_c/M M  is 

given by 1 + pp /2. As pp approaches unity and if Rt and Rtr are smaller than Rp, then the 

w_c n_c/M M  for a free radical polymerisation should lie between 1.5 and 2.0.7 The 

development of controlled/living free radical polymerisation techniques (see following 
section) over the past thirty years provides better control over the target DP and ensures 

significantly lower w_c n_c/M M  values.7, 12-15  

 

1.1.1.2 Controlled/Living Free Radical Polymerisation 

Controlled/living free radical polymerisation, or reversible-deactivation radical 
polymerisation (RDRP)2 requires a dynamic equilibrium between the active polymer radicals 
and the dormant species in order to lower the radical concentration and suppress the rate of 
termination relative to that of propagation. Atom transfer radical polymerization (ATRP) and 
nitroxide-mediated polymerisation (NMP) involve reversible deactivation,13-18 whereas 
reversible addition-fragmentation chain transfer (RAFT) polymerisation is based on the 
principle of rapid reversible chain transfer.13 In principle, living anionic polymerisation can 
provide excellent control over the polymer MWD and target DP.13, 15, 17, 19 However, in practice 
this technique is only applicable to a rather narrow range of vinyl and cyclic monomers and is 
highly intolerant of both monomer functionality and the presence of protic sources (e.g. 
water).13 On the other hand, RAFT polymerisation involves a malodorous organosulfur-based 
RAFT agent, which is located on every polymer chain-end and confers intrinsic colouration.14, 

15, 20-22 

 

1.1.1.3 Reversible Addition-Fragmentation chain Transfer (RAFT) Polymerisation 

RAFT polymerisation utilises a thiocarbonylthio chain transfer agent (CTA) to create a 
dynamic equilibrium between the polymer radicals and the dormant polymer chains.15, 21 The 
initiation and propagation stages follow the same mechanism as that for a conventional free 
radical polymerisation (Figure 1.1 i and ii).15, 21 However, the polymer radicals then react 
reversibly with the CTA to produce dormant chains plus new primary radicals that are 
capable of further propagation (Figure 1.1 iii, iv and v).15, 21 In a RAFT polymerisation for 
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which 100% monomer conversion is achieved, the target DP simply depends on the initial 
monomer concentration divided by the CTA concentration, as indicated by eq. (1.12):15, 21 

 
 

 
0

RAFT

M
DP

CTA
= , (1.12) 

For a well-controlled RAFT polymerisation, an appropriate CTA for a given monomer should 
be selected and the [CTA]/[I] molar ratio should be optimised to achieve a relatively narrow 
MWD (e.g. Mw/Mn < 1.20).16 This is much better control than that achieved via conventional 
free radical polymerisation.21-23 Moreover, because RAFT polymerisation involves radical 
chemistry it is much more tolerant of monomer functionality and protic solvents than living 
anionic polymerisation.21-23 

 

Figure 1.1. A schematic presentation of reversible addition-fragmentation chain transfer (RAFT) polymerisation. 

 

 

1.1.1.4 Emulsion Polymerisation 

Aqueous emulsion polymerisation requires a water-immiscible monomer, a water-soluble 
initiator, a suitable surfactant and water.24, 25 Compared to free radical solution polymerisation, 
emulsion polymerisation can produce high molecular weight polymers at a relatively fast rate 
of polymerisation while achieving efficient heat transfer.24 Moreover, very high monomer 
conversions (> 99%) can be achieved and water is a cheap, non-toxic, non-flammable solvent. 
Thus, aqueous emulsion polymerisation is considered to be an environmentally-friendly 
process. 

The classical mechanism for emulsion polymerisation can be subdivided into three intervals. 
Interval I involves particle nucleation (Figure 1.2).24, 25 There are three possible processes: 
homogeneous nucleation, micellar nucleation or monomer droplet nucleation.24, 25 For 
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homogeneous nucleation, there are no micelles present prior to the polymerisation. 
Homogeneous nucleation typically occurs when the monomer solubility is relatively high.26 
Once surface-active oligomers are formed within the aqueous continuous phase, self-
assembly occurs in situ to produce micelles. This is also known as ‘surfactant-free’ emulsion 
polymerisation.27 In the case of micellar nucleation, the added surfactant forms micelles and 
monomer becomes partitioned within the micelle cores. In both cases, the water-soluble 
radicals generated via thermal decomposition of the initiator (e.g. ammonium persulfate) 
enter such micelles, which become the locus for the ensuing polymerisation. For monomer 
droplet nucleation, the monomer droplets must be relatively fine. Normally, the monomer 
droplets are μm-sized and their number concentration is relatively low. However, if the 
monomer droplet diameter is reduced to around 80 – 300 nm, then such droplets can 
efficiently capture oligomeric radicals from the aqueous continuous phase. This formulation is 
sometimes known as ‘miniemulsion polymerisation’.28  

Interval II involves particle growth with the continued presence of monomer droplets (Figure 
1.2).24 Because the polymerisation occurs exclusively within the particles, the rate of 
polymerisation of free radical polymerisation, eq 1.5, can be rewritten as:25, 29 

   p

p p p
A

M
N

R k n
N

 
=    

 
, (1.13) 

where [M]p is the monomer concentration within the particles, n  is the average number of 
radicals per particle, Np is the number of particles and NA is Avogadro’s constant. Smith-Ewart 

theory provides estimates for n  and Np.29, 30 The balance of n  can be described as the sum of 
the rate of radical entry into particles, the rate of radical exit from particles, and the rate of 

termination within the particles. The ideal zero-one kinetic condition when n  is approximately 
equal to 0.5 is a prerequisite for eq 1.13: this ideal condition also predicts that Np remains 
constant during Interval II. At equilibrium, monomer-swollen particles can be described by the 
Morton-Kaizerman-Altier equation:31 

 ( )m ps 2
p p pm p

nB ep_e

2 1
ln 1 1

V

k T R M


   

   
= − − − −  −  

   
, (1.14) 

where Vm is the molar volume of monomer, Rep_e is the equilibrium particle radius, kB is the 
Boltzmann constant, T is the reaction temperature (in K), ϕp is the polymer volume fraction 
within the particles, and χpm is the Flory-Huggins interaction parameter for the polymer and 
the monomer. The left-hand side of eq 1.14 represents the chemical potential of the interfacial 
energy, and the right-hand side is based on Flory-Huggins mean-field theory1, 32, 33, which will 
be discussed in section 1.2.2. 

Interval III involves particle growth in the absence of any monomer droplets (Figure 1.2 Interval 
III).24, 25 During this interval, the rate of termination may be reduced by the high viscosity 
conferred by the high molecular weight polymer chains within the particles. Under such 
conditions, Rp may increase significantly, which is known as the autoacceleration effect.25 
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Figure 1.2. Schematic representation of the three main intervals for emulsion polymerisation.24, 25 Particle 
formation via either homogeneous nucleation (purple arrows) or micellar nucleation (brown arrows) occurs during 
Interval I. Particle growth occurs during Interval II via polymerisation within the monomer-swollen particles 
stablished by surfactants (green symbols). There are no remaining monomer droplets (pink circle stabilised by 
surfactants as green symbols) during Interval III: particle growth occurs more slowly in this case because no 
monomer replenishment occurs as the polymerisation occurs within the particles. 

 

1.1.1.5 Dispersion Polymerisation 

To provide micron-size monodisperse particles, dispersion polymerisation defined as a type of 
precipitation polymerisation could produce polymer particles of 0.1 - 15 μm in diameter34 with 
various monomers, including methyl methacrylate35, styrene36-41, n-butyl acrylate42, 43, and n-
vinyl pyrrolidone44. Dispersion polymerisation involves a suitable solvent, a soluble monomer 
in such solvent, a soluble initiator, and a soluble polymeric stabiliser (Figure 1.3 i).2, 34 After 
initiation, the polymer radicals grow in size (Figure 1.3 ii) and eventually become insoluble 
(Figure 1.3 iii). After the formation of colloidally unstable nuclei (Figure 1.3 iii), aggregation of 
these nascent particles occurs with the concomitant adsorption of stabiliser chains to confer 
colloidal stability (Figure 1.3 iv and v).34, 45 Thereafter, the number of particles, which are 
potentially monomer-swollen, remain relatively constant but particle growth continues until 
all the monomer is consumed (Figure 1.3 vi).34 

Particle stabilisation (Figure 1.3 iv) has been commented as the more critical process to 
determine particle size rather the precipitation or nucleation of the particles (Figure 1.3 iii).36 
This argument is also confirmed by the formula of the radius of particle of dispersion 
polymerisation, RD.38 And RD can be given with a relation of the molecular weight of 
polymeric stabiliser, MPS, the weight of polymeric stabiliser in feed, WPS, the critical area of 
particle surface covered by a single polymeric stabiliser, Scrit, the diffusion-controlled rate 
constant for particle coagulation, kC, and the other constants related to radical imitation as:38 

 

 

11
1 122

t6
D C

PS

crit i d 2PS I

M k
R k

S f kW

  
         

, (1.15) 

And this relation has been tested by a few experiments.46-51 Therefore, it is significant to 
study the mechanism of particle stabilisation. In non-polar medium, it requires the absorbed 
polymeric stabilisers to create a steric barrier to stabilise the particles, which named as steric 
stabilisation mechanism.52 For the polymeric stabiliser criteria of non-polar system, it 
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requires high surface coverage and strong adsorption on particles for the well-soluble 
polymeric stabilisers in low free polymeric stabiliser concentration.45 Several typical 
polymeric architectures are acceptable for dispersion polymerisation in non-polar medium: 
random copolymers Pan-Psol (e.g. polydimethylsiloxane-poly(glycidyl methacrylate) (PDMS-
PMMA) in hexanes53 and heptane54), block copolymers Pan-Psol or Pan-Psol-Pan (e.g. 
polydimethylsiloxane-polystyrene (PDMS-PS) in n-heptane55), graft copolymers Pan-Psol (e.g. 
poly(12-hydroxystearic acid)-poly(glycidyl methacrylate) (PHSA-PMMA) in n-alkanes56, 57), 
and reactive homopolymers Psol (e.g. poly(lauryl methacrylate) (PLMA) in n-alkanes58). Pan 
and Psol are represented anchoring polymer block on the particle surface and soluble 
polymer block. In polar medium (e.g. water), the particles can be also stabilised by 
polyelectrolyte or polyampholyte brushes to not only create a steric barrier but also 
electrical double layers.59, 60 The mechanism of particle stabilisation involves electrical double 
layers is named as electrostatic stabilisation.59, 60 Poly(methacrylic acid) (PMAA) has been 
reported by Fritz59 as one of the polymeric stabilisers for dispersion polymerisation of 
polystyrene−poly(butyl acrylate). And in this research, Derjaguin-Landau-Verwey-Overbeek 
(DLVO) theory has been applied and relatively successfully interpret the particle stabilisation. 
Since the coating process by dispersion polymerisation in 1960s,45 more research targeted to 
prepare polymer colloids by dispersion polymerisation. Dispersion polymerisation of PMMA 
stabilised by PHSA in hexane provide particle to embed fluorescent dyes (e.g. rhodamine 
isothiocyanate) for further coating and printing applications.61 To reduce the cost and 
promote environmental-friendly synthesis of polyacrylonitrile (PAN), dispersion 
polymerisation of PAN stabilised by PDMS-PS-PDMS triblock copolymeric stabiliser in alkanes 
have been reported.62 To produce around 1 - 18 μm monodisperse particle, polystyrene has 
been prepared dispersion polymerisation by methanol, ethanol, and 2-
methoxyethanol/ethanol mixture.36-41 Very few studies in pure ethanol solvent have been 
reported63, and more aqueous dispersion polymerisation via RAFT synthesis will be discussed 
in Polymerisation-Induced Self-Assembly Section. 

 

Figure 1.3. Schematic representation of the mechanism of dispersion polymerisation.34, 45, 64 Dispersion 
polymerisation involves initiator (red circle), soluble monomer (pink circle), and polymeric stabiliser (green symbol) 
(i). After initiation, the monomer radicals generate soluble oligomers (ii), and then, when the repeat unit of soluble 
oligomers increase to a critical point, such oligomers can be considered as insoluble polymers. And such polymers 
precipitate into particles stabilised by polymeric stabilisers (iii). The unstable particles then coagulate (iv) and form 
stable particles (v). The particles grow until monomers are all consumed (vi). 
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1.2 Polymer Physics 

Linear polymers can be obtained by homopolymerisation of various vinyl monomers.4, 65 
However, for branched, comb-like or crosslinked copolymer architectures, at least two 
comonomers are usually employed.4 Polymer chains can be represented by an end-to-end 

vector, b , which represents segments comprising either just one or multiple repeat units. 
Such vectors are named Kuhn segments (Figure 1.4).3, 4, 65 Chain conformations can be 
characterised in terms of such end-to-end vectors or segments. If segment motion is 
independent of the rest of the chain, the chain conformation can be described by an ideal 
chain model.3 Clearly, the segments of the polymer chains cannot share the same space as 
other segments.3 Thus, excluded volume effects influence the chain conformation.3  

 

 

Figure 1.4. A schematic presentation of polymer chain constructed by monomers (blue circles). Kuhn Segments of 
length as b are constructed by serval monomers (5 monomers in the case in the figure). RF is the root-mean-
square end-to-end distance, and Rg is the root-mean-square radius of gyration. 

1.2.1 Ideal Chain Models and Real Chain Models 

For a single ideal polymer chain, the segments of such polymer chains can be described by 
random walk model.3, 66 Because this random walk is in 3D space, the movement of the 
segments can be described by a Cartesian coordinate system via a Markovian process. Thus, 
each segment can only choose one dimension, and the probability of this choice is always 
1/6. Moreover, because the number of segments, N, is relatively large, the probability 
density function, P(rN),  of the final position of the chain-end rN for a polymer with N 
segments is given by:3, 66 
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The standard deviation for such a distribution of rN, < ( rN - r0 )2 >, is given by b·N0.5, which is 
defined as the root-mean-square end-to-end distance, RF. Unfortunately, there is no suitable 
measurement technique for RF. Thus, the root-mean-square radius of gyration, Rg, is 
introduced, as given by:4 

 g
0 0

1 1

1 1

N N

i j
i j

R r r
N N= =

 
= − 

+ + 
  . (1.17) 

Rg is calculated to be b·N0.5/60.5. If all the probabilities between segments of the polymer 
chains follow a Gaussian distribution, this corresponds to a Gaussian chain model. For such 
an ideal polymer chain, the change in free energy is given by the change in entropy for the 
polymer chain conformations, ΔSG. For any part of a Gaussian chain with n segments, 
minimisation of its Helmholtz free energy, ΔAG, gives:4 

 
2B

G G 2

3

2
n

k T
A T S r

nb
 = −  =  , (1.18) 

where T is the absolute temperature. The condition for the Gaussian chain to approach 
equilibrium is:4 

 
B

2

3
n

n

k TA
r

r nb


= 


. (1.19) 

For Hooke's law, the force constant is equal to ( ) ( )2
B3k T nb , so the elastic potential energy 

as given by eq 1.19 stretches the end-to-end distance of the Gaussian chain, which indicates 
that the entropic elasticity is a property of the ideal chain model.4  

For such an ideal chain model, there is no memory of the segmental positions. However, for 
real chains, any given segment cannot overlap with other segments. To describe real chains 
by mathematical models, one of the options is the self-avoiding walk (SAW) model66, 67, and 
this model provides an opportunity to study the polymer chain properties by simulations4. 
When a single segment occupies a volume ve, the entropy change for such an excluded 
volume effect, ΔSe, is given as:4, 68 

 
o e e

e B B

o o

ln
V v v

S k k
V V

−
 =  − , (1.20) 

where Vo is the volume occupied by a single polymer chain. For the pair excluded volume 
interactions, combined with ΔSG, the Helmholtz free energy of a polymer chain accounting 
for the effect of excluded volume, ΔAe, is given as:4, 68-70 
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To minimise ΔAe as function of RF, RF is proportional to N3/5. For only three-body interactions 
(which implies weaker interactions between the segments), the Helmholtz free energy of a 
polymer chain accounting for the effect of excluded volume, ΔAe, is given as:4, 68-70 

 ( )
2

3 3
2B

e e G B F3 2
F

3

3 2

k TN b
A T S S k T R

R Nb

 
 = −  +  =   +  

 
, (1.22) 

To minimise ΔAe as function of RF, RF is proportional to N0.5, which matches the RF indicated 
above for an ideal chain model. However, Vo ideally describes the polymer chains as solid 
cubes (eq 1.21). A fractal dimension, Df, is required for the polymer chains, so Vo is now 
expressed as RF

d.69, 70 Consequently, eq 1.21 can be rewritten as:69, 70 

 ( )
2

2e B
e_ e G B F2

F

3

2 2
d d

v k TN
A T S S k T R

R Nb
 = −  +  =   +  . (1.23) 

To minimise ΔAe_d of RF, RF is proportional to N3/(d+2). Moreover, RF is proportional to Nν, which 
indicates that the exponent ν is equal to 3/(d+2).69, 70 For fractal dimensions 1, 2, 3 and 4, ν = 
1, 3/4, 3/5 or 0.5, respectively. If the fractal dimension exceeds 4, the contribution of elastic 
energy potential, ΔSG, is stronger than the repulsive effect arising from the excluded volume, 
ΔSe.69, 70  

 

 

1.2.2 Polymer Solutions and Flory-Huggins Mean-field Theory 

Most linear polymers can be dissolved in a suitable solvent to form a polymer solution.71 The 
Flory-Huggins mean-field theory was developed to describe the thermodynamics of such a 
system.1, 32, 33 This is a lattice theory with a number of sites, nsite. The entropy of the polymer 
solution per site, ΔSmix_FH/(kB·nsite), is given by:4 

 ( ) ( )mix_FH p_FH

p_FH p_FH p_FH

B site

ln 1 ln 1
S

k n N


  


− = + − −


, (1.24) 

where ϕp_FH is the volume fraction of the polymer. The internal energy can be described as 
the change in interactions per site, ΔUmix_FH/(kBT·nsite):4 

 ( )mix_FH

ps p_FH p_FH

B site

1
U

k T n
  


=   −


, (1.25) 

where χps is the Flory-Huggins parameter for the polymer-solvent interaction. This parameter 
is defined as:4 
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where ZFH is the bond number for each site, and εPS, εPP, and εSS are the polymer-solvent, 
polymer-polymer, and solvent-solvent interactions, respectively. Therefore, the Helmholtz 
free energy of the polymer solution per site, ΔAmix_FH/(kBT·nsite), is given by:4 

 ( ) ( ) ( )mix_FH p_FH

p_FH p_FH p_FH ps p_FH p_FH

B site

ln 1 ln 1 1
A

k T n N


     


= + − − +   −


. (1.27) 

Eq 1.27 also indicates that the chemical potential difference for the polymer chain in solution 
and in its melt, Δμp_FH/(kBT), is given by:4 

 ( )( ) ( )
2p_FH

p_FH p_FH ps_FH p_FH

B

ln 1 1 1N N
k T


   


= − − − +   − . 

 
(1.28) 

while the chemical potential difference between the solution and the pure solvent, 
Δμs_FH/(kBT), is given by:4 

 ( )s_FH 2
p_FH ps p_FH

B

1
ln 1 1

k T N


  

  
= − + − +  

 
. (1.29) 

The corresponding osmotic pressure,  , is given by:4 

 ( )p_FH 2site
p_FH p_FH ps p_FH

B site

ln 1
V

k T n N


   


= − − − − 


, (1.30) 

where Vsite is the total volume occupied by the lattice sites. 

 

 

1.2.3 Polymers in Dilute Solution 

For a dilute solution of a polymer, eq 1.27 can be rewritten as:4, 70 

 ( ) ( )mix_FH p_FH 2 3 4
p_FH p_FH ps_FH p_FH p_FH

B site

1 1
ln 1 2

2 6

A

k T n N


    


= + − + + 


, (1.31) 

In this equation, the second term with ϕp_FH
2 represents the pair interaction between 

segments. The coefficient, (1 - 2χps_FH), represents the repulsions between repeat units 
normalised with respect to the interactions between the adjacent sites. This coefficient is the 
excluded volume parameter for pair interactions, which indicates that the interactions within 
the real chain are based on changes in the polymer-solvent interaction on mixing.70 For the 
third ϕp_FH

3 term (with no coefficient related to χ), this indicated that the three-body 
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interactions of the segments are not accounted for by the excluded volume effect.70 
Compared with eq 1.22 by considering solely three-body interactions of a result that RF is 
proportional to N0.5, the third ϕp_FH

3 term indicates that polymer chains subjected to only 
three-body interactions can be regarded as ideal chains.70 

 

 

1.2.4 Semidilute Polymer Solution and Concentrated Polymer Solution 

When the polymer solution concentration increases, and the polymer chains start to overlap 
with each other (Figure 1.5), this overlap threshold density, ρ*, is defined as:4 

 3
A F

1
* bM N

N R
 = , (1.32) 

When RF is given as b·Nν, the overlap threshold density can be rewritten as:4 

 3 3 3 3 1
A A

1 1
* b bM N M

N b N N b N 


−
= = , (1.33) 

It follows that, for a real chain with ν = 3/5, ρ* is proportional to b-3·N-4/5.4 Above such an 
overlap threshold density, the density of the polymer solution is equal to the density of the 
segments of the polymer chains, which indicates that the conformations of the polymer 
chains are equivalent to the conformations of the segments. In such a polymer solution, the 
segments may be considered to be blobs that exhibit similar geometrical properties to the 

polymer chains. Therefore, the blob size, b , can be described with the number of 

segments, g, of length b, as:4 

 
b b g =  . (1.34) 

Above ρ*, the density of the polymer solution is given by:4 

 * 3
A b

1 bM g

N



 = , (1.35) 

and, according to equations 1.34 and 1.35, the blob size is given by:4 
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. (1.36) 

For a real chain, 
b  is proportional to 

3 5

4 4
* b

− −



   
   

   
. When the density continuously 

increases up to a density ρ**, the blob size is simply equal to the segment length, or:4 
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 b_ ** b = . (1.37) 

This condition corresponds to a concentrated polymer solution, for which ρ** is given by:4 
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When the density of the polymer solution exceeds ρ*, the osmotic pressure, * , is equal 

to 

1

3 1

*





− 
  

 
, which indicates that the osmotic pressure of the semidilute polymer 

solution depends on the density, rather than the degree of polymerisation.4 

 

 

Figure 1.5. Schematic presentation of dilute polymer solution and semidilute polymer solution. In dilute polymer 
solution, polymer chains are independent to each other (left). Radius of gyration, Rg, can describe the 
conformation of the polymer chains. When the concentration of the polymer chain, ρ, increases to the point that 
polymer chains entangle with each other, it requires blob model to describe polymer conformations (right). The 

radius of the blob is b, and the length of the segment of the blob is b. 

 

 

1.2.5 Phase Separation of a Polymer Solution 

For a more universal situation, the solvent molecules can be replaced by a polymer B which 
dissolves polymer A. With this modification, eq 1.27 can be rewritten as:4 

 
mix_FH pA_FH pB_FH

pA_FH pB_FH pApB pA_FH pB_FH

B site A B

ln ln
A

k T n N N

 
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
= + +  


, (1.39) 

where ϕpA_FH and ϕpB_FH are the volume fractions of polymer A and polymer B, respectively, 
NpA and NpB are the mean degrees of polymerisation of polymer A and polymer B, 
respectively, and χpApB is the Flory-Huggins parameter for polymer A-polymer B interactions.1, 
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4, 32, 33 To consider the situation where polymer chain B is replaced by polymer chain A, the 
change in chemical potential per site, ΔμArepB_FH/(kBT·nsite), is given by:4 

 ( )ArepB_FH pA pA

pA_FH pB_FH pApB pA pB pB_FH pA_FH

B site pB pB
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
, (1.40) 

and therefore, for ΔμArepB_FH = 0, χpApB is given by:4 
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(1.41) 

When ∂ΔμArepB_FH/∂ϕpA_FH < 0, this means that:4 

 pApB

pA pA_FH pB pB_FH

1 1

2 2N N

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 +

 
, (1.42) 

so there is phase separation between the two polymers. This also indicates that the 
condition for a critical Flory-Huggins parameter, χpApB_c, for no phase separation of any ϕpA_FH 

is given by:4 

 

0.5
pB

pApB pApB_c0.5 0.5
pA pB

N

N N
  =

+
. (1.43) 

 

 

1.2.6 Theories of Block Copolymer Phase Separation  

For block copolymers, their phase separation has been studied by weak segregation theory 
(WST), strong segregation theory (SST), and self-consistent field theory (SCFT).72-82 For WST,  
it indicates that the relatively small changes in energy between blocks produce the lamellar 
phase, cylindrical phase, and spherical phase in the context of diblock copolymer phase 
separation.76 In principle, the critical point for the [χpApB·NpA&pB], otherwise known as the 
diblock copolymer order-disorder transition at a given temperature, [χpApB·NpA&pB]ODT_WST_c, 
should be equal to 10.5. For the SST model, it also produced the three main classical phases. 
In this case, [χpApB·NpA&pB]ODT_SST_c was predicted to be 9.5, which is close to the WST result. 
Moreover, SST also predicts the complex gyroid , perforated-lamellar and double-diamond 
phases, which have been experimentally observed.83 However, neither SST nor WST can 
describe more complex structures. Thus, SCFT has been developed to provide more subtle 
details of phase separation.84 In this model, the polymer chains are described as coarse-
grained paths. Assuming that the volume densities of the segments of block A and block B 
are the same as ρ0, the width of the interface for SCFT (Figure 1.6) is given as:84 
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and the surface tension as:84 
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The radius (or thickness), RA, of the phase occupied by block A (Figure 1.6) can be 
determined by minimising the sum of the change in Helmholtz free energy for the polymer 
chain conformations by using eq 1.18,84 
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and the interfacial tension between the interface of block A and block B 
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as the function of RA.
84 Therefore, RA is determined to be 
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eq 1.45 for SCFT or SST, RA is given by:84 
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(1.48) 

When ν = 1, RA is proportional to NpA. Alternatively, if ν = 0.50, then RA is proportional to 
NpA

2/3. 
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Figure 1.6. Schematic representation of relatively shape diblock copolymer phase separation between block A 
(red) and block B (blue). The volume density of block red (pink) decreases from ρ0 to 0. The radius or thickness of 
block A is RA. The width between block A and block B is w. 

 

For more realistic situation, the densities of the segments of block A and block B are ρpA and 
ρpB, respectively, and the lengths of the segments of block A and block B are bpA and bpB, 
respectively. For such realistic situation, the width of the interface for SCFT is given as:85  
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and the surface tension as:85 
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where parameters pA and pB are given as (ρpA·bpA
2/6)0.5 and (ρpB·bpB

2/6)0.5, respectively.  

 

 

1.2.7 Estimation of the Flory-Huggins Parameter using Hansen Solubility 

Parameters (HSPs) 

Both classical mean-field theory and the more refined WST, SST, and SCFT approaches all 
involve the Flory-Huggins parameter. To estimate the latter parameter, solubility parameters 
can be utilised. Thus, Hildebrand solubility parameters86, 87 were introduced to estimate the 
enthalpic contribution to the Flory- Huggins parameter using the following expression: 

 ( )
2ps s

ps_H_Hb s_Hb p_Hb

A B

V
T

T N k T


  


= − = −


, (1.51) 

where Vs is the molar volume of the solvent, and δs_Hb and δp_Hb are the cohesive energy 
densities of the solvent and polymer, respectively. Such Hildebrand solubility parameters are 
limited to regular solutions and do not consider associations between segments and 
solvents. For more detailed descriptions of these associations, Hansen introduced three-
dimensional cohesive energy densities, a dispersion solubility parameter, δD, a polar 
solubility parameter, δP, and a hydrogen bonding solubility parameter, δH. Normally, the unit 
of solubility parameter is MPa0.5. These three Hansen solubility parameters are normally 
presented as [δD, δP, δH]. The enthalpic contribution to the Flory- Huggins parameter by HSP 
is given by:88, 89 
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where δD_s and δD_p are the dispersion solubility parameters for the solvent and polymer, 
respectively, δP_s and δP_p are the polar solubility parameters for the solvent and polymer, 
respectively, and δH_s and δH_p are the hydrogen bonding solubility parameters for the solvent 
and polymer, respectively. When combined with the entropic contribution90,  
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the Flory-Huggins parameter is estimated by HSP to be:89, 91 

 

( ) ( ) ( )

ps_Han ps_H_Han ps_S

2 2 2

D_s D_p P_s P_p H_s H_ps

A B

2

FH

4

4

1 1
1

V

N k T

Z N

  

     

= +

− + − + −
=

 
+ − 

 

. (1.54) 

Normally, ZFH can be chosen to be 2 or 3, and when N is huge, χps_S is either 0.5 or 0.33. The 
research of estimation of Flory-Huggins parameters by Hansen solubility parameters 
successfully interpret the solubilities of poly(methyl methacrylate), poly(ethyl methacrylate), 
poly(ethyl methacrylate) and poly(butyl methacrylate) in various solvents.92  

 

 

1.2.8 Thermodynamics of Self-assembly and Morphologies of Self-assembled 

Structures 

Amphiphilic molecules in solution typically prefer to form aggregates.93 To estimate the 

thermodynamics of such aggregates, the chemical potential of any given aggregate, 
aggi , is 

given by:93 
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  

 
= = +   

 
, (1.55) 

where 
aggi  is the chemical potential equal to the chemical potential of any other aggregates 

with a differing aggregation number, iagg is the aggregation number, 
agg

0
i is the standard part 

of the chemical potential of the aggregates with an aggregation number of iagg, and 
aggic  is the 
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concentration of aggregates possessing an aggregation number of iagg. To form aggregates 

with an aggregation number of iagg, 
agg

0
i  should be less than 

agg

0
1 . At equilibrium of a single 

amphiphilic molecule association and dissociation of the aggregates with an aggregation 
number of iagg, the concentration of aggregates with an aggregation number of iagg is given 
as:93 
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agg aggagg 1
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i
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 − 
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 

. (1.56) 

Given an aggregate of the dimensionality as Dagg with an  amphiphilic molecule-amphiphilic 

molecule bond energy of -αaggkBT, 
agg

0
i is given as:93 

 
agg agg agg

agg B0 0
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i D

k T

i


 = + , (1.57) 

where 
agg

0  is the bulk energy per amphiphilic molecule, and αagg is positive constant 

dependent on the strength of intermolecular interactions. When Dagg = 1, the aggregate is in 
rod-like structure (e.g. cylinder micelle). When Dagg = 2, the aggregate is in disk structure. 
When Dagg = 3, the aggregate is in spherical structure (e.g. spherical micelle). Combined 

equations 1.56 and 1.57, 
aggic  can be rewritten as:93 
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which indicates that 

 agg
agg

agg

agg

1
1

1

D
i

c e


 
 − −
 
  , 

(1.59) 

and thus, the critical micelle concentration, CMC, is given as the maximum of 
agg1c : 

 agg
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For the micelles with  
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where 
agg1r  is the effective radius of the monomer, and 

agg1  is the interfacial free energy per 

unit area, CMC can be rewritten as:93 

 

2
1 1agg agg

B

4

micelleCMC

r

k Te

  
−

 , 
(1.62) 

when iagg is relatively large.  

For aggregates formed by amphiphilic molecules, vpho is the volume of the solvophobic 
component, aphi is the optimal interfacial surface area occupied by the solvophilic 
component, and lpho_c is the semi-empirical critical length of the solvophobic component. For 
aggregates with an aggregation number of iagg, iagg·aphi is proportional lpho_c

2, and iagg·vpho is 
proportional lpho_c

3, which indicates that aphi·lpho_c is proportional to vpho with a coefficient 
equal to pagg. This coefficient pagg is known as the geometric packing parameter (Figure 1.7).93 
Its numerical value dictates the aggregate morphology. For pagg < 1/3, the aggregates are 
spheres. For 1/3 < pagg < 1/2, the aggregates prefer to form cylinders. For 1/2 < pagg < 1, the 
aggregates form bilayers (i.e. vesicles). For pagg = 1, the aggregates are likely to be planar 
bilayers (i.e. lamellae). To actually achieve different morphologies, sodium dodecyl sulfate 
(SDS) has been reported forming spherical micelle and cylinders in various concentration 
NaCl solution.94-96 To achieve vesicle morphology, phosphatidyl choline (lecithin)97, 
phosphatidyl serine98, and phosphatidyl glycerol99, 100 have been involved. 

 

 

Figure 1.7. Schematic representation of the packing parameter, pagg, which is given as vpho/(aphi·lpho_c), where vpho is 
the volume of the solvophobic component, aphi is the optimal interfacial surface area occupied by the solvophilic 
component, and lpho_c is the semi-empirical critical length of the solvophobic component. Different fractional values 
of pagg correspond to differing morphologies. 

 

 

1.3 Polymerisation-Induced Self-Assembly (PISA) 

Polymerisation-induced self-assembly (PISA) is a highly convenient technique for the in situ 
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self-assembly of diblock copolymer nanoparticles. In contrast to traditional post-
polymerisation processing techniques such as a solvent switch or thin film hydration,101, 102 
PISA can be used to prepare colloidal dispersions of nano-objects at up to 50% w/w solids.103 
RAFT polymerisation is the most common method used for PISA formulations.104-106 RAFT 
aqueous emulsion polymerisation can be used to access the three most common copolymer 
morphologies (spherical micelles107-112, worm-like micelles108, 110-112, or vesicles108, 111, 112). 
However, in practice kinetically-trapped spheres are often encountered109, 113-118, and unusual 
“monkey nut” morphology has been observed119. In contrast, since the first report of RAFT 
dispersion of 4-vinylpyridine (4VP) in tetrahydrofuran (THF) with macro-chain transfer agent 
(macro-CTA) dithiobenzoate-terminated polystyrene (PS−SC(S)Ph)120, RAFT dispersion 
polymerisation can be conducted in various medium. 58, 104, 105, 121-130 RAFT dispersion 
polymerisation of N-isopropylmethacrylamide with poly(dimethylacrylamide)s macro-
CTAs121, 2-hydroxypropyl methacrylate (HPMA) with poly(2-(methacryloyloxy) 
ethylphosphorylcholine) (PMPC) macro-CTA122, HPMA with poly(glycerol monomethacrylate) 
(PGMA) macro-CTA123, and MMA or benzyl methacrylate (BzMA) with PGMA-PHPMA macro-
CTA124 have been reported in water. Such dispersions can be biological area.131, 132 PISA via 
RAFT alcoholic dispersion polymerisation has been involved of the synthesis of PS with 
poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) macro-CTA in ethanol to establish 
hexagonally packed hollow hoop structure in particle125. PISA synthesis of PS with PVP 
macro-CTA in methanol 126 and polyacrylamide (PAM) in methanol/water mixture127 have 
also been studied. Also, PISA synthesis of PBzMA with poly(lauryl methacrylate) (PLMA) 
macro-CTA conducted in n-heptane as an example of non-polar solvents also provided 
spherical micelle, worm-like micelle, and vesicle morphologies.58 Another example PISA 
synthesis conducted in non-polar medium was synthesis of PBzMA with poly(stearyl 
methacrylate) (PSMA) macro-CTA in mineral oil 128. Typically, a solvophobic block is grow 
from one end of a soluble precursor block (Figure 1.8 i) to produce diblock copolymer chains 
(Figure 1.8 ii). The solvophobic block becomes insoluble at some critical degree of 
polymerisation (Figure 1.8 iii), which leads to micellar nucleation via self-assembly (Figure 
1.8 iii) and eventually to the formation of sterically-stabilised diblock copolymer 
nanoparticles (Figure 1.8 iv). The initial micellar nuclei are spherical but pagg increases as the 
solvophobic blocks grows (Figure 1.8 iv). If a sufficiently asymmetric diblock copolymer is 
targeted, this can lead to an evolution in copolymer morphology from spheres to worms to 
vesicles during the polymerisation.123 Transient intermediate structures such as jellyfish have 
also been observed by TEM during PISA syntheses (Figure 1.8).123  
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Figure 1.8. Schematic representation of the evolution in copolymer morphology during polymerisation-induced 
self-assembly via RAFT dispersion polymerisation from spherical micelles to vesicles.104, 105  

 

 

1.4 Diffusion 

The mass transport of monomer during PISA depends on diffusion.133-137 For a traditional 
diffusion process, Fick’s First law is applicable:138-143 

 
m

m m

m

J D
x


=

 , (1.63) 

where Jm is the molecular flux, Dm is the diffusion coefficient, ϕm is the number density, and 
xm is the position. However, this is not sufficient to explain the diffusion of molecules across 
a concentration gradient. To introduce the chemical potential as the driving force, the flux 
can be rewritten as:139, 141, 143 

 m m mJ v = 
, 

(1.64) 

where vm is the velocity of the molecule. If the molecules have a constant velocity resulting 
from the balance of the friction, ffri, and the driving force, Fdri, then vm can be defined as:139, 

141, 143 
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m
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F
v

f
=

. (1.65) 

The driving force for the molecules is described by their chemical potential, μm, such that:139, 

141, 143 
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Therefore, Fick’s First law can be rewritten as: 
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Thus, Dm is equal to 
B

fri

k T

f
 and, using the Stokes-Einstein equation 139, 141, 143, the friction is 

given as: 

 fri s m6f R= , (1.68) 

where ηs is the viscosity of the solvent, and Rm is the mean spherical radius of the molecule. 

 

 

1.5 Monitoring Polymerisation Reactions in Situ 

Various characterisation techniques have been used to monitor polymerisations,144 including 
transmission electron microscopy (TEM)145-147 and scanning electron microscopy (SEM)148-151 
for determining the evolution in copolymer morphology, gel permeation chromatography 
(GPC)152-154 for assessing changes in the MWD, nuclear magnetic resonance (NMR)155-157 for 
calculating the instantaneous monomer conversion and dynamic light scattering (DLS)158-161 
for examining particle size distributions. Unfortunately, most studies have focused on 
periodic sampling methods to investigate PISA syntheses,58, 104, 105, 119, 122, 129, 162-166 with 
relatively few in situ studies being undertaken.128, 144, 167, 168 In principle, various techniques 
are suitable for in situ studies.144 For example, infrared spectroscopy (IR) can be used to 
monitor monomer conversion during the polymerisation. This technique was employed to 
monitor the living anionic polymerisation of either isoprene in THF or styrene in cyclohexane, 
respectively.169 Similarly, the bulk polymerisation of methyl methacrylate has been 
monitored by in situ near-IR spectroscopy by measuring the conversion of vinyl groups to 
methylenic protons at 868 and 922 nm.170 The synthesis of polyurethanes has also been 
investigated.171 In this case, an near-IR band at 1648 nm was employed to monitor the extent 
reaction of isocyanate during the polymerisation. Furthermore, a series of in situ IR studies 
of various polymerisations conducted in supercritical carbon dioxide (scCO2) have been 
published.172-178 However, it is relatively difficult to calibrate the IR band intensity for such in 
situ IR studies.144, 178 On-line matrix-assisted laser desorption ionization (MALDI) mass 
spectroscopy (MS) studies have also been applied to monitor the RAFT polymerisation of 
methyl methacrylate.179 From peak molecular weight given by MS spectra, it successfully 
monitored the polymerisation process, but such MALDI MS required narrow MWD polymers 
to provide accurate polymerisation monitoring analysis. 

In situ NMR spectroscopy studies have been widely applied to many chemical reactions, 
including polymerisations.180-184 For controlled/living polymerisation, 1H NMR spectroscopy 
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enables the monomer conversion to be determined during polymerisation.144  For example, 
the polymerisation of styrene via ATRP185 and the polymerisation of methyl methacrylate 
using a poly(ethylene glycol) macroinitiator via ATRP19 were each monitored by in situ 1H 
NMR spectroscopy. Similarly, the RAFT aqueous emulsion polymerisation of 2-methoxyethyl 
methacrylate using a poly(glycerol monomethacrylate) precursor has been examined by in 
situ  NMR in D2O and by ex situ NMR after dilution using d6-DMSO.167 In situ 1H NMR studies 
also enabled determination of the polymer molecular weight and monomer conversion 
during the living ring-opening polymerisation of L-lactide.186 Finally, in situ 23Na and 13C solid-
state NMR spectroscopy has been used to follow the synthesis of poly(hydroxyaceticacid).187 

In situ calorimetry has been applied to monitor polymerisations.188-190 This approach has 
been employed for the terpolymerisation of styrene with n-butyl acrylate and methyl 
methacrylate via aqueous emulsion polymerization.190 In situ conductivity measurements 
were also utilized because such terpolymerisations required an ionic surfactant.144 Indeed, in 
situ conductivity studies of emulsion polymerisations are well-established,191 and models 
have been validated for the polymerisation of styrene with various surfactants.192 Such 
experiments can reveal the onset of particle nucleation, subsequent particle growth, and 
changes in the rate emulsion polymerisation.192 Similarly, the emulsion polymerisation of n-
butyl methacrylate in the presence of various concentrations of sodium lauryl sulfate has 
been reported.193 Online solution densitometry studies have been used to determine the 
instantaneous monomer conversion during the homopolymerisation of styrene, the 
homopolymerisation of methyl methacrylate and the statistical copolymerisation of styrene 
with methyl methacrylate, acrylonitrile with methyl methacrylate, and vinyl acetate with 
methyl methacrylate.194, 195 Online viscosity studies during the bulk polymerisation of N-vinyl 
pyrrolidone196 and the synthesis of polyurethanes197 enabled the determination of the 
molecular weight and monomer conversion. Online DLS studies during the synthesis of 
polystyrene, poly(methyl methacrylate), poly(butadiene-acrylonitrile), poly(styrene-
butadiene) and poly(vinyl acetate) latexes has enabled the evolution in particle size to be 
determined.198 Online SEC studies was used to assess the living radical polymerisation of 
methyl acrylate in DMSO199 and also in toluene in the presence of additives such as alcohols 
and phenol.200 In situ visible absorption spectroscopy studies during the PISA synthesis of 
poly(stearyl methacrylate)-poly(2,2,2-trifluoroethyl methacrylate) nanoparticles via RAFT 
dispersion polymerisation in n-tetradecane was reported by Cornel and co-workers.201 In this 
case, a relatively weak absorption band at 446 nm assigned to the trithiocarbonate RAFT 
end-groups enabled the conversion of 2,2,2-trifluoroethyl methacrylate to be determined 
during the polymerisation. This approach enabled the onset of micellar nucleation to be 
identified from the corresponding rate enhancement. 

Nevertheless, the above techniques typically only provide partial information such as the 
monomer conversion or the particle size during the polymerisation. A few online studies 
have involved two or more in situ characterisation techniques,144, 189, 194, 199, 200, 202 but this 
necessarily involves more complex instrument design. To overcome these difficulties, small 
angle X-ray scattering (SAXS) has been employed for the in situ monitoring of 
polymerisations. 128, 167, 168, 203-205  This sophisticated approach has been applied to the 
formation of ordered mesoporous carbons206, polyethylene207, polylactide,208 poly(vinylidene 
fluoride)209, the study of morphological transitions of poly(ethylene oxide) and synthetic 
lithium hectorite nanocomposites.210 In situ SAXS studies of morphological transitions of a 
polysulfobetaine-based triblock copolymer in 0.5 M NaCl solution have also been 
reported.211 Such triblock copolymers formed a core-shell structure at 5 °C but almost all of 
the triblock copolymer chains became soluble in water on heating to 50 °C. In situ SAXS was 
also used to study the absorption of 20 nm silica nanoparticles onto sterically-stabilised 
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poly(2-vinylpyridine) latex and the rapid redistribution of these nanoparticles that occurred 
when introducing further bare latex particles.212 The thermally-triggered release of silica 
nanoparticles from within poly(glycerol monomethacrylate)-poly(2-hydroxypropyl 
methacrylate) diblock copolymer vesicles was also monitored by in situ SAXS.213 These 
experiments confirmed complete vesicle disintegration and hence silica nanoparticle release 
occurred within 8 min at 0 °C. The morphological transitions exhibited by poly(glycerol 
monomethacrylate)-poly(2-hydroxypropyl methacrylate) diblock copolymer vesicles that 
occurred on addition of 3-aminophenylboronic acid at pH 10.5 was studied by in situ SAXS.214 
In this case, the vesicles were gradually transformed into a binary mixture of spheres and 
worms within 45 min. Such in situ SAXS results were also confirmed by ex-situ TEM results. In 
situ SAXS studies of the rheological behaviours of poly(isoprene-ethylene glycol) in dioxane 
at 20% w/w solids injected in water in SIFEL microfluidic device and capillary 
interdiffusion.215 This research observed the self-assembled aggregate formation during the 
mixture process. And it indicated that in situ SAXS studies could observe rapidly 
morphological transition of diblock copolymers on time scale of milliseconds. Another 
thermally triggered morphological transition research observed in situ SAXS method of 
poly(stearyl methacrylate)-poly(benzyl methacrylate) in mineral oil at 10% w/w solids 
presented a transition from vesicle to worm-like micelle.216 

To monitor polymerisation in situ, numerous research of PISA process via RAFT synthesis of 
self-assembled particles have been reported. 128, 167, 168, 203-205  The PISA process via RAFT 
synthesis of poly(stearyl methacrylate)-poly(benzyl methacrylate) in mineral oil at 10% w/w 
solids was recorded by in situ SAXS method.128 This research recorded the morphological 
transition of poly(stearyl methacrylate)-poly(benzyl methacrylate) from soluble copolymer, 
spherical micelle, worm-like micelle to vesicle as final product. Meanwhile, it revealed the 
membrane thickness evolution of the diblock copolymer vesicle. Also, this research indicated 
a potential acceleration effect of the rate of polymerisation by X-ray compared with ex situ 
1H NMR results. However, benzyl methacrylate monomer conversion given by SAXS was not 
directly provided by SAXS modelling. Poly(methyl methacrylate-styrene) via RAFT synthesis in 
scCO2 has been observed by in situ SAXS method, and phase diagram of poly(methyl 
methacrylate-styrene) have been presented according to in situ SAXS patterns and the extra 
evident as ex-situ TEM results.203The PISA process via RAFT synthesis of poly(glycerol 
monomethacrylate)-poly(2-methoxyethyl methacrylate) in water at 10% w/w solids was 
recorded by in situ SAXS method.167 At the scattering vector equal to 0.025 Å-1, the 
nucleation of diblock copolymer particles during RAFT synthesis could be observed by the in 
situ SAXS patterns. This research also presented in situ 1H NMR results for monomer 
conversion, but it was lack of comparison between in situ SAXS results and in situ 1H NMR for 
chemical kinetic perspective. The PISA process via RAFT synthesis of poly(glycerol 
monomethacrylate)-poly(2-hydroxypropyl methacrylate) in water at 10% w/w solids was 
recorded by in situ SAXS method.168 This in situ SAXS studies also recorded diblock copolymer 
morphological transition from soluble copolymer, spherical micelle, worm-like micelle to 
vesicle. Similarly, it also presented the membrane thickness evolution of the diblock 
copolymer vesicle, and the mechanism of such evolution was similar with the results of 
poly(stearyl methacrylate)-poly(benzyl methacrylate) RAFT synthesis. 128 Research targeted 
to monitor the particle nucleation and particle growth process of PISA process via RAFT 
synthesis measured by in situ SAXS method has been reported.204 The PISA process via RAFT 
synthesis of poly(N-acryloylmorpholine-N-acryloylthiomorpholine) in water was observed by 
in situ SAXS. This research presented the changes of particle size, aggregation number during 
PISA process via RAFT synthesis. Also, it concluded that the rate-limiting process in PISA 
process via RAFT synthesis should be the rate of polymerisation, and it also revealed the rate 
of nucleation process was relatively faster than polymerisation. in situ SAXS studies of PISA 
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process via RAFT synthesis of poly(hydrogenated polybutadiene-benzyl methacrylate) in n-
dodecane at 40 % w/w recorded the morphological transition from body-centred cubic 
sphere phase to the mixture of hexagonal close-packed sphere phase and hexagonal cylinder 
phase.205  

 

 

1.6 Small Angle X-ray Scattering (SAXS)  

Small angle X-ray scattering (SAXS) has been applied to monitor various PISA syntheses in 
situ.128, 167, 168, 203-205 Such SAXS data require detailed analysis to fully understand the various 
molecular and supramolecular processes that occur during PISA. The following sections 
provide an experimental perspective for SAXS and the various scattering models.  

 

1.6.1 Small Angle X-ray Scattering Experiments 

An X-ray scattering instrument consists of a radiation source, a monochromator, a collimator, 
a sample holder, and a detector.217 Typically, the X-ray wavelength ranges from 10-2 to 102 Å, 
but it requires a narrow range from 0.5 to 2.5 Å for analysis of most chemical structures.217 
Widely used metals for generating such X-rays include Cu and Mo. For a higher intensity X-ray 
flux, liquid metals such as Ga, In and Sn have been developed. In each case, an excitation 
voltage is applied to the metal to eject K shell electrons, and the excess energy triggers the 
emission of X-rays of the desired wavelength. Typical X-ray wavelengths for CuKα, MoKα, 
GaKα are 1.5, 0.7, and 1.34 Å, respectively.217 For more precise measurements and the best 
possible temporal resolution, a synchrotron X-ray source provides a high intensity beam. In 
this case, an X-ray beam is generated from electrons accelerated by an intense magnetic 
field. This produces a much greater flux than traditional laboratory-based instruments. The 
scattered x-ray photons are collected by the detector.217 Since the intensity decays rapidly 
from the beam centre, a detector with a particularly wide range in intensity is desirable. 
Otherwise, information would be lost either at high intensity close to the centre or at low 
intensity far away from the centre.218 Also, the detector should be sufficiently sensitive to 
detect photons arising only from the X-ray source and enable capture of high-quality frames 
as quickly as possible. Most detectors either comprise a charge-coupled device (CCD) or 
utilise a complementary metal-oxide-semiconductor (CMOS).218 A CCD has a relatively slow 
response time but CMOS can suffer from low resolution. CCD errors can occur when 
collecting pixel data from each line. Also, CMOS can accept a higher range of intensity. One 
of the acceptable CCD detectors is PILATUS 1M,219 which has been widely used for SAXS data 
collection.220 The X-ray intensity recorded by the detector is the total intensity, I, from all 

scattering angles. To identify the intensity at a particular angle, 2, the specific 

corresponding area on a detector that is placed at a distance L from the sample, σ, is 

defined by its solid angle, . Given the incident intensity, Ii, the differential scattering cross-

section of the sample per unit solid angle is 
d

d




 can be generated by 2

id dIL I  =  (Figure 

1.9), and therefore, this differential scattering cross-section is defined as,  
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Figure 1.9. Schematic representation of SAXS data (yellow) collection of the sample (light blue) by detector (dark 

blue) at angle of 2. The distance from sample to detector is L. At solid angle , the specific corresponding area 

on a detector is σ. 

 

The differential scattering cross-section has units of cm2 and should be normalized by the 
sample volume, Vsample,221  

 
sample

d 1 d

d dV
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, (1.70) 

The units for the differential scattering cross-section per unit sample is cm-1.  

Since the X-ray intensity recorded by the detector includes background signals, this 
contribution requires subtraction from the sample signal. Background signals include 
electronic noise, beam tails, and, most critically, scattering from the sample cell and 
solvent.221  

In an X-ray scattering experiment, just a few photons meet the electrons and elastic 
scattering can be assumed, which means that there is no energy transfer between the X-ray 
and the electrons. Given their low collision probability, each X-ray photon is scattered just 
once by the sample. Since the X-ray wavelength is much smaller than the size of molecules, 
the photon scattering obeys Raleigh-Debye-Gans (RDG) theory. For unpolarized X-rays, the 

differential cross-section of a single electron, 
e

d

d
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, is given by, 
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Here, re is the classical electron radius such that:  
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where clight is the speed of light, and e is the elementary charge. As a result, the scattering 
length, be, is given by: 
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Thus, the scattering length of the molecule (cm-2) at a small scattering angle, , is given by:  
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where Vmolecule, ρmolecule, and Mmolecule is the volume, density, and molecular weight of the 
molecule. Here n is the number of one type of atom with z electrons, and therefore 
 
 
 


molecule

n

i i

i

n z  is the total number of electrons per molecule. To determine the location of 

molecules in a scattering experiment, the contrast after subtracting backgrounds should 
reveal the distribution of the objects of study.  

When an incident flux, Ji (cm-2·s-1), is applied to a sample with thickness of d and scattering 

length  recorded by a detector placed at a distance, L, with an efficiency, η, at an angle 2, 
the incident intensity per second from an aperture of area Aape is given by,  

 i ape iI A J=   , (1.75) 

and the intensity recorded at an angle 2  is written as,  

 ( ) ape i

d

d
I A J d T 


=     


, (1.76) 

where T represents the transmission of the sample, which is defined as,  

 
d

dT e e
−

− = = , (1.77) 

where μ is the linear attenuation coefficient and Λ is the mean free path of the radiation. For 
X-ray scattering, the mean free path, Λx, is around 0.01 to 1 mm. For a given instrument, the 

product·, η·Aape·Ji·, or Ii·, is a constant, CI. Thus, the intensity at  can be written as,  
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Thus, intensity depends on the thickness of the sample, transmission, and differential cross-
section per sample volume. The sample transmission is defined as,  

 
( )

S

i

0 dI
T e
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 −
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=
= = . (1.79) 

Therefore, the intensity of the background, ISB, and the intensity of the sample and the 
background, ISB+S, is given by the transmissions of the background, TSB, and the sample and 
the background, TSB+S, respectively, according to the following relation: 
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=

=
. (1.80) 

 

1.6.2 Small Angle X-ray Scattering Theory 

Based on the concept of wave-particle duality of photons, X-rays can be defined in terms of a 
wave model at time t,  

 ( ) ( )
0,

i k r t
E r t E e

 −
=

.
 (1.81) 

where E0 is the X-ray amplitude, r  is the position of the photons, ω is the angular frequency, 

and k  is the scattered wave vector (Figure 1.10). The magnitude of k , k, is given by,  

 
2

k k



= =

. 
(1.82) 

When an X-ray with a wave vector 
0k  is scattered by one particle through an angle 2 , the 

difference between the scattered wave vector, k , and the original is,  

 0q k k= −
. 

(1.83) 

Here q  is termed the scattering vector, and its magnitude is given by the following relation:  

 





= =
4

sinq q . (1.84) 
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Figure 1.10. Schematic representation of the scattering vector, q  (green arrow), as defined by the wave vectors 
0k

(red arrow) and 
0k (purple arrow). The wave vector

0k  is scattered by the scatterer (denoted by the blue sphere) and 

hence becomes k . The angle formed between the wave vectors k  and 
0k  is 2.  

 

 

The formula for the amplitude of a scattered X-ray for one particle in a medium is given by 
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− = −  , (1.85) 

where L is the distance between the sample and the detector. In a discrete system, the 
number of this type of particles is N, so the amplitude of such particles in a medium is given 
by 
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where 
jR  is the position of the particle j. However, the detector records the X-ray intensity 

but not its amplitude, and the intensity of this X-ray amplitude is the square of its absolute 
value:  
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(1.87) 

The X-ray detector provides an ensemble average of the scattered X-ray intensity, 
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( ), , ,SI q R r t . Combined with equations 1.69 and 1.70, and assuming that the particle 

positions are relatively settled during data acquisition, it gives 
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The expansion of the differential cross-section is given by  
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(1.89) 

In particular, we can define the form factor, P(q), and structure factor, S(q), using this formula 
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(1.90) 

 

Therefore, the differential cross-section per volume is given by 
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where np/V is the number density of particles in the system. Since this formula separates the 
particle structure from the distribution of particles in the medium, it can be simplified in the 
cases of a dilute system by equating the structure factor to unity. Thus, it directly presents 
the particle structure in this case. 

For an isotropic system, the amplitude of the form factor is given by 
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For hard spheres (Figure 1.11), this amplitude could be rewritten as 
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For the case of a shell of radius of Rsh (Figure 1.11), the amplitude can be rewritten as  
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Figure 1.11. Schematic presentation of SAXS patterns of I(q) = As
2(q) (red) and I(q) = Ash

2(q) (blue) of the hard shell 
and shell of both radii, Rs and Rsh, of 10 nm. 

 

Structure factor should be introduced to account for scattering from concentrated 

systems.222 In a discrete system with Np particles, consider a particle at a position pR . The 

average number density in this region, ( )pR , could be given by the product of the average 

density of whole material,  , and a correlation function, ( )pg R , such that 

 ( ) ( )p pR g R =  , (1.95) 

where the correlation function ( )pg R  is the radius distribution function (RDF) or pair 

correlation function. This function is a special case of a pair distribution function (PDF) when 
there is no orientation dependence. However, the last formula is for one-particle density, so 

more generally for Np-particle density, ( ) ( )p

p-  
N

iR ， ， , with position of particles, p-iR , the 
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ig R， ， , is ( ) ( ) ( ) ( )p pp

p- p-    
N NN

i iR g R = ， ， ， ， . 

In particular, when considering the distance between any two particles, the second-order 

correlation function, ( ) ( )2

p-1 p-2,g R R , or simply ( )pg R , should be introduced to define the 

interaction or interference between two particles. Meanwhile, ( ) ( )p

p-  
N

iP R， ， , for Np-

particle density, the ( ) ( )p
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N
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In the case of a two-particle density, the second-order correlation function, ( )g R , can be 

rewritten as,  
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(1.96
) 

By confirming the possibility of configuration for two-particle density, the second-order 
correlation function can be rewritten as 223 
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Referring to the structure factor given in 1.90, the 
( )j kiq R R

e
−  −

 term can be rewritten via Dirac 

Delta Function as224 
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As a result, the structure factor can be rewritten as 225 
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However, at q = 0 this structure factor formula fails because there is no information to 
identify the distance between particles. Hence at q = 0 a modified structure factor, Smod(q), is 
introduced to eliminate excess counting, 221 
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) 

Given the correlation between form factor amplitudes, the differential cross-section can be 
rewritten as, 221 
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Since q can be viewed as a way to measure particular regions within particles66, when q R  

becomes greater, the signal provides information on the particle size, shape and internal 
structure. This provides a practical method for fitting the data when selecting the specific 
region for corresponding parameters. This concept can be considered as a fundamental 
axiom for SAXS. At high q, the intensity is proportional to q-4, which is known as Porod’s 
law217. At low q, the intensity, I(q), is proportional to the following term 
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2 2 3
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  , (1.103) 

which indicates that the volume or size dominates the scattering data.  

For a dilute system, the scattering intensity given by eq 1.87 can be rewritten as: 
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The term, ( ) ( ) ( )
( )

2

'

' , ', '
V r

r r r t r t dV r   −  , in eq 1.104, is defined as the pair distance 

distribution function (PDDF) or p(r), which can be also given as: 
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In principle, PDDF analysis can provide valuable information on the size and structure of 
monodisperse particles. Different particle shapes can be characterised by particular PDDF 
results (Figure 1.12). A few research have invited PDDF analysis for self-assembled 
particles.226-233 However, in practice, for polydisperse particles it can be challenging to 
determine such information. Furthermore, suitable scattering models may be required to fit 
the SAXS patterns to provide deeper insights. Various models have been developed for the 
analysis of hard spheres, spherical micelles, cylindrical micelles and vesicles.234, 235  

 

 

Figure 1.12. Scattering intensities (left) and pair distance distribution functions (PDDF) (right) calculated for solid 
sphere (black), prolate ellipsoid (red), oblate ellipsoid (blue), dimer (green) and cylinder (cyan) (top cartoons).236 

 

 

1.6.3 Small Angle X-ray Scattering Model for Characterisation of Polymers and 

Polymer Aggregates 

Models for polymer chains can be generally divided into ideal and real chains. The difference 
between these two concepts is that real chains have no overlap between each polymer 
segment, whereas this constraint is ignored for ideal chains.4 The mean repeat unit length for 
a polymer chain is termed the step motion, b. Both models assume a distribution of bond 

vectors, ir , or displacement vectors, ir , between two neighboring units. As for real chains, 

since the minimum distance between two repeat units is the length of the repeat unit itself, 
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b, the distance between any two vectors should be never placed closer than b. This 
proprietary zone for each bone vector is called the excluded volume, ve. For a random walk 
model, the mean square distance between the mth and nth repeat units can be written as 

 ( )
2 22

m nr r b m n


− = − . (1.106) 

where exponent ν has been defined in discussion after the minimising of ΔAe_d of RF in eq 
1.23. For polymer chains with a mean degree of polymerisation, Rg, with N Kuhn segments is 
given by 
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In the context of SAXS analysis, the amplitude of polymer chains in a theta solvent is given by 
the following formula,237 
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Generally, the scattering intensity, ( )
2

F q , is the average of all possible chain 

configurations and is given by234  
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Thus, the form factor, ( )P q , of the polymer chains is 
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Since high molecular weight polymers comprise many repeat units, the summation could be 
replaced by an integral and certain terms that approach zero can be eliminated. Thus, this 
form factor can be rewritten as  
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where ( ) a  is the Gamma Function and ( ) ,a x  is the upper incomplete Gamma Function. 

This form factor suggests that two fitting parameters should be used. However, an ideal 
chain model with a constant Flory exponent of 0.50 is more concise than real polymer chains 
and the former is more convenient to model the chain structure.238 In this case, the form 
factor is termed the Debye function, , as given by238, 239 In this case, the form factor is termed 

the Debye function, ( )chainP q , as given by238, 239   
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The Debye function has only one parameter, Rg, and hence provides a more expedient fit 
without invoking Gamma Functions. 

Although spherical micelles are aggregates of copolymer chains, the high-density cores 
formed by the hydrophobic blocks can be described by a simple sphere model. Since the 
hydrophilic blocks extend into the solvent, models for the spherical micelle corona must 
remain consistent with a polymer chain model. Thus the cross-section of a spherical micelle 
consists of four components: (i) the self-correlation of the core, (ii) the self-correlation of the 
corona chains, (iii) the correlation between the core and corona chains, and (iv) the 
correlation between corona chains.240 Hence the general form factor of the spherical micelle, 
Pmicelle(q), is given by 
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(1.113) 

where Nagg denotes the aggregation number for the spherical micelles and core and corona 
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are excess scattering lengths of the core and the corona, respectively. These latter two 
parameters are given by  
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where Vcore and Vcorona are the volumes of the core and the corona chains and ρcore, ρcorona and 
ρsol are the scattering lengths for the core, corona, and solvent, respectively. Finally, Acore,micelle 
and Acorona,micelle are the amplitudes of the core and corona. As mentioned above, the core can 
be modelled using the simple sphere model. However, there may be a concentration 
gradient for the hydrophilic corona switching to a hydrophobic core, or vice versa 
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where σt is the width of the interface between core and corona. Combined with equations 
1.94 and 1.108, the spherical micelle corona can be represented as,  
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where d is a parameter for simulation of the non-penetration of the corona chains within the 
core, and d lies close to unity.241  

The primary scattering model for cylinders should combine the form factors for rods and 
disks. The general form factor is similar as the form factor for a spherical micelle, 241, 242 
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where < Acore,worm(q, Rw, Lw,  w)> and < Acorona,worm(q, Rw, Lw,  w)> are the ensemble-average of 

the configuration of the worm core radius Rw and the length of worm, Lw. Here w is the 
azimuthal angle defined by spherical coordinates. These two terms are written as  
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) 

where Jn(x) is a Bessel function for integer values of n. Nevertheless, real diblock copolymer 
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worms do not behave as ideal cylinders, and instead behave more like polymer chains with a 
much larger radius. Therefore, the concept of Kuhn segment length and contour length 
should be considered within the model.243 Such models, with and without excluded volume 
effects, have been developed to fit SAXS patterns obtained for worm-like micelles.168, 216, 244  

The vesicle form factor is given by 
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The amplitude of the vesicle form factor can be derived from the following formula, 
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where Rout and Rin are the outer and inner vesicle radii, respectively, Vs(Rout) is the volume of 
a sphere of radius Rout, and Vs(Rin) is the volume of a sphere of radius Rin. Taking the 
membrane thickness to be tsh, the two radii are defined by a mean shell of radius RV such 
that  
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Vs(r) is defined as the volume of a sphere of radius r: 

 ( ) 3
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The prior micelle corona treatment can also be applied to vesicles:  
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) 

The structure factor should be included, if required. 

To calculate the number density of the particles, np/V, it may require calculating the total core 
volume of a single copolymer aggregate, Vagg, is defined as,  
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where ρp is the polymer density to provide the volume of a single core block chain, Vp. 
Ideally, the geometrical volume occupied by the aggregate is identical to the volume 
occupied by the self-assembled copolymer chains. However, in practice the insoluble chains 
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are plasticised by solvent, which leads to swelling. Defining the solvent volume fraction as 
xsol, the aggregation number can be written as  

 ( )geo

agg

agg,core

1
V

N xsol
V

= − , (1.125) 

where Vgeo is the geometrical core volume of the aggregates. For spherical micelle, worm-like 
micelle and vesicle models, these volumes are given by:  
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Figure 1.13. A schematic Schematic presentation of spherical micelle, worm-like micelle, vesicle from left to right 
as aggregates in small angle X-ray scattering research of polymerisation-induced self-assembly process. To describe 
the aggregates, necessary parameters are required:  Rg of each type of aggregate is radius of gyration of corona 
block of block copolymer. Rc is core radius of spherical micelle structure. Rw is core radius of worm-like micelle 
structure.  Lw is length of worm-like micelle structure. Rv is the centre radius of vesicle structure. Rv is the centre 
radius of vesicle structure. Rin and Rout are inner and outer radius of the core of vesicle. tsh is membrane thickness 
of the vesicle. 

 

For the structure of SAXS modelling of self-assembled nanoparticles, Percus–Yevick 
approximation or Percus–Yevick equation (PY) is one of the options for hard sphere (excluded 
volume) interactions.245 This approximation derives the structure factor for hard spheres to 
be 
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where RHS is the half closest distance between the centers of the particles, A is equal to 2qR, 
and Veff is the effective volume for PY. The effective volume of the structure can be taken to 
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be the particle volume fraction. The formula, G(A), is given by 
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where
effV , 

effV , and 
effV  are defined as 
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(1.129) 

Thus, the mean distance between neighbouring particles (or spherical micelles) can be 
determined. and an example of particle distance and determination is shown in Figure 1.14. 
For the particles carrying charges, Hayter-Penfold Rescaled Mean Spherical Approximation 
(RMSA) structure factor can be accepted246, 247, which provides the effective radius of 
charged spherical particle, volume fraction of spherical particle, the number of charges on 
sphere (in electrons). 

 

 

Figure 1.14. SAXS patterns of S(q) as Percus–Yevick approximation when the half closest distance between the 
particle (red) centres RHS = 100 Å and the effective volume Veff = 0.3. The first peak is located at q = 0.0314 Å-1. 
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1.7 Thesis Outline 

The law of conservation of mass is combined with a population balance model to improve 
SAXS scattering models to study the self-assembly of diblock copolymer nanoparticles via PISA 
in Chapter 2. This enabled both chemical kinetics and mass transfer to be considered during 
such syntheses. In Chapter 3, in situ SAXS data acquired during the PISA synthesis of 
poly(stearyl methacrylate)-poly(benzyl methacrylate) (PSMA31–PBzMA2000) spherical 
nanoparticles in mineral oil are analysed to validate this new analytical approach. In the 
following Chapter, the very early (pre-micellar nucleation) stages of this PISA formulation are 
considered in detail. In Chapter 5, the PISA synthesis of poly(2-(dimethylamino)ethyl 
methacrylate)-poly(benzyl methacrylate) (PDMA43-PBzMA200) nano-objects in an 80/20 w/w 
ethanol/water mixture is analysed using the same methodology. Finally, the population 
balance concept is also applied to the formation of poly(2,2,2-trifluoroethyl 
methacrylate)/silica nanocomposite particles via conventional free radical polymerisation in 
Chapter 6. Finally, overall conclusions and prospects for future work are discussed in Chapter 
7. 
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Chapter 2 

The Development of Small Angle X-ray Scattering Models for Free Radical Polymerisation 
Chemical Reaction Kinetic Analysis: Example of Polymerisation-Induced Self-Assembly via 
RAFT 

 

 

2.1 Introduction 

In Chapter 1, to monitor polymerisation and polymer behaviours in-situ, various techniques have 
been involved.1-26  According to these research, monomer conversion can be observed by in-situ 
infrared spectroscopy (IR)1, on-line and in-situ NMR spectroscopy2-6, in-situ Calorimetry studies7-9, 
in-situ conductivity studies10, on-line densitometry studies11, 12, on-line viscosity studies24, on-line 
DLS studies25. Molecular weight and its distribution can be observed by on-line mass spectroscopy 
(MS)23, on-line SEC studies26. However, only on-line viscosity studies24 could reveal the viscoelastic 
properties of the polymer. Also, not all methods can easily to determine monomer conversion.10 
For in-situ infrared spectroscopy (IR), it required the calibration to finalise the characterisation of 
monomer conversion.1 Small angle x-ray scattering has also been involved to monitor 
polymerisation, including polymerisation-induced self-assembly (PISA) via reversible 
addition−fragmentation chain-transfer (RAFT) synthesis17-22. Nevertheless, these research have not 
revealed monomer conversion with the analysis of particle nucleation and particle growth. 
Meanwhile, SAXS models including eq 1.91 provide theoretical evident to measure number density 
of particles in the system. This indicates that the volume fraction of particles and further volume 
fractions of the compounds in the system. This also means that monomer conversion can be 
calculated after reaching the measurement of the volume fractions of the compounds in the 
system. 

Herein, to measure the compounds in system in order to achieve the measurement of monomer 
conversion with abundant self-assembled particle properties, SAXS models for self-assembled 
particles are developed with mass balance to confine the volume fractions of the compounds in 
the system in this Chapter. After extracting the information of the volume fractions of the 
compound in the system, chemical kinetics of RAFT synthesis can be discussed quantitively. Further, 
mass transfer between the particle and medium is also available to be described quantitively.  

 

2.2 SAXS model for analysis of PISA via RAFT synthesis 

Herein, for the simplification of PISA process via RAFT synthesis, only spherical micelles are 
assumed for the products of self-assembled diblock copolymers. Considering previous results 
obtained by TEM and NMR,27 the whole process of PISA of diblock copolymers can be subdivided 
at least into 5 stages (Figure 2.1). The stage 1 is associated with the preparation of a reagent 
mixture including solvent, macromolecular chain transfer agent (macro-CTA), composed of the 
stabiliser solvophilic block, and a monomer for synthesising the second solvophobic block. It is 
expected that all components are homogeneously distributed in the reaction vessel (Figure 2.1, 
Stage 1). The beginning of the second block polymerization, converting macro-CTA into an initially 
soluble diblock copolymer, is associated with the stage 2. Again, all reagents and the reaction 
products are homogeneously distributed in the reaction vessel (Figure 2.1, Stage 2). The moment 
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when the degree of polymerization of the second block of the copolymer reaches a critical level, 
corresponding to the transformation of the second block from originally soluble into an insoluble 
solvophobic block, is defined as the beginning of the stage 3. During this stage the synthesised 
diblock copolymer, becoming amphiphilic, self-assembles into spherical micelles and the system 
component distribution in the reaction vessel is not homogeneous anymore (Figure 2.1, Stage 3). 
The increase of the polymerization reaction rate at later stages of PISA, observed in the previous 
studies28, has to be associated with the micelle formation resulting in a redistribution of the 
monomer in the reagent mixture. It is likely to expect that the monomer, more affine with the 
synthesised second block than with the solvent,29 transfers into the spherical micelle core localising 
next to the active copolymer chain end and creating optimal reaction conditions accelerating the 
second block polymerization. Thus, after the copolymer self-assembly the polymerization occurs 
in the core of the spherical micelle and this period of the reaction is assigned to stage 4. The 
monomer is preferably localised in the micelle core while the solvent molecules are mostly outside 
of the micelles (Figure 2.1, Stage 4). When all monomer molecules in the reaction vessel are 
consumed, the polymerization terminates and the final stage 5 is reached (Figure 2.1, Stage 5). In 
brief, following the reaction order the stages could be described as the reagent mixture preparation 
(stage 1), the polymerization initiation (stage 2), the beginning of copolymer self-assembly (stage 
3), the monomer transfer into micelle core (stage 4) and the reaction termination (stage 5). It can 
be expected that at a higher degree of the solvophobic block polymerization the spherical micelles 
transform into worm-like micelles and, subsequently, into vesicles.30, 31 However, this study is 
focused on the formation of spherical micelles only. Based on the described route of the PISA 
process, a structural model for analysing TR SAXS data collected in situ during the reaction can be 
established. 

 

 

Figure 2.1. A schematic presentation of PISA process subdivided into five stages. The first stage (Stage 1) 
corresponds to the initial reagent mixture represented by a soluble macro-CTA (blue curved lines), a monomer 
feeding the synthesized second block (red circles) and a solvent (green circles). The second stage (Stage 2) 
corresponds to the initiation of polymerization occurring on the macro-CTAs and producing soluble diblock 
copolymers with a short second block (red curved lines attached to the blue lines).27 The following third stage (Stage 
3) is associated with diblock copolymer self-assembly into nanoparticles (spherical micelles). The micelle core may 
encapsulate some monomer and solvent at this stage. The fourth stage (Stage 4) is related to the monomer 
transferring into micelle core resulting in polymerization occurring in the hydrophobic core of the self-assembled 
nanoparticles. At this stage, the, solvent may be gradually excluded out of the hydrophobic core. The stage five 
(Stage 5) corresponds to the reaction termination when all monomer is consumed. 
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Based on the chemical reactions and the self-assembly process taking place during PISA via 
RAFT27, 31, 32 (Figure 2.1) a number of assumptions can be made to simplify derivation of the 
structural model. First, over a course of the reaction total mass of the reagents and/or 
products of the reaction virtually does not change. More specifically, the masses of solvent 
and hydrophilic block (macro-CTA) as well as the total mass of monomer and synthesised 
hydrophobic block remain constant. Second, the reaction temperature and pressure are 
constant and density of each compound of the system does not change during PISA. Thus, 
volume of each compound can be calculated from its mass at any time of the reaction and the 
respective scattering length densities, related to the compound mass densities, can be 
considered as constants. This assumption also means that mass density, as well as scattering 
length density, of the diblock copolymers is independent of their state, that is either they are 
dissolved in solution or self-assembled in aggregates (spherical micelles). Third, all synthesised 
diblock copolymers have the same composition and the same degree of polymerization. 
Therefore, the monomer conversion value can be used to calculate the number of repeat units 
of the hydrophobic block, and the calculated number can be applied to all diblock copolymers 
without considering polydispersity of the molecule composition. The degree of polymerisation 
is used to calculate the aggregation number of the spherical micelle. Fourth, all spherical 
micelles formed by self-assembled diblock copolymers have the same chemical composition 
and, therefore, contain the same volume fraction of compounds in their core. Fifth, the system 
is closed and homogeneous. Thus, all elemental volumes of the system have the same 
composition at a given time and equally represent the whole system. This assumption also 
means that there are no precipitates formed as well as no gas exchange over the reaction 
course. These requirements are commonly achievable in a real experiment by sealing the 
reactor and, sometimes, by stirring the reagents19. Sixth, a number of diblock copolymers 
assembling in a micelle can vary. Thus, radius of the spherical micelles can have a disperse 
distribution. And the distribution is assumed as Gaussian distribution for simplification of SAXS 
modelling instead of the possible Lifshitz–Slyozov–Wagner (LSW) distribution33. 

In general, a scattering signal originating from the studied system at different stages of the 
reaction has to be composed of scattering from the solvent and monomer molecules, a 
homogenous polymer (macro-CTA), diblock copolymer chains (macro-CTA extended by the 
synthesised second block)34, and/or diblock copolymer spherical micelles35. In addition, 
depending on the component concentration, the scattering signal should be affected by inter-
component interactions in the system. Thus, a scattering equation of this system should be 
comprised of two sets of terms: a set associated with the shape and the internal structure of 
the scattering objects and a set describing their interactions between each other. The macro-
CTA volume fraction in the initial reaction mixture is typically around 2% v/v, and it is likely 
that at the end of stage 3 the volume fraction of the synthesised diblock copolymer (and the 
formed micelles) is (are) at a comparatively low concentration level. Thus, interactions 
between the scattering objects can be neglected at the early stages of this synthesis. Thus, for 
the first three stages, the general equation of the total scattering intensity (differential 
scattering cross-section per unit sample volume) can be expressed as a combination of 
scattering terms from m kinds of individual objects: 
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where q is the scattering vector length (q = 4πsin/λ , where  is one-half of the scattering 
angle and λ is the radiation wavelength) (scalar form of the equation is considered); Ii(q), ϕi 
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scattering length density of the components)  and the structure factor of the ith kind of the 

individual objects, respectively, and i represents ni-tuple of structural parameters with broad 
dispersity describing ith kind of the individual objects. At the later stages 4 and 5 (Figure 2.1), 
when the synthesised copolymers mainly assemble in micelles and there are virtually no free 
polymers in the system,36-39 the number of types of individual objects reduces to unity (m = 1). 
In addition, since the solvophobic block degree of polymerization (DP) increases and the 
associated concentration of micelles growths, the inter-micelle interactions have to be 
counted. Thus, the scattering intensity (eq 2.1) for the last two stages can be modified as: 

 ( )

( ) ( ) ( )

( ) ( )
( )

sm

sm

sm sm sm sm sm sm sm

0
tot sm sm bg

sm sm sm sm sm

0

, ,

1

n

n

F q S q d

I Iq

V d

 





    

= + −

   





 (2.2) 

where subscript “sm” denotes terms corresponding to the spherical micelle morphology, and 

Fsm(q, sm) and Ssm(q, sm) are functions describing both the form factor and the structure 
factor of the micelles40. Since only one monomer and one macro-CTA was used in the studied 
system, equations 2.1 and 2.2 can be rewritten for each stage as: 

 ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

tot pc pc pc bg

tot pc pc sm sm pc sm bg

tot sm sm sm bg

1 , for stage 2

1 , for stage 3

1 , for stages 4 and 5

I I Iq q q

I I I Iq q q q

I I Iq q q

 

   

 

 = + −


= + + − −


= + −

 

(2.3) 

(2.4) 

(2.5) 

where ϕpc is the soluble polymer chain volume fraction, and Ipc and Ism are the scattering 
intensities of the soluble polymer chains and the spherical micelles, respectively, representing 
the term with integrals in equations 2.1 and 2.2. 
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The total scattering intensity is proportional to the component volume fractions (equations 
2.1 - 2.5). In general, the total volume of the materials in the studied system composed of 
liquid and polymer components can be expressed as: 

 tot liq polV V V= + , (2.6) 

where Vliq and Vpol are the total volumes of liquid and polymer components, respectively. 
Making an assumption of mass conservation for PISA via RAFT, additional relationships 
between the volume fractions can be established. The total volume of the synthesised diblock 
copolymer at a particular time of the reaction can be expressed as 

 
ini_mon br

pol co br

co br

m m
V V V conv

 
= + =  + , (2.7) 

where Vco is the hydrophobic block total volume which can be calculated from the monomer 
conversion (conv) the initial monomer mass (mini_mon) and the hydrophobic block mass density 
(ρco), and Vbr is the hydrophilic block total volume calculated from the macro-CTA (hydrophilic 
block) mass (mbr) and the hydrophilic block mass density (ρbr). 

Considering that only one specific monomer and a solvent or a mixture of solvents are used 
for the reaction, the total volume of liquids present in the system can be expressed as: 

 
= =

= + = + = + 
sol sol

sol

liq mon sol mon sol mon
1 1 sol

n n
j

j
j j j

m
V V V V V V , (2.8) 

where Vmon is the volume of monomer remaining in the system, Vsol is the solvent volume 
composed, in general, of nsol components and Vsolj is the volume of jth solvent component 
defined as a ratio of its mass and mass and mass density, msolj and ρsolj, respectively. Vmon in eq 
2.8 can be defined as  

 ( )
ini_mon

mon

mon

1
m

V conv


= − , (2.9) 

where ρmon is mass density of the monomer. 

Since the monomer relocates into the hydrophobic core of the assembled copolymer micelles 
during the reaction19, 28 and the solvent (or a mixture of solvents) can partially solubilize the 
core14, the liquid components have to be subdivided into two parts, one of which localised in 
the micelle cores and the other in the remaining system. Therefore, the total volume of 
solvents in the micelle cores (Vin_sol) and outside of the cores (Vex_sol) can be expressed as:  
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( )

sol

sol

in_sol sol sol
1

solex_sol sol
1

1

n

j j
j

n

j j
j

V f V

fV V

=

=


=



 −=







, (2.10) 

where fsolj is the volume fraction of jth solvent in the micelle cores. In analogy, the total volume 
of the internal and external monomer (Vin_mon and Vex_mon, respectively) can be expressed as: 

 
( )

in_mon mon mon

ex_mon mon mon1

V f V

V f V

=


= −

,

 
(2.11) 

where fmon is the volume fraction of the monomer in the micelle cores. According to equations 
2.10 and 2.11 the total volume of liquid components inside of the micelle cores can be written 
as: 

 
=

= + = +
sol

in_liq in_sol in_mon sol sol mon mon
1

n

j j
j

V V V f V f V . (2.12) 

And the total volume of external liquid can be written as: 

 
ex_liq ex_mon ex_solV V V= + . (2.13) 

Copolymer molecules during synthesis can dissociate in the solvent and/or assemble into 
micelles (Figure 2.1 and Figure 2.2, equations 2.3 - 2.5). Therefore, the total amount of 
copolymers presents in the system, in general, should can be subdivided into two components: 

 pc sm1 f f= + , (2.14) 

where fpc is the fraction of copolymers disassociated in the solvents and fsm is the fraction of 
copolymers assembled in spherical micelles. Thus, the component volume fractions for the 
equations 2.3 - 2.5 can be expressed as: 

 
pc pol

pc

tot

f V

V
 =  (2.15) 

and 

 
( )pc pol in_liq

sm

tot

1 f V V

V


− +
= ,

 

(2.16) 

where fpc =1 for stage 3 (eq 2.3) and fpc = 0 for stage 4 and 5 (eq 2.5). Accordingly, the volume 
fraction of external liquid responsible for the background scattering in the equations 2.3 - 2.5 
can be expressed as: 
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   = − − =
ex_liq

ex pc sm

tot

1
V

V
. (2.17) 

In addition, the material volumes defined by equations 2.7, 2.10 and 2.11 enable volume 
fractions of monomer, synthesised copolymer solvophobic block and solvent localised in the 
micelle core to be expressed: 

 

in_mon

sm co in_mon in_sol

sm co

sm co in_mon in_sol

in_sol

sm co in_mon in_sol

V
xmon

f V V V

f V
xpol

f V V V

V
xsol

f V V V


=

+ +



=
+ +


 =

+ +

. (2.18) 

 

 

Figure 2.2. A schematic presentation of the compound situations during PISA process. The parameters fsol, fmon and 
fsm are applied to separate the volume of monomer (red circles), solvents (green circles), and copolymers (red 
curved lines attached to the blue lines) belonged to the spherical micelle or locating in the surrounding background. 

 

The scattering intensity block copolymers in the equations 2.1 - 2.4 can be written as: 

( )
( ) ( ) ( )

( )

2 '
pc g_co g_br pc g_co g_br mc mc

pc

pc mc

, , , , , , 1F q R R A q R R S q r r
I q

V r

 + −
 

= . (2.19) 

The diblock copolymer form factor in eq 2.24 is defined as:34 

 
( ) ( ) ( )

( ) ( )

2 2
pc g_co g_br pc_co pc_co g_br pc_br br g_br

pc_co pc_br pc_co g_br br g_br

, , , ,

2 , ,

F q R R F q R F q R

A q R A q R

 

 

= +

+
,  (2.20) 
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where the form factor amplitude of the solvophobic block is defined as  

( )
( )2 2

g_co

pc_co g_co 2 2
g_co

1 exp
,

q R
A q R

q R

− −
= ,40 and Rg_co is the radius of gyration of the solvophobic block. The 

self-correlation term of the solvophobic block in eq 2.20 is described by the Debye function 

( )
( )2 2 2 2

g_co g_co

pc_co g_co 4 4
g_co

2 exp 1
,

q R q R
F q R

q R

 − − +
 

= .41 The form factor amplitude of the solvophilic block is 

defined as  ( )
( )2 2

g_br

br g_br 2 2
g_br

1 exp
,

q R
A q R

q R

− −
= ,40 and Rg_br is the radius of gyration of the solvophilic 

block. The self-correlation term of the corona block in eq 2.25 is described by the Debye 

function ( )
( )2 2 2 2

g_br g_br

br g_br 4 4
g_br

2 exp 1
,

q R q R
F q R

q R

 − − +
 

= .41 pc_co and br are excess scattering lengths of 

solvophobic and solvophilic blocks, respectively. The excess scattering length density of the 
micelle core in eq 2.25 is defined as: 

 ( )co bgpc_co co
   −= , (2.21) 

where co is the scattering length densities of the solvophobic blocks. The background 
scattering length density in eq 2.28 is calculated as: 

 

( ) ( ) ( )( )

( ) ( ) ( )( )

sol

sol

solmon mon mon sol sol sm co co br br
1

bg

solmon mon sol sm co br
1

11 1

11 1

n

jj j
j

n

j j
i

ff V V f V V

ff V V f V V

   


=

=

−− + + − +

=

−− + + − +





, (2.22) 

where mon and solj are the scattering length densities of the monomer and solvents, 

respectively, jth solvent component and solvophobic block and br is the solvophilic block 
scattering length density. The excess scattering length density of the solvophilic block in eq 
2.25 is defined as: 

 ( )br bgbr br
   −= , (2.23) 

where the solvophilic block volume is calculated as

 

br
br

br A

M
v

N
=


. The structure factor term in 

eq 2.19 was solved by the Percus-Yevick closure relation. Since the volume concertation of the 
scattering diblock copolymer chains was low at this stage of the synthesis, the structure factors 
were assumed to be unity. To connect to monomer conversion with the radius of gyration of 
the solvophobic block, the estimation of the radius of gyration of the solvophobic block, 
Rg_co_est, is given as (b·lc/6) 0.5 by the Gaussian chain model 42, where the contour length, lc, is 
calculated as the repeat unit, DP, multiplying to the length of two carbon bonds in an all trans 
configuration, 0.255 nm, and the Kuhn length, b. Because the backbones and the side chains 
of polymers used in Chapter 3, 4, and 5 are similar to PMMA, b is given as 1.53 nm based on 
PMMA43. Therefore, Rg_co is equal to Rg_co_est when using soluble diblock copolymer model.  

Following a previous work on the analysis of form and structure factors for spherical micelles40, 
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44 and replacing sm nsm-tuple with a single parameter by assuming that the micelle core radius 
(rmc) is the only parameter with broad dispersity, the scattering intensity of spherical micelles 
in the equations 2.1 and 2.5 can be written as: 

( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

sm

' ' ' '
sm mc sm mc sm mc sm mc sm mc mc mc mc mc

0 0

sm mc sm mc mc

0

, , , , , 1

I q

r F q r r A q r A q r S q r r dr dr

r V r dr

 



=

 
  +  −  

 



 



. (2.24) 

The micelle form factor in eq 2.24 is defined as: 
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−+  
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+

+

,  (2.25) 

where it is assumed that no penetration of the corona chains in the micelle core occurs.40 The 
micelle core scattering amplitude in eq 2.25 is expressed as: 

 ( )
( ) −−

=
2 2

t
1

mc mc mc 2
mc mc 3 3

mc

3 sin cos
,

qqr qr qr
A q r e

q r
, (2.26) 

where the exponent term with a width σt accounting for a sigmoidal interface between the 
two blocks at the micelle corona surface. σt value was fixed at 2.5 Å during fitting, which is the 
length of repeat unit of the corona chains. The aggregation number of copolymers in a micelle 
(eq 2.24) is defined as: 

 


= 

3
mc

agg

co

4

3
r

n xpol
v

, 
(2.27) 

where vco is the volume of the copolymer solvophobic block, which can be obtained from 

co
co

co A

DP
M

v
N

= 


, where Mco is the molar mass of the solvophobic block repeat unit, NA is the 

Avogadro constant and DP is the degree of polymerization of the solvophobic block calculated 

as 
ini_mon br

co br

DP
m M

conv
M m

=  , where Mbr is the peak molecular weight of macro-CTA measured 

by NMR.  
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The excess scattering length density of the micelle cores in eq 2.25 is defined as: 

 ( )co
mc bgmc

xpol


  −= , (2.28) 

where the scattering length density of the micelle cores is calculated as the volume average of 
the comprising components: 
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+ +

=
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1

n

j j j
j

n

j j
j

f V f V f V

f V f V f V

. (2.29) 

The scattering amplitude of spherical micelles in eq 2.25 is defined as: 

 ( ) ( ) ( )
( )

( )
 

 +
+=   

+  

mc g_br

mc mc mc br br g_brsm mc agg

mc g_br

sin
, ,,

r Rq
A q r A q RA q r n

r Rq
. (2.30) 

The structure factor term in eq 2.24 corresponding to the inter-micelle interactions can be 
described using the hardsphere structure factor solved by the Percus-Yevick closure relation 
(called for the sake of simplicity as hard-sphere Percus-Yevick structure factor):44  

 ( ) ( )'
mc mc HS sf sf, , , ,S q r r S q R V= , (2.31) 

where Vsf is an effective volume fraction of the interacting micelles and the inter-micelle 

distance is defined as '
sf mc mc2 2R r r R= + +  , where R  is a half of the shortest distance between 

core interfaces of the neighbouring micelles with their respective core radii rmc and rmc’. 

It has been assumed in the analysis that the dispersity of the micelle core radius follows 
Gaussian distribution. Thus, the normalised distribution function in eq 2.24 is expressed as: 
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mc
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1
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2

2

r R

r
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−
−

 =

  
       , 

(2.32) 

where Rmc is the mean radius of the spherical micelle core and
mcR

 is its standard deviation. 

And such Gaussian distribution of the radius of particles, r, is represented by r ~ N(R, σ), where 
R is the mean radius of particles and σ is its standard deviation. Thus, the mean aggregation 
number is defined as:  



Chapter 2: The Development of Small Angle X-ray Scattering Models for Free Radical Polymerisation Chemical 
Reaction Kinetic Analysis: example of Polymerisation-Induced Self-Assembly via RAFT 

 

____________________________________________________________________________________________ 

69 

 

 

3
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mc-co
agg

co co

4

3
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V
N xpol xpol

v v


=  =  , (2.33) 

where Vmc-co is the average volume of the core of the spherical micelle. 

Making an assumption that a particle of a certain size is always surrounded by particles with 
the same size in a studied system, a local monodisperse approximation can be used to simplify 
eq 2.24:45 

 ( )
( ) ( ) ( ) ( )( )

( ) ( )

2
sm mc sm mc sm mc mc mc

0
sm

sm mc sm mc mc

0

, , , 1r F q r A q r S q r dr

I q

r V r dr





 + −  
=







, (2.34) 

where in analogy with eq 2.31 the structure factor term is expressed as ( ) ( )mc HS sf sf, , ,S q r S q R V=  

and sf mcR r R= +  . Fitting selected SAXS patterns recorded during PISA synthesis, using eq 2.24 

and eq 2.34, has demonstrated that both approaches returned similar results. Thus, the later 
approach (eq 2.34), requiring a significantly shorter computer time for fitting, has been chosen 
for the analysis of the SAXS dataset. 

According to equations 2.1 - 2.34, a set of variables necessary for describing the PISA via RAFT 
synthesis at different stages of the process (Figure 2.1) is different. Therefore, the fitted 
variables for analysing SAXS patterns associated with Stage 2 would be the following (see 
variables in the brackets on the right-hand side of the equation): 

 ( )tot_Stage2 tot
g_br

,conv
I q I

R

 
=  

 
. (2.35) 

The fitted variables for Stage 3 would be the following (see variables in the brackets): 

 ( )
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g_co g_br

tot_Stage3 tot

sm sm
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,

, ,

, , , , ,

,

R

conv

R R
I q I
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V R



 
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 
 
  

. (2.36) 

The fitted variables for Stages 4 and 5 would be the following (see variables in the brackets): 
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 ( )
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I q I

R xmon xsol

V R



 
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 =
 
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. (2.37) 

 

 

2.3 Relationship between SAXS Structural Model and Kinetic Equations of PISA 
Process via RAFT Synthesis 

During the stage 4 of PISA process, the active polymer radicals are hidden in the spherical 
micelle cores and, therefore, the chemical reaction should be controlled by the change of 
compositions in the spherical micelle cores (Figure 2.3). At this stage, the mechanism of the 
polymerisation is similar with the interval II and Interval III of the emulsion polymerisation 
(Figure 1.1), and thus, the rate of polymerisation may be only determined by the monomer 
concentration of the spherical micelle cores. The supply of the monomer to the spherical 
micelle cores may be determined by the monomer mass transfer from the surrounding 
medium to the spherical micelle cores. This process can be named as monomer supply. 
Meanwhile, the solvent molecules possibly hidden in the spherical micelle cores may be 
expelled from the spherical micelle cores to the medium. This transportation can be named as 
solvent expulsion. The polymerisation, monomer supply, and solvent expulsion process can 
determine the composition of the spherical micelle cores. Meanwhile, because SAXS and its 
following modelling can measure the composition of the spherical micelle cores as xmon, xsol, 
and xpol and monomer conversion at the same time (equations 2.7, 2.9, and 2.18), the 
polymerisation, monomer supply, and solvent expulsion process can be possibly described by 
xmon, xsol, and xpol and monomer conversion obtained from SAXS analysis. 

 

 

Figure 2.3. A schematic presentation of PISA synthesis during Stages 4 and 5 or during the final stage of emulsion 
polymerisation. During these stages or Interval, the polymerisation process (black annular arrow) and the rate of 
polymerisation depend on the monomer (red circles) concentration in the latex cores (shown as red coils 
representing synthesised solvophobic blocks surrounded by blue coils corresponding to stabiliser solvophilic blocks) 
and in the medium (green background). Therefore, the process of the transport of the monomer (red arrow) from 
the medium into the latex cores is named monomer supply. Meanwhile, the solvophobic latex cores are highly likely 
to repel the solvent molecules into the medium. This process of solvent transportation from the latex cores into 
the medium is named solvent expulsion (green arrow). 
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Because the mechanism of PISA process via RAFT synthesis at stage 4 (Figure 2.1) is similar 
with the mechanism of emulsion polymerisation, according to eq 1.8, the rate of 
polymerisation of PISA process via RAFT synthesis at stage 4 can be expressed as: 

 ( )
( ) 

( ) ( )p p mon P

d conv t
R k c ct t t

dt
= =   , (2.38) 

where kp is the propagation rate coefficient, cmon is the monomer concentration, and cP· is the 
radical concentration in the system. 

The solvophobic block polymerisation during PISA after the full self-assembly of diblock 
copolymers corresponds to a propagation process (eq 2.38), as the chemical reaction occurs 
in the spherical micelle core. In this case, cmon is defined as the number density of the 
monomer in the spherical micelle core:46 
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1 1 n
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N V N
= , (2.39) 

where NP is the total number of spherical micelles defined as 
br

p

agg

n
N

N
=  , where nbr is the 

number of moles of solvophilic block. Combined with the mean aggregation number definition 
(eq 2.33), eq 2.39 could be rewritten as: 
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(2.40) 

By defining 
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co A

M
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= 


 and ini_mon br

co br

m M
DP conv

M m
=  , eq 2.40 could be further rewritten as: 
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. (2.41) 

Using the definition of xmon and xpol (eq 2.18), nin_mon could be expressed as 

mon mon
in_mon in_mon sm co

co co

xmon
n V f V

M M xpol

   
=  =    

 
. Thus, eq 2.41 could be rewritten as: 
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Following the definition of Vco (eq 2.7), eq 2.42 can be rewritten as: 
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m
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
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
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

=  

. (2.43) 

Since xmon is the only time-dependent variable in eq 2.43, time-dependent cmon can be 
expressed as: 
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The radical concentration, cP·(t), is defined as the spherical micelle number density multiplied 
by the number of radicals in the spherical micelle core: 
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[I·](t) is the time-dependent concentration of the radicals calculated as dd ini
i
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k tk n
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k V
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where kd is the radical decomposition coefficient, kt is the termination coefficient and nini is 
the number of moles of initiator.  

Combined with 2.44 and 2.45, eq 2.38 can be rewritten as: 
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where Vtot is defined by eq 2.6 and kp’ is the reduced propagation rate coefficient for the PISA 
synthesis. The reduced equation of polymerization rate (eq 2.45) shows that the theoretical 
rate of polymerisation of PISA process via RAFT synthesis is only proportional to xmon, and 
this can be detected by SAXS modelling. Also, the experimental polymerization rate could be 
calculated from the SAXS analysis results as: 
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where frame(h) is the hth frame of time-resolved SAXS patterns corresponding to tframe(h). 
Assuming that the experimental polymerization rate calculated from eq 2.47 should follow the 
time-dependent RAFT synthesis propagation (eq 2.46), a least square fitting was applied to 
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where nframe is the total number of recorded frames.  

 

The rate of polymerisation during PISA process via RAFT synthesis at stage 4 (eq 2.46) 
indicates that the polymerisation process only depends on xmon which can be directly 
measured by SAXS modelling. This means that the chemical kinetics of the polymerisation 
process itself can be directly measured by SAXS technique and its following modelling. And 
the analysis of the polymerisation process can be performed using SAXS results directly 
without counting the monomer supply and the solvent expulsion. However, challenges for 
measuring the amounts of both the monomer supply and the solvent expulsion remains. The 
limitation of SAXS data providing scattering patterns averaged over a relatively large sample 
volume enables only averaged concentration of the liquid molecules in both the latex cores 
and the medium rather than their concentrations at precise locations to be obtained. Thus, 
the following molecule transport models are based on this limitation of SAXS experiments 
and SAXS modelling.  

The monomer supply and the solvent expulsion processes can be described as the diffusion 
processes. Therefore, from Fick’s diffusion equation of the liquid molecules described by eq 
1.60, the fluxes of the liquid molecules, Jlm, are given as: 
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, (2.48) 

where Asur is the boundary surface area between the medium and the reaction region, Δnlm is 
the monomer amount transferring from the medium to the reaction region, and Δttra is 
average travelling time for the liquid molecules. Using eq 1.60, a time-dependent form of the 
Fick’s diffusion equation could be rewritten as: 
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where Δvlm is the liquid molecule volume change in the medium during, Δϕlm is the liquid 
molecule volume fraction change between the medium and the reaction region, Dlm is 
diffusion coefficient of the liquid molecule, and Δxlm is average travelling distance during 
Δttra. Asur could be calculated as: 
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where Np is the number of the particles in the system and calculated as: 
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where vp_co is the total volume of particle cores in the system which is equal to 
Vin_mon+Vin_pol+Vin_sol, Rco is the average radius of the particle core, and Sp is average surface 
area of the particle cores defined as: 
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Therefore, Asur defined by eq 2.49 could be expressed as: 
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The average travelling distance during Δttra, Δxlm, can be described as the radius of the sphere 
of the surface area of Asur (Figure 2.4):47 
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For the Fick’s first law counting chemical potentials for the liquid transportation from the 
medium to the reaction region, the liquid molecule supply could be represented as a random 
walk process and a process driven by a chemical potential gradient (Figure 2.5). In 
application to the studied system this process corresponds to the monomer supply from the 
medium to the reaction region, and thus, the derived model focuses solely on the monomer 
supply components. For the random walk process without the chemical potential, the 
monomer movement during Δtsol can be described by eq 2.49 as: 

 
( )

( )

( )

( )
lm sol lm sol

ml

sol sol sol sol sol

v t t
D

A t t x t

 
=

 
, (2.55) 

where subscripts of “sol” represent the case where movement of the monomer can be 
considered as a random walk. When the monomers enter the region that the chemical 
potentials strongly affect the movement of the monomers, the diffusion equation eq 1.64 can 
be rewritten as: 
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where kB is Boltzmann constant, T is thermodynamic temperature with unit of K and the 
subscripts of “dri” are represented for the case where movement of the monomers is driven 
towards the reaction region by the chemical potential gradient, Δμlm. For the random walk 
process, the concentration of the monomer changes from ϕlm to 0, which means that eq 2.55 
can be rewritten as: 
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Now, combined equations 2.56 and 2.57, the monomer supply driven by the chemical 
potential gradient can be expressed as: 
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where Asur and Δttra are respectively given as: 
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This monomer supply process model may interpret the monomer transportation during PISA 
via RAFT synthesis, or emulsion polymerisation. In the following chapters, this diffusion 
model for the monomer supply will be tested using time-resolved SAXS data collected during 
PISA via RAFT polymerisation in nonpolar system and polar system, as well as during 
emulsion polymerisation. 
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Figure 2.4. A schematic presentation of the flux of liquid molecules transporting from medium represented as the 
inner sphere to reaction region represented outer sphere during time period, Δttra. The sphere radius of the surface 
area, Asur(Δttra), is Δxlm(Δttra). 

 

 

Figure 2.5. A schematic presentation of monomers as an example of liquid molecules transported from medium to 
reaction region (dark red) named monomer supply with the chemical potential effect which can provide an extra 
driving force to the monomers transported from the medium the reaction region. The monomer molecules first 
transported to the reaction region surrounded by stabiliser blocks (light blue) in the medium without chemical 
potential effects (green arrow). It can be described by the standard Fick’s first law. Then, with the chemical potential 
effect between the reaction region and the medium, the monomers are attracted to the reaction region (purple 
arrow). This process can be described by the Fick’s first law corrected for the chemical potential effect. 

 

2.4 Conclusion 

In this chapter, SAXS model for PISA process via RAFT synthesis is improved by mass balance. 
After this development, SAXS modelling can not only provide morphological information of 
the self-assembly nanoparticles but also monomer conversion and the compositions in the 
spherical micelle cores. Therefore, this development for SAXS modelling provide 
opportunities of more comprehensive analysis of PISA process via RAFT synthesis. It can 
track the compositions change and the morphological changes at the same time. Also, it 
provides the opportunities to measure the polymerisation and mass transfers during PISA 
process via RAFT synthesis at stage 4. After SAXS modelling, the reduced coefficient of the 
rate of polymerisation can possibly be measured independently by SAXS. For the monomer 
and solvent transportations between the spherical micelle cores and the medium, models 
based on Fick’s diffusion and chemical potential effects are proposed. These diffusion models 
for monomer and solvent may complete the descriptions of kinetics of PISA process via RAFT 
synthesis at final stages of both PISA via RAFT synthesis and emulsion polymerisation. 
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Chapter 3 

In Situ Small-angle X-ray Scattering Studies of Kinetics of Polymerization-induced Self-
assembly of Block Copolymers in Nonpolar Media 

 

 

3.1 Introduction 

Well-studied block copolymer self-assembly provides opportunities for potential applications 
in biology1, 2, templating3-5, sensors6-8 and other technologies9-12. Its wide prospects encourage 
further research on block copolymer synthesis including one of the most convenient and 
versatile reversible addition−fragmentation chain transfer (RAFT) polymerization.13 RAFT as 
the living radical polymerization is capable to provide a good control of the molecular weight 
distribution for functional block copolymers and, as a result, helps to achieve intentional and 
well-defined self-assembled morphologies.14, 15 To overcome the low concentration limit (< 1.0% 
w/w) of the self-assembled nanoparticles in block-copolymer dispersions obtained by using 
post-polymerization routes, polymerization-induced self-assembly (PISA) via RAFT was 
developed to reach a relatively high solid content level (25 – 50% w/w) of block copolymers in 
the dispersions.16 Moreover, the later method is suitable for a wide range of solvents, including 
polar solvents, nonpolar solvents and ionic liquids.17-19 PISA via RAFT dispersion polymerization 
is realised by a chain-extension of a solvophilic block (brush chain), a soluble homopolymer, 
using a miscible monomer added to the precursor solution polymerised into a solvophobic 
block (core chain) during reaction up to a critical degree of polymerization when the produced 
diblock copolymers self-assemble into conventional particle morphologies such as spherical 
micelles, worm-like micelles, jellyfish-like objects, vesicles, multi-lamellar vesicles and 
lamellar-like structures relying on the block-copolymer chemical composition, molecular 
weight and concentration.17, 18 

The PISA products synthesised by RAFT have been well-investigated in the past by numerous 
techniques, including electron microscopy, dynamic light scattering (DLS), nuclear magnetic 
resonance (NMR) and gel permeation chromatography (GPC). However, most of these 
techniques could provide only partial information about the reaction product composition and 
the structure of the formed nano-objects. While commonly used scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) could provide structural 
information about the synthesised products, these techniques require ex situ sample 
preparation before imaging.17, 18 In addition, the preparation could change the morphologies 
of the nano-objects as the process includes reduction of the copolymer concentration in 
solutions and sample drying.17, 18, 20 To overcome this problem, a liquid cell TEM has been 
recently proposed for studying PISA process in situ.21 However, the measurements could be 
performed only at special conditions [polymerisation is initiated by the electron beam 
generating radicals, and a low-flux electron beam and high concentration of macromolecular 
chain transfer agent (macro-CTA) have to be used] and there was a lack of resolution for 
accurate measurements of the self-assembled nano-objects. A relatively simple experimental 
setup would be required for monitoring the formation of copolymer nano-objects during PISA 
by DLS. However, this scattering technique has limited capabilities for measuring particle size 
and shape22 and can effectively be used only for measuring diameter of spherical particles17, 

18. Moreover, standard DLS is not suitable for highly concentrated particle dispersions,23 in 
particular, for the PISA via RAFT synthesis. Neither of the discussed techniques could assess 
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the reaction product composition. In this respect, NMR is routinely used to detect the chemical 
composition, especially the monomer conversion for the PISA via RAFT synthesis.17, 18 This 
technique has also successfully been exploited to monitor RAFT polymerization (and the 
monomer conversion) in situ.15, 24-26 GPC provides valuable information about molecular 
weight of synthesised polymers which can be linked to their chemical composition.17, 18 
However, this technique is not designed for in situ measurements and commonly used for 
characterisation of final reaction products. 

Consequently, these mainly post-synthesis characterising methods provide very useful but 
limited information about kinetics of both the block copolymer synthesis and the formation of 
self-assembled morphologies without deep quantitative analysis of the processes taking place 
during the reaction. This disadvantage, in some respect, could be overcame by in situ time-
resolved small angle X-ray scattering (TR SAXS) measurements, which can effectively be used 
to determine not only geometrical parameters of the self-assembled morphologies but also 
their compositions and distribution in the sample. A few recent reports have demonstrated 
the power of SAXS analysis for a characterisation of block copolymer self-assembly during PISA 
process,27-33  but the full potential of this technique is yet to be revealed. An attempt has been 
made27 to study kinetics of PISA of poly(stearyl methacrylate)–poly(benzyl methacrylate) 
(PSMA–PBzMA) diblock copolymer by applying in situ TR SAXS.  

The research of PSMA–PBzMA diblock copolymer is related to the environmental-friendly 
background.  As the global energy consumption growth, friction effect significantly 
contributes to CO2 emission from industry, public, and personal activities.34-37 Lubrication is 
one of the methods used to reduce the friction effect. In particular, boundary lubrication, 
mixed lubrication, elastohydrodynamic lubrication and hydrodynamic lubrication play critical 
role in reducing the friction effect.38 Boundary lubrication can possibly prevent or reduce 
friction and wear effects between the two surfaces by introducing extra materials to 
separate these two surfaces or reduce the roughness between these two surfaces.39 Without 
the lubrication, the collisions between two surfaces may produce fractures and deformations 
of the materials, and the friction effect, producing heat, can increase the energy 
consumption at the same time. Applications of boundary lubrication are not limited only to 
machines but are also common in medicine for articular joints.40 Therefore, the research in 
boundary lubrication area can provide valuable information for its various applications. 

Liquid lubricants are normally applied in boundary lubrication. These materials are absorbed 
by the surfaces via physical or chemical reactions, and they form a boundary film. The 
mechanism and the theories of boundary lubrication are still not clear, and the research of 
boundary lubrication heavily depends on the experimental results.41 To improve the liquid 
lubricant performance, according to usage purposes, the additives of the liquid lubricants 
can be classified as oily, tackifier, extreme pressure, and anti-wear.41 And it can be classified 
as organomolybdenum compounds and organic friction modifiers.38 For organic friction 
modifiers, polymers are introduced, which included the self-assembled block copolymers 
(micelles) to enhance performance of boundary lubrication.42 The following research of block 
copolymers in boundary lubrication27, 43 and friction reduction44, 45 areas also indicated the 
wide application prospects. Therefore, it requires deeper investigations of the formations of 
diblock copolymers in liquid lubricants. 

Even though in situ SAXS studies of poly(stearyl methacrylate)-poly(benzyl methacrylate) 
(PSMA–PBzMA) have been presented before27, this SAXS analysis required an additional 
quantitative information about both the monomer conversion and the solvent content in the 
spherical micelle core obtained by 1H NMR measurements performed offline independently 
of the synchrotron SAXS experiments. It has been found that the reaction rate during SAXS 
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measurements was significantly faster than for the NMR measurements because of a 
possible reaction acceleration by X-ray radiation and, as a result, undesirable corrections for 
the observed systematic errors had to be incorporated in the analysis which was not ideal for 
the study of a complex process such as PISA. The SAXS analysis used in this study required 
additional information from other techniques which was indirectly incorporated in the SAXS 
models. However, this approach demonstrated a lack of consistency between rate of 
polymerisation performed using standard laboratory conditions and a reactor cell at 
synchrotron performed 27. Herein, PISA process via RAFT synthesis of PSMA31–PBzMA2000 in 
mineral oil with in situ SAXS studies27 will be reviewed and SAXS modelling with mass 
balance, described in Chapter 2, eq 2.1, will be applied. The SAXS modelling and the 
following results will be presented in detail. Also, these SAXS modelling results and analysis 
will be compared with the results reported previously27 in order to validate the developed 
SAXS model with mass balance, eq 2.1. 

 

 

3.2 Poly(stearyl methacrylate)-poly(benzyl methacrylate) Block Copolymer 

(PSMA31–PBzMA2000) Synthesis in Mineral Oil 

The benzyl methacrylate (BzMA) monomers were purchased from Sigma-Aldrich (UK) and 
passed through a basic alumina column prior to use to remove inhibitor. Tert-butyl peroxy-2-
ethylhexanoate (T21s) initiator was purchased from AkzoNobel (The Netherlands). Industrial-
grade mineral oil was provided by Lubrizol Corporation Ltd.  

A previously studied PISA synthesis of poly(stearyl methacrylate)-poly(benzyl methacrylate) 
block copolymer (PSMA31–PBzMA2000) in mineral oil (Scheme 3.1)27 has been chosen to test 
the proposed SAXS model. PSMA macro-CTA was synthesized by RAFT solution polymerisation 
of stearyl methacrylate (SMA) in toluene at 70 °C using cumyl dithiobenzoate (CDB), 
characterised using 1H NMR spectroscopy and the mean degree of polymerization (DP) was 
calculated to be 31.27 PISA synthesis of PSMA31-PBzMA2000 diblock copolymer in mineral oil at 
90 °C as well as the experimental setup for a simultaneous SAXS data collection have been 
described elsewhere.27 In brief, the benzyl methacrylate (BzMA) monomer (0.217 g; 1.23 
mmol), tert-butyl peroxy-2-ethylhexanoate (T21s) initiator (0.274 mg; 0.127 μmol; dissolved 
at 10.0 % v/v in mineral oil) and PSMA31 macromolecular chain transfer agent (macro-CTA) 
(6.63 mg; 0.633 μmol; macro-CTA/initiator molar ratio equals 5.0; target degree of PBzMA 
polymerization equals 2000) were dissolved in mineral oil (2.02 g). Herein, BzMA were 
purchased from Sigma-Aldrich (UK) and passed through a basic alumina column prior to use 
to remove inhibitor. Tert-butyl peroxy-2-ethylhexanoate (T21s) initiator was purchased from 
AkzoNobel (The Netherlands). Industrial-grade mineral oil was provided by Lubrizol 
Corporation Ltd. The reaction mixture was sealed in a 10 mL round-bottomed flask and purged 
with nitrogen gas for 30 min before a portion of the deoxygenated solution was transferred 
into a 2 mm diameter glass capillary for X-ray measurements (WJM-Glas, Berlin, Germany). 
The reaction was initiated by connecting the brass stage, via a pneumatic switch, to a water 
circulator pre-heated to 90 °C. After completing the SAXS measurements the sample was taken 
for further offline characterisations: the final BzMA conversion was measured by 1H NMR to 
be 98 %, and the number average molecular weight (Mn) was determined by gel permeation 
chromatography (GPC) to be 140,200 g·mol-1 with dispersity index (DI = Mw/Mn) 1.91.27 
Although dispersity index was relatively high, no significant negative effect occurs, because 
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this dispersity index only affect the calculation of the spherical micelle aggregation number.  

 

 

Scheme 3.1 Synthesis of poly(stearyl methacrylate)-poly(benzyl methacrylate) block copolymer (PSMA31–
PBzMA2000) via extension of PSMA31 macromolecular chain transfer agent by RAFT dispersion polymerization of 
BzMA in mineral oil at 90 °C. 

 

 

3.3 The Characterisation of PSMA31–PBzMA2000 Synthesis in Mineral Oil 

Density measurement 

The densities of BzMA monomer, mineral oil and PSMA31 in mineral oil at the reaction 
temperature, 90 °C, were determined by oscillating U-tube method46 using DMA 5000 M 
density meter (Anton Paar, Graz, Austria). 3 measurement results were averaged per sample. 
Although the density repeatability is 0.000001 g/cm³, densities are presented in three 
significant digits for further use, which indicates that no uncertainties are given. 

 

Small-Angle X-ray Scattering (SAXS) 

SAXS patterns were recorded at 90 °C on a synchrotron X-ray beamline (station I22, Diamond 
Light Source, Didcot, UK)47 from initiation of the chemical reaction every 2 minutes for 194 
min (97 frames in total) using monochromatic X-ray radiation (λ = 1.24 Å, q-range from 
0.0015 to 0.13 Å-1) and a Pilatus 2M two-dimensional (2D) pixel detector (Dectris, 
Switzerland). 2D SAXS patterns were reduced [integrated, normalized by the sample 
transmission coefficient and calibrated to absolute intensity, Iexp (Figure 3.2), using SAXS 
patterns of deionized water measured at 21 °C and then adjusted the intensity to 90 °C 
assuming that the differential scattering cross-section of water at 21 °C is 0.0162 cm-1] to 1D 
SAXS profiles using Dawn software supplied by Diamond Light Source48. 

 

Hansen solubility parameter measurements 
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In order to measure Flory-Huggins parameters by Hansen solubility parameters49-52, 5 mL of 
selected solvents, including acetone, acetonitrile, BzMA, chloroform, diethyl ether, dimethyl 
sulfoxide (DMSO), 1,4-Dioxane, ethanol, ethyl acetate, hexane, ethyl methacrylate, N,N-
dimethyl formamide (DMF), 2-Propanol, styrene, tetrahydrofuran (THF), and toluene were 
respectively mixed with 0.5 mL of mineral oil in 10 mL vials at 25 °C, and the solubility of the 
mineral oil were determined after 24 h since the solvents mixed. Immiscible pairs were 
visually observed. For scores of the Solubility, good solvents are indicated with a “1”, and 
poor solvents are indicated with a “0”. The Hansen solubility parameters (HSP) were 
calculated determined by HSPiP software 51, 52. 

 

 

3.4 SAXS Modelling and Assumptions for PSMA31–PBzMA2000 Synthesis in Mineral 

Oil 

Before fitting the SAXS model described by eq 2.1, the experimental 1D SAXS profiles were 
further corrected by subtracting a pre-recorded background scattering of the empty glass 
capillary heated to 90 °C. Since the solvent composition changes during the PISA synthesis 
because of the monomer consumption during polymerization of the PBzMA block and an 
exchange of the solvent molecules (including BzMA monomer) between the self-assembled 
objects formed by the reaction products and the surrounding solvent (Figure 2.1), the solvent 
background scattering term, Ibg, is included in the SAXS model (eq 2.1). In order to count Iexp_bg 
changes over the reaction time, SAXS patterns of the mineral oil with different mass 
concentration of BzMA monomer (wmon) from 2 w/w% to 10 w/w% (including initial monomer 
concentration of 8 w/w% used for the studied reaction) heated to 90 °C have been recorded. 
Iexp_bg of the solvents, independent of q, has been obtained from the reduced and empty 
capillary scattering subtracted SAXS patterns (Figure 3.1). Since the BzMA monomer 
concentration was relatively low and the exposure time during SAXS data collection was short 
(1s per sample), no extra reaction due to thermal initiation was considered here. As it would 
be expected for a system of mixed molecules, Iexp_bg increases upon increase of the BzMA 
monomer content. The observed dependence can be interpolated by a cubic polynomial: 

 ( )= = +  +  + 2 3
bg bg mon 1 2 mon 3 mon 4 monI I w A A w A w A w , (3.1) 

where A1, A2, A3 and A4 are the fitting parameters. wmon, a variable related to the studied PISA 
system, is expressed as 

 

( )

( ) ( )
sol

mon mon
mon

solmon mon sol
1

1

11
n

j j
j

f m
w

ff m m
=

−
=

−− + 

. 
(3.2) 

The empirical equation (eq 3.2) chosen to describe the solvent background scattering (Iexp_bg) 
produced a good match to the experimental data with the coefficient of determination, R2, 
equal to 0.993 (Figure 3.1), and thus it has been used in the model for SAXS analysis (eq 2.1). 
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Figure 3.1. Iexp_bg vs. wmon (black squares) and fitted by a cubic polynomial equation (eq 3.1) (red dashed 
line) with the fitting result as Ibg= 0.0229 + 4.09×10-4 · wmon + 9.40×10-6 · wmon

2 + 8.95×10-7 · wmon
3. 

 

 

The densities of BzMA and mineral oil at the reaction temperature, 90 °C, were 0.975 g·cm-3 
and 0.785 g·cm-3, respectively. The density of PSMA31 in mineral oil, measured at 90 °C by the 
same method using a set of solutions with different PSMA31 concentration, was determined to 
be 0.890 g·cm-3. The density of PBzMA at 90 °C was estimated to be 1.14 g·cm-3 using a helium 
pycnometer measurement on a dry powder at room temperature and assuming that the 
PBzMA has the same thermal expansion coefficient as poly(methyl methacrylate)53.54 
Scattering length densities of BzMA, PSMA31, PBzMA and mineral oil at 90 °C used for SAXS 
analysis are 8.82×1010 cm-2, 9.17×1010 cm-2, 1.03×1011 cm-2 and 7.63×1010 cm-2, respectively.27 
These values have been calculated using molecular composition and mass density of the 
components.  

Calculations and fitting of the SAXS data were performed using Irena55, a macro package for 
small angle scattering (SAS) data analysis within the commercial Igor Pro application (Figure 
3.2). The SAXS models (eq 2.1) were programmed using a user function option in the Irena SAS 
macros. In order to preserve connections between different relationships and scattering 
object populations, some of the SAXS model parameters (such as ϕsm, conv, xmon and xsol) 
were set as global variables. 

 

 

3.5 Results and Discussion  

Considering the NMR results indicating that virtually all BzMA monomer has been converted 
into PBzMA during PISA process via RAFT synthesis and that the final reaction product is 
spherical micelles formed by self-assembled PSMA-PBzMA copolymers (Figure 2.1, Stage 5), it 
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could be assumed that the final frame of the time-resolved SAXS data (frame 97 recorded at 
194 min of the synthesis) corresponds to spherical micelles only. This assumption enabled the 
developed SAXS models to be verified first on the known (final) product and then effectively 
applied frame-by-frame backwards from the final product to the beginning of the reaction. 
Therefore, no uncertainties for fitted variables will be given under this frame-by-frame 
backwards SAXS modelling methods. Following eq 2.2, also combined with equations 2.31 and 
3.1, the total scattering intensity for the final frame, as well as frames associated with stage 4 
of the synthesis (Figure 2.1), can be expressed as: 
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(3.3)  

Indeed, eq 3.3 produced a good fit to SAXS pattern of the final product (Figure 3.2, top pattern) 
revealing the spherical micelle core radius of Rsm = 61.2 nm and 

mcR = 5.4 nm. Defined the 

polydispersity index (PDI) as the coefficient of variance, 
sm sm/R R , the PDI of the final product 

is 0.088 indicating a relatively low dispersity of the particle size (Figure 3.3). The SAXS data 
fitting has also shown that the final spherical micelle core is only slightly solubilised by the 
solvent (xsol = 0.07) (Figure 3.3) in agreement with the previous SAXS results confirmed by 
NMR27. The Rg_br is around 1.6 nm. The validation of the Rg_br is estimated by the Gaussian 
chain model as (b·lc/6) 0.5 56, where the contour length of such PSMA31, lc, is calculated as the 
repeat unit, 31, multiplying to the length of two carbon bonds in an all trans configuration, 
0.255 nm, and the Kuhn length, b, is given as 1.53 nm based on PMMA57. This theoretical 
calculation gives 1.33 nm, which is consistent with measured by SAXS and the following SAXS 
modelling. Subsequently, the fitting results of the last SAXS data frame have been used as 
initial parameters for fitting SAXS pattern of the penultimate frame and the complete SAXS 
data analysis was performed in the same fashion backward from frame m to its previous frame 
(m – 1) during SAXS collection time, t, corresponding to the frame number as t/2. 

The derived intensity equation (eq 3.3) produced reasonably good fits to most of the SAXS 
patterns collected during the time-resolved experiment starting from the last frame (frame 97, 
194 min) down to frame 7 inclusive (Figure 3.2). Since eq 3.3 describes only scattering from 
products corresponding to stages 4 or 5 of the synthesis, this indicates that from about 14 
minutes of synthesis there were no soluble diblock copolymers in the system, or their amount 
was negligibly small to be detectable by SAXS measurements. However, the scattering 
equation based on a traditional spherical micelle model (eq 2.31) for assembled block 
copolymers could not provide satisfactory fitting results for the first 6 frames even if 
considering that a population of free copolymer molecules, associated with stage 3 of the 
synthesis (Figure 2.1), is present (eq 2.2). 
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Figure 3.2. Selected experimental SAXS patterns, Iexp, (red symbols) with respective fitting curves, Itot, (blue lines) 
recorded in situ during PISA process via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer at 90 °C in mineral 
oil at 10% w/w solids. 

 

SAXS results have shown that the spherical micelle core radius was continuously increasing 
after the copolymer micelle formation for the entire period of SAXS data collection (Figure 3.3). 
This expected observation matches the previous findings.27 However, The PDI of Rmc rapidly 
decreased to a valley, and then after 45 min, it constantly rose till the end of the SAXS data 
collection (Figure 3.3). To satisfy the reason of the tendency of Rmc and its PDI, monomer 
conversion (Figure 3.4), which is straight accessorized with DP, might be one of the critical 
factors to determine to the size self-assembled diblock copolymer nanoparticle by scaling 
relation.  
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Figure 3.3.  Rmc (black squares) and its PDI (gray circles) vs. time curve with standard deviation of PISA process via 
RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer at 90 °C in mineral oil at 10% w/w solids.  

 

Another important characteristic of the synthesis which could obtained directly from the 
performed SAXS analysis is the monomer conversion with time (Figure 3.4). The results show 
that nearly all BzMA monomer is converted into the PBzMA block within 120 mins of the 
reaction. This is about 3 times faster than the time required for the complete monomer 
conversion measured by NMR during a standard laboratory synthesis (Figure 3.4). This 
apparent inconsistency between two independent experiments (at a synchrotron and in a 
laboratory, respectively) is likely to be related to an acceleration of the reaction by high-flux X-
ray synchrotron radiation.58 Unlike in the previous report, where a single logistic function was 
used to model NMR data for the monomer conversion,27, 59 a double logistic function was 
employed in this study: 

 ( ) ( )1 2 1 21 2
1 2
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1( , , , , , , )
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p p
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e e
− −− −
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where B, k1, k2, xc1, xc2, and p are the function parameters. Compared with the single logistic 
function in the previous research, the double logistic function produced a better fitting to the 
monomer conversion values obtained from both NMR and SAXS measurements (Figure 3.4). 
This result indicates that after the diblock copolymer self-assembly the monomer conversion 
could be controlled by at least two processes with different timescales. The obvious one is the 
monomer polymerization inside of the copolymer micelles working as individual reactors and 
the other one could be the transportation of BzMA monomer from the surrounding medium 
to the micelle core where the reaction takes place (Figure 2.1, stage 4). The obtained results 
have revealed a strong acceleration of one of the processes during SAXS data collection 
(k2_SAXS/k2_NMR > k1_SAXS/k1_NMR, see Figure 3.4 and eq 3.4) possibly caused by intense 
synchrotron radiation. However, in order to perform a further analysis a detailed theoretical 
model considering interactions between components in the system and diffusion of the 
components through the interfaces created by the copolymer self-assembly would be required 
which is beyond the scope of this study. 
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Figure 3.4. BzMA monomer conversion calculated from both synchrotron SAXS data (squares) and laboratory NMR 
results (circles) collected during PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer at 90 °C in mineral 
oil at 10% w/w solids.  under double logistic function fit (pink dashes). Data fitting by a single logistic function 
(dashed curves) and a double logistic function (dotted curves) of both the NMR results (red curves) and the SAXS 
results (green curves) returned the following respective sets of parameters expressed in terms of eq 3.4: 
conversionNMR = f(t, 100, 0, 0.0001, 0, 118, 0) (R2=0.990) (red dashed curve eq 3.4), conversionNMR = f(t, 100, 0.618, 
0.00078, 0.00038, 92, 176) (R2=0.999) (red dotted curve eq 3.4), conversionSAXS = f(t, 100, 0, 0.00063, 0, 43, 0) 
(R2=0.997) (green dashed curve eq 3.4) and conversionSAXS = f(t, 100, 0, 0.550, 0.0017, 0.00097, 32, 60) (R2=0.999) 
(green dotted curve eq 3.4). 

 

According to monomer conversion (Figure 3.4), the polymerisation was close to the end at 150 
min. However, Rco was still increasing after 150 min, which might be led by Ostwald ripening31, 

60-68. Ostwald ripening theories indicated that the spherical micelle radius change should 
follow,69  

 
3
mcd

.
d

R
Const

t
= . (3.5) 

The Const. in eq 3.5 interfacial energy of spherical micelle, the diffusion coefficient of diblock 
copolymers, and the bulk solubility of the block copolymers.69 Therefore, dRmc

3/dt should be 
time-independent when Ostwald ripening played the critical roles of spherical micelle radius 
change. Therefore, after 100 min of the polymerisation (conv > 95%), the spherical micelle 
core increase might depend on Ostwald ripening process (Figure 3.5). Also, the PDI increase 
might result from the Ostwald ripening process. However, the Ostwald ripening could not 
predict the possible maximum spherical micelle core radius.  
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Figure 3.5.  dRmc
3/dt vs. time curve (black squares) of PISA process via RAFT synthesis of PSMA31–PBzMA2000 diblock 

copolymer at 90 °C in mineral oil at 10% w/w solids. Data fitting  (red dash line) by a constant function (Const. = 
385.8 nm3·min-1) (eq 3.5) from 150 min to 194 min provided a reference for the identification of the possible 
Ostwald ripening process after the end of polymerisation. 

 

The scale relation studies of self-assembled particle core size (diameter) vs. DP of solvophobic 
block have been applied to PSMA31-PBzMA spherical micelles, and this research revealed that 
the diameter of PSMA31-PBzMA spherical micelle core, Dsm is proportional to DP0.5.27 Herein, 
even though the change of Rmc along DP was struggled in the chemical kinetic process, scaling 

relation, Rmc = kR-DP·DPω, where kR-DP and ω are constants, might be able to interpret the 

relationship of Rsm and DP, and this relationship can be divided into 3 sections for the stage 4 
and stage 5 (Figure 3.6). The 1st section, ω1 = 0.36 (R2=0.997), was from around DP = 200 (frame 
7, 14 min) to DP = 880 (frame 20, 40 min). PDI steadily reduced to a plateau around 0.065. 
Within 2nd section from around DP = 880 (frame 20, 40 min) to DP = 1780 (frame 43, 86 min), 
ω2 = 0.26 (R2=0.995) . At this section, PDI remained nearly the same. The 3rd section which did 
not follow any scaling relationship was from around DP = 1780 (frame 43, 86 min) to the end 
of the SAXS data collection. Rmc and PDI continuously increased even though monomer 
conversion reached 99% at frame 66 (132 min).  

Because the empirical monomer conversion (eq 3.4) suggested the liquid transports between 
medium and the spherical micelle cores, the spherical micelle size might also correlate to the 
tendencies of volume fractions in the spherical micelle (Figure 3.7). xsol gradully dropped 
from 0.17 down to a plateau around 0.07 at the first 30 min, and then almost remained on 
the same level till the end of the SAXS data collection. xmon constantly increase within the 
40 min, and then gradually decreased to 0. This SAXS modelling results of xmon was different 
from the experimental measurements and estimations of xmon in previous research27. As the 
discussions in the renormalization of the kinetics of this PISA process via RAFT synthesis by 
NMR, the discussion of the SAXS modelling and the following analysis with mass balance 
might be required to be consistent within itself rather than more comparisons with the 
previous SAXS modelling and the following analysis27. xpol slightly decreased from 0.6 to a 
valley of 0.5 at around 30 min, and finally steadily increased. Also referring to the three 
sections by scaling relations of Rsm and DP (Figure 3.6), in the 1st section, xsol almost only 
slightly continuously decreased. This tendency might be more obvious presented in Figure 
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3.7. Also, during the 1st section, xmon generally increased. This retention of monomer in the 
spherical micelle cores also slightly reduced the xpol. Although PBzMA was still the dominant 
composition in the spherical micelle cores, at the xpol valley, xpol was already above 0.5, and 
with large xmon, PBzMA might be relatively soluble in the spherical micelle cores. If 
considering that DP was still the main factor to control the spherical micelle cores,27, 70-72 ω1 
was close to 1/3, which means that the behaviour of the spherical micelle core might be 
similar to a droplet. And because in the 1st section, the increase of the spherical micelle cores 
depended on the potential monomer supply, and the deformable spherical micelle cores, the 
size of the spherical micelle might be more flexible to be uniform, which reduced PDI. In the 
2nd section, the xmon decline might indicate that the monomer in the medium cannot 
remain vigorous supply to the spherical micelle core, and thus, ω2 became smaller because 
of the volume stretch by the reduced polymer density from the monomer density. And the 
monomer supply might still stabilise the PDI in this 2nd section. In the 3rd section, xmon was 
above xsol, which might devote no critical effect to the change of the spherical micelle cores. 
And because in the 2nd section, both the size and the increase of size measured scaling 
relations were controlled by the chemical kinetics and mass transports, which was not 
followed the scaling relation of 2Rmc ~ DP0.5 determined by the final products of PSMA31-
PBzMA nanoparticle via RAFT 27. After the absence of the monomer in the spherical micelle 
cores, the stretched spherical micelle cores might require other mechanisms, the spherical 
micelle fusion and chain exchange mechanism 60-67, for the size ascent, which was also the 
reason why scaling relation failed at the end of stage 4 and in stage 5. Also, PDI increased 
from the relatively low level by monomer contribution to higher stage possibly because of 
the polydispersity index of the diblock copolymers.  
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Figure 3.6. Rmc of PISA process via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer at 90 °C in mineral oil 
at 10% w/w solids vs. DP (black squares) curve (left) in log-log plot. PDI of Rmc vs. DP (pink line) curve (top left) in 
semi-log plot. xmon (blue squares), xsol (orange squares), and xpol (blue squares) vs. DP curves in semi-log plot 
(bottom right). Scaling relations of Rmc and DP (dash lines of the brown for the 1st section and the red for the 2nd 
section, respectively) separated the reaction in three sections. 
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Figure 3.7.  xmon (blue triangles), xsol (orange circles), and xpol (green squares) vs. time curves of PISA process via 
RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer at 90 °C in mineral oil at 10% w/w solids vs. 

 

For the chemical reaction, it is important to determine factors which affects the rate of 
polymerisation for deeper understanding of the synthesis. Also, in this PISA process via RAFT 
synthesis, the reaction region is in the spherical micelle cores. This synthesis condition is 
similar to the condition of Interval III of emulsion polymerisation. Therefore, the equation of 
Interval III of emulsion polymerisation (eq 2.43) could be invited here for the analysis of the 
rate of polymerisation of PISA process via RAFT synthesis of PSMA31–PBzMA2000 diblock 
copolymer. Because this SAXS and the following SAXS modelling have given the monomer 
conversion and xmon, the rate of polymerisation by eq 2.43 can be rewritten as: 

 

( ) ( )

( )

d2 dBzMA
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= 

, (3.6) 

where nT21s is the number of moles of initiator, T21s, and kp_BzMA’ is the reduced propagation 
rate coefficient for the PISA process via RAFT synthesis. According to the polymerization rate 
given by the SAXS modelling results, Rp_exp_BzMA, given by eq 2.44 as,  
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  , this method gave a fitting result of 

kp_BzMA’= 3.94 x 10-2 min-1 = 2.37 h-1 (R2=0.998), (Figure 3.8). This result suggests that the 
monomer concentration in the copolymer micelles (xmon) is highly likely to be the 
dominant factor for this PISA synthesis predicted by the basic RAFT mechanism. This 
analysis also demonstrates that time-resolved SAXS could be a powerful method for in situ 
characterisation of PISA via RAFT synthesis as it provides direct measurements of the 
reaction kinetics. In addition, the established linear relationship could be used to simplify 
SAXS analysis of products produced by other PISA systems. 
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Figure 3.8. Time-dependence of xmon and Rp_exp_BzMA obtained from SAXS modelling results (light blue triangles and 
red squares, respectively). The xmon curve matches the Rp_exp_BzMA curve if multiplied by kp_BzMA’ calculated using 
Euclidean distance method for Rp_exp_BzMA (eq 3.7) and Rp_BzMA (eq 3.6) (dark blue triangles). For the sake of clarity, 
h-1 unit was used for Rp_exp_BzMA and Rp_BzMA.  

 

 

The analysis of the rate of polymerisation indicated that xmon was the critical parameter for 
the chemical kinetics of PISA process via RAFT synthesis of PSMA31–PBzMA2000. While BzMA 
monomer was consumed in the PBzMA spherical micelle core, the volume fraction of BzMA 
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monomer in the spherical micelle core was increased during the period of the reaction from 
14 to 194 min. Therefore, while BzMA was consumed, it required sources to supply BzMA 
monomers from the medium into the spherical micelle cores. Because the BzMA monomers 
were dissolved in the mineral oil, the transportation of BzMA monomer from the medium into 
the spherical micelle cores might be considered as the diffusion process. And such 
transportation of BzMA monomer could be named as monomer supply. Also, xmon was over 
0.2 which was even higher the initial monomer volume fraction. Therefore, extra driving forces 
might be required to interpret such monomer supply. One of the possible reasons could be 
the chemical potential difference of BzMA monomer between the medium and the PBzMA 
spherical micelle cores. Therefore, to describe the monomer supply during this PISA process 
via RAFT synthesis, eq 2.57 with chemical potential effect can be used. The diffusion coefficient 
of BzMA at reaction temperature of 90 °C is DBzMA_90°C. This estimation of this diffusion 
coefficient, DBzMA_90°C_est, could be made using the following Stoke-Einstein equation73, as: 

 
B BzMA_90 C

BzMA_90 C_est
oil BzMA6

k

R
D

T

 



 
= , (3.8) 

where TBzMA_90°C is the reaction temperature, 90 ◦C, ηoil is the viscosity of mineral oil and RBzMA 
is the hydrodynamic radius of the BzMA molecule. Taking ηoil as the viscosity of dodecane27 at 
90 ◦C, 6.02×10-4

 Pa·s 74, and calculating RBzMA from [(3NA·MBzMA)/(4π·ρBzMA)]1/3 to be 4.17×10-10
 

m, DBzMA_90°C_est could be estimated to be about 1.06×10-9
 m2·s-1. The total average travelling 

distance at time t as the sum of average travelling distance without chemical potential effect, 
∆xsol(t), and average travelling distance with chemical potential effect, ∆xdri(t), ∆xsol(t) + ∆xdri(t), 

is given as 
( )
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R t
 (see eq 2.53), where vPBzMA(t) is the time-dependent total volume of 

PBzMA and Rmc(t) is the time-dependent mean radius of the spherical micelle cores. The BzMA 
chemical potential difference between medium and spherical micelle cores, ΔμBzMA, can be 
described as: 75 
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(3.9) 

where χms, χsp, and χpm are Flory-Huggins parameters of monomer-solvent, solvent-polymer, 
and polymer-monomer, respectively. The Flory-Huggins parameters can be set as a row vector 
χ(χms, χsp, χpm). Thus, the generalized eq 2.57 derived for the SAXS modelling (Chapter 2), 
relating total volume change of BzMA monomer (ΔvBzMA), the boundary surface area between 
the medium and the PBzMA spherical micelle cores (Asur_p_PBzMA), ΔμBzMA, DBzMA_90°C, ∆xsol, and 
∆xdri at time tframe(h) can be rewritten for the particular PISA process taking place during PBzMA 
polymerisation as: 
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(3.10) 

And Asur_p_PBzMA is given by eq 2.52 as: 
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where Vco is the hydrophobic block total volume (eq 2.7), Vin_sol is the total volume of solvents 
in the micelle cores (eq 2.10), Vin_mon is the total volume of the internal monomer (eq 2.11). 
And ∆xsol is given by eq 2.58 as: 
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x x


 = −  . (2.12) 

Therefore, the remained parameters in eq 3.10 are ∆xdri(t), χms, χsp, and χpm, and these 4 
parameters were set as the fitted variables determined by least square fitting of 
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 . This gives 

least square fitting results from SAXS modelling as χSAXS(χms_SAXS, χsp_SAXS, χpm_SAXS) = (0.21, 0.35, 
-4.69) and ∆xdri(t) = 2.26 × 10-3

 m (R2=0.994), (Figure 3.9). And ∆xdri(t) is a constant during the 
reaction, which indicated that the chemical potential effect occurred when BzMA monomers 
were close to the spherical micelle cores. This linear relationship between 
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  indicated 

that the proposal diffusion model with chemical potential (eq 3.10) could reasonably interpret 
the monomer supply process. However, it would be interesting to compare the Flory-Huggins 
parameters obtained from SAXS analysis to Flory-Huggins parameters corresponding to the 
studied pairs of chemical substances. This least fitting results indicated that Flory-Huggins 
parameter of PBzMA-BzMA given by SAXS modelling and the least square fitting, χpm_SAXS, was 
negative. The negative Flory-Huggins parameter might indicate relatively strong attraction 
between two compounds.76-78 However, the interaction between PBzMA and BzMA might not 
considered as a strong attraction, and the possible interactions between PBzMA and BzMA 
could be represented by Hansen solubility parameters relating to dispersion force, dipolar 
intermolecular force, and hydrogen bond interaction. In addition, such negative Flory-Huggins 
parameter may indicate that the chemical potential, described by Flory-Huggins mean-field 
theory, which is a thermodynamic theory, may not be suitable for monomer supply. Perhaps,  
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more factors and more complex monomer supply kinetic model constructure are required.  

 

 

Figure 3.9. The diffusion model with chemical potential effect of PISA process via RAFT synthesis of PSMA31–
PBzMA2000 diblock copolymer at 90 °C in mineral oil at 10% w/w solids (eq 3.10) after fitting. 

 

Flory-Huggins parameters are not always available from literature but sometimes it is possible 
to calculate them from Hansen solubility parameters 51, 52 (eq 1.49), which are often available 
or could be measured 42, 43. Hansen solubility parameters of the mineral oil were determined 
using commonly available solvents (Table 6.1).  Using the obtained solubility scores, it was 
calculated that HSP of the mineral oil is [16.3, 0, 0]. The mineral oil HSP is very similar to HSP 
of dodecane available from literature - [16.0, 0, 0] 52. The obtained result is consistent with the 
fact that main component of the studied mineral oil is dodecane.27 It can be found from 
literature that HSP of PBzMA and BzMA are [17.8, 6.88, 7.64] and [16.8, 4.10, 4.10], 
respectively.51, 52 Thus, using eq 1.49, Flory-Huggins parameters of BzMA-mineral oil, mineral 
oil-PBzMA, and PBzMA-BzMA pairs could be calculated as χms_H_Han = 0.52, χsp_H_Han = 0.31, and 
χpm_H_Han = 0.18. Or the set of Flory-Huggins parameter row of the studied system can be 
represented as χH_Han = (0.52, 0.31, 0.18). It has to be noted that the Flory-Huggins parameters 
calculated from HSP show deviations from the Flory-Huggins parameters obtained from SAXS 
measurements. While χsp_H_Han is reasonably close to χsp_SAXS, χms_H_Han and χpm_H_Han are 
significantly different from the Flory-Huggins parameters of BzMA-mineral oil and BzMA-
PBzMA pairs determined by SAXS modelling using mass transfer model. During the PISA 
process, xsol was relatively constant, which might provide relatively similar results of Flory-
Huggins parameter of mineral oil-PBzMA between SAXS modelling and HSP. The reason of the 
difference of Flory-Huggins parameter of BzMA-mineral oil between SAXS modelling and HSP 
might be that the concentration of monomer in the medium was relatively low and xsol was 
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low during the polymerisation. Therefore, the monomer supply model interpreted by eq 3.10 
might not be sensitive of the interaction between BzMA and mineral oil. Thus, Flory-Huggins 
parameter of BzMA-mineral oil provided by SAXS modelling and mass transfer model did not 
match Flory-Huggins parameter of BzMA-mineral oil given by HSP. For Flory-Huggins 
parameter of PBzMA-BzMA, HSP could not indicate a negative result, and thus, Flory-Huggins 
parameter of PBzMA-BzMA given by HSP was certainly different from Flory-Huggins parameter 
of PBzMA-BzMA provided by SAXS modelling and mass transfer model. The Flory-Huggins 
parameter of PBzMA-BzMA given by HSP is relatively reasonable, because BzMA is the repeat 
unit of PBzMA. This means that the potential strong attraction was hardly found between 
BzMA and PBzMA. However, xmon was higher than the BzMA monomer concentration in the 
medium. This indicated that BzMA was attracted by the spherical micelle core. Therefore, the 
phenomenon of BzMA attraction from the mineral oil transported into the spherical micelle 
cores was reflected in Flory-Huggins parameter of PBzMA-BzMA provided by SAXS modelling 
and mass transfer model. This might force Flory-Huggins parameter of PBzMA-BzMA provided 
by SAXS modelling and mass transfer model to be negative.  

 

Table 3.1 Solubility of mineral oil in commonly used solvents. Good solvents are marked by “1” and poor solvents 
are marked by “0”. The obtained results were used to calculate Hansen solubility parameters according to HSPiP 
software 51, 52. 

SOLVENTS  SOLUBILITY

Acetone  1

Acetonitrile  0

BzMA  1

Chloroform  0

Diethyl Ether  0

Dimethyl Sulfoxide (DMSO)  0

1,4-Dioxane  1

Ethanol  0

Ethyl Acetate  1

Hexane  0

Methyl Methacrylate  1

N,N-Dimethyl Formamide (DMF)  1

2-Propanol  0

Styrene  1

Tetrahydrofuran (THF)  1

Toluene  1  

 

 

Regarding to the Rmc and volume fractions of each compound (xmon, xsol, and xpol), the 
generalised parameters, average aggregation number of the spherical micelle (Nagg), the 
average number of copolymer chains per unit surface area (Sagg), and the average core–shell 
interface (dint), can be used for the further insight of properties of the spherical micelle (Figure 
3.10). During the 1st section with Rmc ~ DP0.36, Nagg is nearly proportional to xpol, and with the 
decrease of xpol, Nagg also decreased. This decrease of Nagg indicated the increase of the 
number of spherical micelles. Therefore, with a large amount of monomer transporting into 
the spherical micelle cores during the 1st section, it might release diblock copolymers within 
the spherical micelle cores, and these diblock copolymers fast formed spherical micelles 
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because SAXS modelling cannot detect any soluble diblock copolymers. After the 2nd section, 
Nagg continuously increased, and in the section, xpol ~ DP1.21. This indicated that Nagg is nearly 
proportional to DP. This meant that during the 2nd section, the change of Nagg depended on the 
rate of polymerisation. Nagg continuously increased after the 2nd section and even increased 
obviously after the completion of the polymerisation. This possible spherical micelle fusion 
and chain exchange mechanism discussed above has also been revealed by Nagg. Sagg and dint 
provided the packing density of the solvophilic PSMA31 chains on the spherical micelle surfaces. 
During the 2nd section, fast drop of Sagg and fast increase of dint indicated that when a large 
amount of monomer transported into the spherical micelle cores, the number of the 
solvophilic PSMA31 chains requested to stabilise the spherical micelle cores might be reduced. 
After the 2nd section, PBzMA was gradually dominant the spherical micelle cores, which might 
require relatively dense packing density of PSMA31 chains, which the decrease of dint was 
observed.  
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Figure 3.10. Nagg (triangles), Sagg (circles), and dint (squares) vs. t curves, respectively, reveal the circumstances of 
the spherical micelle cores of PISA process via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer at 90 °C in 
mineral oil at 10% w/w solids. 

 

 

3.6 Conclusion 

The SAXS model counting mass balance of components in a developing system has been 
successfully applied for analysing chemical reaction kinetics during the PISA process via RAFT 
synthesis of PSMA31–PBzMA2000 diblock copolymer at 90 °C in mineral oil at 10% w/w solids. It 
was found that the model fit well to time-resolved scattering patterns recorded during the 
PISA process after a point when all copolymer molecules assemble into particles. The SAXS 
analysis using structural spherical micelle model incorporating the reaction component mass 
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balance approach has shown that the first 14 minutes of the SAXS measurements, 
corresponding to the beginning of the reaction, could not be satisfactorily described by the 
developed model. This finding together with the fact that no SAXS patterns corresponding to 
a pure stage of molecularly dissolved copolymers (stage 2) during the PISA via RAFT synthesis 
were observed suggests that other processes, uncounted by the SAXS model, take place in the 
system. The SAXS modelling provided an opportunity to measure modelling variables, 
including BzMA monomer conversion, the radius and its polydispersity of spherical micelle 
core, the radius of gyration of PSMA solvophilic block, the volume fractions of BzMA monomer, 
mineral oil, and PBzMA in the spherical micelle core. With mass balance modification of the 
SAXS model, BzMA monomer conversion and the volume fractions of the compounds in the 
spherical micelle core now are available. And the volume fractions of the compounds in the 
spherical micelle core might be only measured in situ by SAXS for the first time. According to 
these measured modelling variables, spherical micelle core was increasing during the 
polymerisation. After polymerisation, the spherical micelle core still increased via Ostwald 
ripening process. With scaling relation analysis between spherical micelle core and DP, the 
spherical micelle core growth could be divided into three sections. The volume fraction of 
mineral oil in the spherical micelle core slightly reduced and remained in a low level from 14 
min of the synthesis. The volume fraction of BzMA monomer, xmon, in the spherical micelle 
core increased until 40 min of the reaction and then reduced. Also, with the fitted variable 
xmon, the tendency of the spherical micelle core growth could be related to the change of 
xmon. With x-ray acceleration effect, the monomer conversion rate measured by SAXS was 
relatively faster than the monomer conversion rate of laboratory scale synthesis measured by 
NMR. To estimate more accurate, double logistic function was invited, which also indicated at 
least two processes controlling the PISA process via RAFT synthesis. And with BzMA monomer 
conversion and xmon, these two processes might include polymerisation and transportation 
of BzMA monomer from the medium to the spherical micelle core. Thus, to measure the 
chemical kinetics of such polymerisation by SAXS, the equation of the rate of polymerisation 
for RAFT synthesis presented with the factor of xmon. The BzMA monomer conversion with 
xmon revealed that the rate of polymerisation of such PISA process via RAFT synthesis followed 
classical chemical kinetic equation. And it is first time to confirm such theoretical chemical 
kinetics during PISA process via RAFT synthesis. Further, SAXS analysis with mass balance now 
is available to monitor the kinetics of polymerisation. In turn, the known chemical kinetics 
might be applied to SAXS modelling to reduce the fitted parameters and the difficulty of fitting. 
The other potential process indicated by double logistic function was monomer supply from 
medium to spherical micelle core. The mass transfer model in Chapter 2 was introduced to 
tackle such process and relatively successfully describe the monomer supply process. However, 
such monomer supply process described be the mass transfer model in Chapter 2 provided a 
row vector Flory-Huggins parameters as χSAXS(χms_SAXS, χsp_SAXS, χpm_SAXS) = (0.21, 0.35, -4.69). 
Compared with row vector Flory-Huggins parameters given by Hansen solubility parameter as 
χH_Han(χms_Han, χsp_ Han, χpm_ Han) = (0.52, 0.31, 0.18), χsp_SAXS and χsp_ Han were relatively mateched, 
but χms and χpm given by SAXS and HSP were not closed. And the negative χpm_SAXS indicated a 
strong attraction of the monomer transportation from medium in spherical micelle core. By 
SAXS analysis of Nagg, Sagg, and dint, these three parameters confirmed that the size of spherical 
micelle core depended on DP and the radius of gyration of PSMA. Therefore, this SAXS 
modelling and analysis with mass balance was available to interpret the PISA process via RAFT 
in non-polar system. However, a numerous of experimental parameters were required the 
measurements of scattering backgrounds of different monomer concentrations in medium, 
the densities of compounds at reaction temperature. Also, the number of the fitted 
parameters were not relatively large, and therefore, it required relatively long computing time 
for the fitting process via Igor Pro. Therefore, with confirmed well-known chemical kinetics, 
SAXS model might be further improved for deeper analysis. 
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Chapter 4 

In Situ Small-angle X-ray Scattering Studies of Early Stages of Polymerization-induced Self-
assembly of Block Copolymers in Nonpolar Media 

 

 

4.1 Introduction 

In Chapter 3, SAXS models, counting mass balance of chemical reaction components, 
described in Chapter 2 have been applied to PISA via RAFT synthesis of poly(stearyl 
methacrylate)-poly(benzyl methacrylate) (PSMA31-PBzMA2000) diblock copolymer at 90 °C in 
mineral oil at 10% w/w solids. It has been found that the SAXS modelling, based preferably on 
spherical copolymer micelle structure, were not successful for describing scattering patterns 
of initial stages of synthesis/experiment corresponding to the first 12 minutes. According to 
scenario of traditional PISA process via RAFT synthesis described in Chapter 2 (Figure 2.1), 
soluble diblock copolymer chains should be present in the system before the synthesized 
diblock copolymer chains increasing in length formed spherical micelles. However, no 
satisfactory fits to the initial scattering patterns corresponding to the first 12 minutes of the 
experiment were obtained using a SAXS model for soluble diblock copolymer chains (eq 2.19) 
with or without a population of spherical micelles (eq 2.24). Consequently, extra SAXS analysis 
and modelling would be required for this initial period of PISA process. Herein, starting from 
pair-distance distribution function (PDDF) analysis of the SAXS patterns corresponding to the 
initial products of PISA via RAFT synthesis of PSMA31-PBzMA2000, SAXS models will be proposed 
for analysing structural morphologies of the products formed during first few minutes of the 
synthesis. Eventually, the SAXS modelling results obtained for the initial stage of chemical 
reaction will be combined with the SAXS results obtained in Chapter 3 for the remaining period 
of the PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymers mainly corresponding 
to the self-assembled copolymer micelle growth. 

 

 

4.2 PDDF Analysis of SAXS Patterns of PISA via RAFT Synthesis of PSMA31–

PBzMA2000 Block Copolymer Diblock Copolymer  

According to the SAXS analysis of PISA via RAFT synthesis of PSMA31-PBzMA2000, SAXS model 
based on the traditional PISA process cannot satisfactory describe SAXS patterns of this PISA 
process within the first 14 min (Figures 3.2) in Chapter 3. Therefore, extra SAXS modelling 
and analysis are required for the first six frames of this PISA process (Figure 4.1).  Close 
inspection of the SAXS data reveals that the first recorded SAXS pattern contains the first 
minimum of the particle form factor function, which is located at a slightly lower q value 
than that for the second pattern (0.020 Å -1 versus 0.023 Å -1, respectively) (Figure 4.1). This 
suggests that the initial nascent particles formed within the first 2 min are actually larger 
than those observed at a later stage. In addition, the scattering intensity for the second and 
third patterns has a non-zero gradient in the Guinier region (0.0035 Å -1 < q < 0.015 Å -1) 
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(Figure 4.1). In principle of only considering monodisperse spherical particle as the main 
population in the system, this suggests the formation of weakly anisotropic nascent 

particles. This hypothesis is supported by analysis using a PDDF, indicating the possible 

presence of particle dimers (Figure 4.2, pattern corresponding to frame 2 in Figure 4.1). It is 

conceivable that the initial micelles might immediately become elongated (or undergo 
fission to form two smaller micelles)1 before regaining their sphericity at a later stage (Figure 
4.2, pattern corresponding to frame 7 in Figure 4.1). However, micelle fusion cannot be 
ignorable, but here, there was no clear evidence for possible fission or fusion1 during the 
early stage of PISA via RAFT synthesis of PSMA31-PBzMA2000. At 2 min of the reaction, the 
formations of PSMA31-PBzMA2000 were highly in spherical shapes. Surprisingly, at 4 min of 
the reaction, the formations are more complicated. The peak maximum of the PDDF (Figure 
4.2) was at 200 Å and a pronounced shoulder of this PDDF was at around 400 Å with the 
PDDF closed to be 0 at around 800 Å. Also, this PDDF indicated that the particles at 4 min 
should not be considered as simply core-shell structure2. And these three sequential 
numbers possibly indicated that the formations might be included spherical micelle dimers3. 
After 4 min, the shoulders of PDDF gradually disappeared, and at 14 min, the formation of 
PSMA31-PBzMA2000 was detected as spherical micelle only. Thus, these PDDF within 14 min of 
PISA process via RAFT synthesis of PSMA31-PBzMA2000 indicated an extra morphological 
transition from some undefined particles to spherical micelles. Therefore, this morphological 
transition is required extra SAXS analysis and SAXS modelling to clarify the observed particle 
morphology transformations. 
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Figure 4.1. Experimental SAXS patterns (circles), recorded every 2 min from frame 1 (2 min) to frame 7 (14 min) 
during PISA process via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer spheres at 90 °C in mineral oil, 
with respective fitting curves (solid lines) produced by SAXS model according to the transitional PISA process 
described in Chapter 2. 
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Figure 4.2. Normalized pair-distance distribution functions (PDDFs) obtained from experimental SAXS patterns with 
representative error bars are shown for PDDFs associated with frame 2. 

 

 

4.3 Possible Morphologies and Morphological Transitions of Particles at the 

Initial stage of PISA Process via RAFT Synthesis of PSMA31–PBzMA2000 

Copolymer in Mineral Oil 

Based on PDDF analysis of PISA process via RAFT synthesis of PSMA31-PBzMA, the early stage 
of this PISA process can be deliberately separated by the relatively unique formation at 2 min 
and the morphological transition during 4 – 14 min. However, this separation does not indicate 
the utter independence of the formations between 2 min and the time region of 4 – 14 min 
but reveals an opportunity to construct the morphological transition models based on the 
formations at 2 min. Also, the analysis of the early stage of PISA process via RAFT synthesis of 
PSMA31-PBzMA2000 should be performed forward from the first frame at 2 min rather than 
backward from the 7th frame as it has been done for the rest of the particle synthesis based 
on a unimodal population of spherical micelles (Chapter 3, eq 2.24). Thus, the first frame of 
SAXS patterns is used to construct the initial particle morphology. 

According to PDDF of the first frame, the morphology formed by PSMA31-PBzMA was likely to 
be of a spherical shape, and therefore, a spherical particle (or micelle) should be one of the 
options considered for the initial particle formation. Also, at stages 1 and 2 (Figure 2.1), instead 
of observing soluble PSMA31 chains in traditional PISA process, BzMA monomers with solvent 
molecules might form emulsions in the medium required PSMA31 chains to stabilise the BzMA 
suspensions, which could be observed as the spherical particles in the medium. Thus, at least 
two structural options for the particles formed at the initial stage could be considered. For the 
spherical micelle morphology, a SAXS model has already been developed (Chapter 2, 
equations 2.1 – 2.37). For the suspension particles stabilized by PSMA31 chains, at least two 
possible SAXS models could be proposed. For the first model, the synthesised PBzMA block 
can be described as independent Gaussian chains within the cores of suspension particles 
stabilised by PSMA block on such particle core surfaces which are full of BzMA monomers and 
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solvent molecules. For the second model, such suspension particles stabilised by PSMA block 
on such particle core surfaces can be described by core-shell model with the core formed by 
BzMA monomer and solvent molecules and the shell formed by a mixture of PBzMA blocks, 
BzMA monomer and solvent molecules (Figure 4.3). 

After the formation of spherical particles during first 2 min of the chemical reaction, a particle 
morphological transition might take place between 4 min and 14 min. Since this morphological 
transition was now only observed by SAXS, it might require further microscopy studies, for 
instance, cryogenic transmission electron microscopy (cryo-TEM)4, 5. Even though PDDF 
analysis suggests the possible dimer structure in the medium, there are no direct structural 
methods which could determine the particle morphology during this period. Therefore, a 
number of structural models for the particle morphologies formed at the initial stage of the 
studied synthesis, including the dimer structure suggested by PDDF analysis (Figure 4.2), 
should be examined. PDDF should not be considered as the best robust method to determine 
the particle morphologies if the system is highly polydisperse and/or contain a few populations 
of different particles. Thus, the dimer formation should be assumed only as one of the 
opinions to describe this morphological transition. Another option (or other options) could be 
a system composed of a few populations of particles. Consequently, two-population systems 
of spherical shape particles were analysed. 

It has to be noted that the formation of initial particles at 2 min of the reaction and then the 
morphological transition during the period of 4 – 14 min could require a number of 
combinations of the possibilities of different particle formations with different morphological 
transitions. In order to simplify the task, SAXS modelling and analysis of the early stage of PISA 
process via RAFT synthesis of PSMA31-PBzMA2000 was performed using structural models 
developed for the first SAXS frame corresponding to 2 min of the PSMA31-PBzMA synthesis. 

 

 

4.4 Structural Models for SAXS Analysis of Particle Morphologies Formed at the 

Initial Stage of PISA Process via RAFT Synthesis of PSMA31–PBzMA2000 in 

Mineral Oil 

According to the proposed descriptions of the particles formed during the initial stage of PISA 
process via RAFT synthesis of PSMA31-PBzMA2000 (the first 2 min of reaction), three SAXS 
models should be considered. In particular, a spherical micelle model (eq 2.24), a suspension 
particle with Gaussian PBzMA block chain model and a suspension particle with core-shell 
structure model (Figure 4.3). For the latter two proposed models, BzMA monomer and solvent 
molecules are assumed to be mixed together. 
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Figure 4.3. Schematic Presentation of two possible suspension particle morphologies. The suspension particle with 
Gaussian block chains (left) is described as a spherical particle of the rsu radius with the radii of gyration of the 

PBzMA block, Rg_co, and the radii of gyration of the brush (stabiliser) PSMA block, Rg_br. The suspension particle as 

core-shell structure (right) is described as a spherical particle of core radius of the suspension particle as rsu_c and 
the radius of the suspension particle as rsu with the radii of gyration of the PSMA, Rg_br. 

 

 

Suspension Particle with Gaussian PBzMA Block Chain Model 

Based on the description of the suspension particle with Gaussian PBzMA block chains (Figure 
4.3, left), the scattering intensity can be given as: 

 ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

' ' ' '
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0 0
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, 
(4.1)  

where ϕsu_GC is the volume fraction of suspension particle with Gaussian PBzMA block chains, 
rsu is the suspension particle core radius. It is assumed for the analysis that the distribution 
function of the particle radius, Ψsu, follows the Gaussian distribution: 
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su

2

su su

R

su

R

1
exp

2

2

r R

r

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−
−

 =

  
       , 

(4.2) 

And the Gaussian distribution can be represented as: 

 ( ),Nr R  . (4.3) 

where R is the mean radius of particles and σ is its standard deviation. Therefore, such 
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Gaussian distribution Ψsu, can be written as ( )
susu su R,Nr R  . ( )'

su su, ,S q r r  is the hard sphere 

structure factor solved by the Percus-Yevick closure relation.6  Since the volume concertation 
of the scattering objects was low at this stage of the synthesis, the structure factors were 
assumed to be unity. The form factor of the suspension particle with Gaussian PBzMA block 
chains in eq 4.1 is defined as: 
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(4.4)  

where the form factor amplitude of the core block is defined as ( )
( )2 2
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co g_co 2 2
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1 exp
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q R
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− −
= , and 

Rg_co is the radius of gyration of the core block. The self-correlation term of the core block in 

eq 4.4 is described by the Debye function ( )
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. The excess scattering length density of the solvophobic block 

copolymer is ( )co co co su   = − . The form factor amplitude of the suspension particle in eq 4.4 

is taken as 
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where Asu_c_GC is the suspension particle core scattering amplitude defined as  
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=   , where the exponent term with a width σt accounting for a 

sigmoidal interface between solvophilic block and suspension core at surface. σt value was 

fixed at 2.5 Å during fitting. The aggregation number is defined as 
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suspension particle with Gaussian PBzMA block chain model to experimental SAXS pattern 
could be listed as the following (see brackets on the right-hand side of the equation): 

 ( )
susu_GC su_GC su g_co

,

, ,

,

R
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I q I R R

xmon xsol



 
 

=  
 
 

, (4.5) 

where xmon and xsol are volume fractions of monomer and solvent in the suspension particle 
cores, respectively. 

 

 

Suspension Particle as Core-Shell Structure Model 

Based on the description of the suspension particle as core-shell structure (Figure 4.3, right), 
the scattering intensity of the suspension particle as core-shell structure contribution can be 
expressed as: 
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where ϕsu_cs is the volume fraction of the suspension particle as core-shell structure. Ψsu 

follows the Gaussian distribution as rsu ~ N (Rsu, 
suR

  ), and Ψsu_c follows the Gaussian 

distribution as rsu_c ~ N (Rsu_c, 
su_cR

 ). ( )' '
su su su_c su_c, , , ,S q r r r r  is the hard sphere structure factor 

solved by the Percus-Yevick closure relation.6 The form factor of the suspension particle with 
Gaussian core block chains in eq 4.6 is defined as: 
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(4.7)  

where the form factor amplitude of the shell of the suspension particle as core-shell structure 

is defined as ( ) ( ) ( ) ( ) ( ) 
2 2

t
1

2
su_s_cs su su_c s su s su s su_c s su su_c, , , ,

q

A q r r V r A q r V r A q r r e
−

 = − −  , where the exponent 

term with a width σt accounting for a sigmoidal interface between the core and the shell. σt 
value was fixed at 2.5 Å during fitting. The excess scattering length density of the shell of the 

suspension particle as core-shell structure is ( )su_s susu_s
  −=  , where the scattering length 

density of the shell of the suspension particle as core-shell structure is calculated as the 



Chapter 4: In Situ Small-angle X-ray Scattering Studies of Early Stages of Polymerization-induced Self-assembly of 
Block Copolymers in Nonpolar Media 

 

____________________________________________________________________________________________ 

114 

 

volume average of the comprising components as 

sol

sol

pol pol mon mon mon sol sol sol
1

su_s

pol mon mon sol sol
1

n

j j j
j

n

j j
j

V f V f V

V f V f V

  


=

=

+ +

=

+ +





. The 

form factor amplitude of the suspension particle as core-shell structure in eq 4.7 is taken as 
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the aggregation number is defined as 
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=  . The variables used to fit the suspension particle as core-shell 

structure model could be listed as the following (see brackets on the right-hand side of the 
equation): 
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4.5 SAXS Analysis of the Initial Stage of PISA Process via RAFT Synthesis of 

PSMA31–PBzMA2000 Synthesis in Mineral Oil at 2 Min 

For the insight of the core structure of the spherical particles formed at the initial stage, the 
proposed three SAXS models are applied to the SAXS pattern collected after the first 2 minutes 
of RAFT synthesis of PSMA31-PBzMA2000. It is anticipated that the SAXS modelling results can 
be used as a guidance for detecting structure of initial particle morphology. The spherical 
micelle model (eq 2.24) can provide a relatively good SAXS fitting results with χ2 produced by 
Igor Pro least square fitting algorithm as 2095 (Figure 4.4 (a)) and suggests that the radius of 
the spherical micelle was 17.0 ± 2.4 nm with xmon = 0.06, xsol = 0.81, and xpol = 0.13. The 
monomer conversion, conv, was determined as 0.026. Meanwhile, the suspension particle 
models were also given the same monomer conversion with relatively good fittings of χ2 = 
1766 and χ2 = 1656 [Figure 4.4 (b) and (c)], respectively. The radius of suspension particle with 
Gaussian PBzMA block chain model was 16.3 ± 2.8 nm and the volume fractions of the 
components were xmon = 0.13, xsol = 0.75, and xpol = 0.12. Rg_co was 4.3 nm, which was 
considered to be large when the monomer conversion was only 0.026, and the DP reaching 
50. For the suspension particle as core-shell structure model, the core radius of the suspension 
particle as core-shell structure was 1.98 ± 0.63 nm, and the total radius of the suspension 
particle as core-shell structure was 14.4 ± 4.18 nm. And the volume fractions of the 
compounds of the suspension particle as core-shell structure were xmon = 0.06, xsol = 0.81, 
and xpol = 0.13. This tiny core radius of the suspension particle might indicate the suspension 
particle was similar to spherical micelle. 
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Figure 4.4. SAXS model fitting (solid curve), Itot, to the experimental SAXS pattern (symbols), Iexp, recorded during 
the first 2 minutes of RAFT synthesis of PSMA31-PBzMA2000 diblock copolymer at 90 °C in mineral oil: spherical 
micelle model (a), suspension particle with Gaussian PBzMA block chain model (b), and suspension particle as core-
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shell structure model (c). 

 

The spherical particle radii given by the spherical micelle model and the suspension particle 
with Gaussian PBzMA block chain model were very close, and the radius provided by the 
suspension particle as core-shell structure was relatively close to the radii obtained by using 
the other proposed models. For the volume fractions of the components given by the 
proposed SAXS models, the spherical micelle model and the suspension particle as core-shell 
structure both suggested the same results, while the suspension particle with Gaussian PBzMA 
block chain model produced a slightly higher xmon and a slightly lower xsol. Therefore, 
according to the radii and the volume fractions of the components obtained by SAXS modelling, 
the considered three SAXS models provided a similar both particle size of the spherical 
particles and composition of the spherical particle cores. These SAXS models mainly 
distinguish from each other by the way the core structure is described. According to the fact 
that the suspension particle as core-shell structure model returned the lowest χ2, this model 
might be the most appropriate for the describing the spherical particles formed at the initial 
stage of reaction during the first 2 minutes. Thus, the initial spherical particles formed during 
RAFT synthesis of PSMA31-PBzMA2000 could be considered as particles with liquid cores 
composed of BzMA monomer and solvent molecules stabilized by the PSMA31-PBzMA diblock 
copolymers. According to the SAXS modelling results, DP of PBzMA after the first 2 minutes of 
synthesis is around 50. The validation of the Rg_co_est is estimated by the Gaussian chain model 
as (b·lc/6) 0.5 7, where the contour length of such PBzMA50, lc, is calculated as the repeat unit, 
50, multiplying to the length of two carbon bonds in an all trans configuration, 0.255 nm, and 
the Kuhn length, b, is given as 1.53 nm based on PMMA8. Thus, it could be estimated that 
radius of gyration of the PBzMA50 Gaussian coil, Rg_co_est, is 3.58 nm. The the contour length of 
such PBzMA50, lc, is 12.8 nm, and the radius of gyration of rod with length as lc, is given as  

c 2 3l  9, 3.68 nm. The suspension particle with Gaussian PBzMA block chain model returned 

Rg_co value of 4.3 nm which is close but slightly higher than the value estimated from the BzMA 
monomer conversion. Meanwhile, the shell thickness returned by the suspension particle as 
core-shell structure model is 12.4 ± 3.55 nm, which is close to the PBzMA50 contour length. 
Thus, this result combined together with the conversion value suggests that the PBzMA block 
in the initially formed suspension particles is stretched. This is likely to be due to a good 
compatibility of the PBzMA block with the solvent and BzMA monomer at low DP. Thus, both 
suspension particle models could be considered as reasonable models to describe the 
structural morphology of initial spherical particles. However, these two proposed suspension 
particle models produced slightly different sizes and the volume fractions of the components, 
and, thus, some uncertainty about the particle structure remains unresolved. Moreover, the 
spherical micelle could also be considered as a good approximation for the initial spherical 
particle morphology because the PBzMA block volume fraction of the spherical micelle core 
was small which means that the spherical micelle model with PBzMA core block averagely 
mixed with BzMA monomer and solvent molecules could be valid for the spherical particles 
formed after 2 minutes of the PBzMA block synthesis. This is also supported by a relatively 
small χ2 and a good fitting produced by the spherical micelle model to the SAXS pattern 
collected at 2 min. 
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4.6 SAXS Models for Possible Morphological Transition during Initial Stages of 

PISA via RAFT Synthesis of PSMA31–PBzMA2000 in Mineral Oil 

SAXS fitting results have shown that all three SAXS models can be used as potential candidates 
for describing the structural morphology of initial particles formed PISA of PSMA31-PBzMA2000. 
Thus, all these morphologies should be considered for analyzing further stes of the sysnthesis 
taking place during 4 – 14 minutes. According to PDDF analysis of the second frame at 4 min 
(Figure 4.2), the particle morphology could correspond to dimers formed by spherical particles. 
However, without any confident evident of morphological transition of particles observed, 
four scenarios of morphology transition are proposed herein. In particular, the first scenario 
includes dimers constructed by spherical micelles and spherical micelles (MT-I_ds-s, Figure 
4.5). The second scenario includes relatively large spherical micelles, relatively small spherical 
micelles and the dimers constructed by spherical micelles a morphology transition (MT-II_ls-
ds-ss, Figure 4.6). The third scenario includes relatively large suspension particle as core-shell 
structure and relatively small suspension particles as core-shell structure (MT-III_cs, Figure 4.7). 
Finally, the fourth scenario includes suspension particles with Gaussian PBzMA block chains 
and spherical micelles (MT-IV_GC-s, Figure 4.8). However, considering the difficulties of SAXS 
modelling during the proposed morphology transition, each volume fraction of the 
components (xmon, xsol, and xpol) are assumed to be the same for all populations of particles 
at a particular time frame. 

 

 

4.6.1 SAXS Model for MT-I_ds-s Particle Morphology Transition 

Scattering intensity of a system corresponding to the MT-I_ds-s morphology transition (Figure 
4.5), including the dimers constructed by spherical micelles and the spherical micelles, can be 
given as: 

 ( ) ( ) ( ) ( ) ( )tot ds ds sm sm ds sm bg1I I I Iq q q q   = + + − − , (4.9) 

where ϕds is the volume fraction of dimers, and Ids is the scattering intensity of spherical 
particle dimers: 
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where Sd(q, rds, 2Rg_br) is the structure factor for dimer structure by spherical particles. Sd(q, rds, 
2Rg_br) is a special case of the structure factor for pearl necklace chains10 given as: 
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where Npearl is the number of the particles of the chains, dd is the closed distance between the 
particles of the chains. The dimer structure factor is obtained when Npearl = 2 and dd = 2Rg_br: 

 ( ) ( )
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. (4.12) 

The variables used to fit the morphology transition (MT-I_ds-s) including the dimers 
constructed by spherical micelles and the spherical micelles could be listed as the following 
(see the bracket on the right-hand side of the equation): 
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Figure 4.5. Schematic presentation of the proposed morphology transition (MT-I_ds-s) including the dimers 
constructed by spherical micelles and the spherical micelles. The mean radius of the spherical micelles and spherical 
micelles constructing the dimers are Rmc and Rds, respectively. 

 

 

4.6.2 SAXS Model for MT-II_ls-ds-ss Particle Morphology Transition 

Scattering intensity of a system corresponding to the MT-II_ls-ds-ss morphology transition 
(Figure 4.6) including large spherical micelles, dimers constructed by spherical micelles and 
small spherical micelles can be given as: 
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, (4.14) 

where ϕlsm is the volume fraction of relatively large spherical particles with radius of rlsm, ϕds is 
the volume fraction of dimer formed by spherical particles with radius of rds, and ϕssm is the 
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volume fraction of relatively small spherical particles with radius of rssm. Ilsm(q, rlmc) is the 
scattering intensity of the relatively large spherical particles with core radius of rlmc, Ids(q, rds) 
is the scattering intensity of the dimers formed by spherical particles with core radius of rds, 
and Issm(q, rsmc) is the scattering intensity of the relatively small spherical particles with core 
radius of rsmc. It is assumed that polydispersity of the particle radii corresponding to different 

populations follow Gaussian distribution as rlmc ~ N(Rlmc, 
lmcR

  ), rds ~ N(Rds, 
dsR

  ), and rsmc ~ 

N(Rsmc, 
smcR

 ), respectively. The variables used to fit the MT-II_ls-ds-ss morphology transition 

including relatively large spherical micelles, the dimers constructed by spherical micelles and 
the relatively small spherical micelles could be listed as the following (see the brackets on the 
right-hand side of the equation): 

 ( )
lmc ds smc

lsm ssm

tot tot lmc ds smc

, , ,

, , , , , ,

,

R R R

conv

I q I R R R

xmon xsol

  

  
 

=  
 
 

. (4.15) 

 

 

Figure 4.6. Schematic presentation of the proposed morphology transition (MT-II_ls-ds-ss) including relatively large 
spherical micelles, the dimers constructed by spherical micelles and relatively small spherical micelles. The mean 
radius of the relatively large and relatively spherical micelles, spherical micelles constructing the dimers are Rlmc, 
Rsmc, and Rds, respectively. 

 

 

4.6.3 SAXS Model for MT-III_cs Particle Morphology Transition 

Scattering intensity of a system corresponding to the MT-III_cs morphology transition (Figure 
4.7) including large suspension particles as core-shell structure and small suspension particles 
as core-shell structure can be given as: 

 
( ) ( ) ( )

( ) ( )

lsu lsu_c ssu ssu_ctot lsu_cs lsu_cs ssu_cs ssu_cs

lsu_cs ssu_cs bg

, , , ,

1

q r r q r rI I Iq

I q

 

 

= +

+ − −
, (4.16) 

where ϕlsu_cs is the volume fraction of relatively large suspension particles as core-shell 
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structure, ϕssu_cs is the volume fraction of relatively small suspension particles as core-shell 
structure, and ϕsm is the volume fraction of spherical micelles. Ilsu_cs(q, rlsu, rlsu_c) is the scattering 
intensity of the relatively large suspension particles as core-shell structure with the total radius 
of rlsu and the core radius of rlsu_c. Issu_cs(q, rssu, rssu_c) is the scattering intensity of the relatively 
small suspension particles as core-shell structure with the total radius of rssu and the core 
radius of rssu_c. Because the shells of the suspension particles are considered to be formed by 
PBzMA blocks together with BzMA monomer and solvent molecules, the shell thickness and 
its polydispersity is considered to be the same for the relatively large suspension particles and 
the relatively small suspension particles, which means rlsu - rlsu_c = rssu - rssu_c. If the core radius 
of the suspension particle as core-shell structure was equal or close to 0, the suspension 
particle as core-shell structure was considered to be degenerated as the spherical micelle. IT 
was assumed in the model that the polydispersity of the particle radii follow Gaussian 

distribution as rlsu ~ N(Rlsu, 
lsmR

 ), rlsu_c ~ N(Rlsu_c, 
lsm_cR

 ), rssu ~ N(Rssu, 
ssuR

 ), and rssu_c ~ N(Rssu_c, 

ssu_cR
 ), respectively. The variables used to fit the MT-III_cs morphology transition including the 

relatively large suspension particles as core-shell structure and the relatively small suspension 
particles as core-shell structure could be listed as the following (see the brackets on the right-
hand side of the equation): 

 ( )
lsm lsm_c ssm ssm_c

lsu_cs

tot tot lsu lsu_c ssu ssu_c
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, , , , , , , ,

,

R R R R

conv

I q I R R R R
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   

 
 

=  
 
 

. (4.17) 

 

 

Figure 4.7. Schematic presentation of the proposed morphology transition (MT-III_cs) including the relatively large 
suspension particles as core-shell structure and the relatively small suspension particles as core-shell structure. The 
mean radius of the relatively large and relatively small suspension particles as core-shell structure are Rlsu and Rssu, 
respectively, and the mean core radius of the relatively large and relatively small suspension particles as core-shell 
structure are Rlsu_c and Rssu_c, respectively. 

 

 

4.6.4 SAXS Model for MT-IV_GC-s Particle Morphology Transition 

Scattering intensity of a system corresponding to the MT-IV_GC-s morphology transition 
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(Figure 4.8) including the suspension particles with Gaussian PBzMA block chains and spherical 
micelles can be given as: 

 
( ) ( ) ( )

( ) ( )

su g_cotot su_GC su_GC sm sm mc

su_GC sm bg

, , ,

1

q r RI I I q rq

I q

 

 

= +

+ − −
, (4.18) 

where ϕsu_GC is the volume fraction of suspension particles as Gaussian PBzMA block chains, 
Isu_GC(q, rsu, Rg_co) is the scattering intensity of the suspension particles as Gaussian PBzMA 
block chains with the total radius of rsu and radius of gyration of the core block of Rg_co. The 
variables used to fit the MT-IV_GC-s morphology transition including the suspension particles 
with Gaussian PBzMA block chains and spherical micelles could be listed as the following (see 
the brackets on the right-hand side of the equation): 

 ( )
su mc

sm

tot tot su g _co mc
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, , , , ,
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R R
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I q I R R R
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 

 
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=  
 
 

. (4.19) 

 

 

Figure 4.8. Schematic presentation of the proposed morphology transition (MT-IV_GC-s) including the suspension 
particles with Gaussian core block chains and spherical micelles. The mean radius of the suspension particle with 
Gaussian core block chains is Rsu, the radius of gyration of the core block Rg_co, and the radius of gyration of the 
solvophilic block Rg_br. 

 

 

4.7 SAXS Analysis of Morphological Transition at the Initial Stage of PISA of 

PSMA31–PBzMA2000 during RAFT Synthesis in Mineral Oil 

4.7.1 MT-I_ds-s Particle Morphology Transition Model 

According to the PDDF analysis of the SAXS pattern at 4 min (Figure 4.2), the dimer structure 
was an obvious particle morphology to be considered for the transitions. Therefore, MT-I_ds-
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s including dimer structures as one of the populations in the system was firstly examined for 
the SAXS analysis (Figure 4.9). The MT-I_ds-s model (eq 4.9) produced a relatively good fitting 
to the SAXS pattern corresponding to 4 min, and therefore, MT-I_ds-s model was applied to 
the SAXS patterns collected during 4 – 14 min of PISA via RAFT synthesis of PSMA31–PBzMA2000 
diblock copolymer spheres in mineral oil at 90 °C (Figure 4.10). This indicated that during 4 – 
12 min, the particle morphology could be interpreted as a mixture of dimers of spherical 
micelles and single spherical micelles. At 12 min of the PISA process, a single population 
described by the spherical micelle model produced an acceptable fit. Considering that the only 
species in the studied system after 2 minutes of synthesis were spherical micelles, the 
population of dimers of spherical micelles observed at 4 min together with the population of 
single spherical micelle (Figure 4.11) could be considered as a product of a possible fusion of 
spherical micelles or a fission of large spherical micelles. The possible fusion and fission of the 
spherical micelles could be used as a ratio between two populations to detect whether the 
MT-I_ds-s model is suitable to describe the initial stage of the studied PISA process. A 
validation of the proposed model could be based on the radii of spherical micelles comprising 
the dimers and the other spherical micelles (Figure 4.12), mean aggregation number of 
copolymers (Figure 4.13) which were determined by BzMA monomer conversion (Figure 4.14) 
and the volume fractions of the components in the particle cores (Figure 4.15). After 4 minutes 
of the synthesis, the radius of spherical micelles composing the dimers was significantly larger 
than the radius of the single spherical micelles, and the aggregation number of the dimer 
spherical micelles was twice as the aggregation number of spherical micelles, which meant 
the aggregation number of dimers were four times as the aggregation number of spherical 
micelles. This detected aggregation number ratio between the dimers and the single spherical 
micelles cannot be acceptable for the possible fusion or fission of the spherical micelles, 
because ideally for the fusion case, the single spherical micelles should have the same 
structural characteristics as the dimer spherical micelles, and for the fission case, the 
aggregation number of the single spherical micelles should be twice as the dimer spherical 
micelles. Thus, structural parameters produced by the proposed MT-I_ds-s model did not 
support the conditions required for the possible fusion or fission of spherical micelles. After 6 
min of the synthesis, the mean radii of the single spherical micelles were always larger than 
the mean radii of the dimer spherical micelles. This may suggest a morphological transition of 
relatively small spherical micelles to relatively large spherical micelles via the fusion of 
spherical micelles. However, the aggregation number of the dimer spherical micelles remained 
nearly constant during 6 – 10 min, while the aggregation number of the single spherical 
micelles was gradually increasing. Moreover, the aggregation number of the single spherical 
micelles was around 1.5 times larger than the aggregation number of the dimer spherical 
micelles. Considering the aggregation number results produced by the MT-I_ds-s model, it 
could be suggested that during 4 – 14 minutes the spherical micelles merge into larger 
spherical micelles via fusion (Figure 4.13). This SAXS analysis also provided information about 
the BzMA monomer conversion (Figure 4.14). The particle core components have shown the 
following: xsol rapidly dropped from 0.8 to 0.15, which indicated the solvent molecules were 
expelled from the particle core; xpol increased from 0.15 to 0.60, and BzMA monomer 
gradually increased from 0.05 to 0.25, which might be interpreted by a preferable diffusion of 
the monomer from the surrounding media to the formed particles discussed in Chapter 2 
(Figure 2.1). Even though the proposed MT-I_ds-s model could be used to describe the 
morphological transition of the particles during 4 - 14 min of the synthesis, the contradictions 
of SAXS modelling results obtained for the SAXS pattern recorded after 2 minutes of the 
synthesis does not support this model. Thus, the MT-I_ds-s model was modified by introducing 
an additional population of spherical micelles with different mean radius (MT-II_ls-ds-ss model, 
Figure 4.5). 
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Figure 4.9. SAXS pattern collected during PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock in mineral oil at 
90 °C (frame 2, 4 min), Iexp, (symbols) fitted by the MT-I_ds-s morphology transition model including dimers of 
spherical micelles and single spherical micelles, Itot, (solid curve). Scattering intensity of separate populations are 
shown by blue dots (dimers of spherical micelles, ϕdsIds) and purple dashes (spherical micelles, ϕsmIsm). 
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Figure 4.10. Experimental SAXS patterns (circles), recorded every 2 min from 2 min (frame 1) to 14 min (frame 7) 
during PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymers in mineral oil at 90 °C with respective 
fitting curves (solid lines) produced by the MT-I_ds-s morphology transition model including dimers of spherical 
micelles and spherical micelles (eq 4.9). 
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Figure 4.11. Time-dependence of the volume fraction of spherical micelle dimers, ϕds, (blue squares) and the 
volume fraction of single spherical micelles, ϕsm, (purple circles) at the initial stage of PSMA31–PBzMA2000 diblock 
copolymer synthesis in mineral oil at 90 °C (during 2-14 minutes of the synthesis) obtained by SAXS analysis using 
MT-I_ds-s morphology transition model (eq 4.9). The measured points are connected by lines for a guidance only. 
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Figure 4.12. Time-dependence of the mean core radius of the dimer spherical micelles, Rds, (blue squares) and the 
mean core radius of the single spherical micelles, Rmc, (purple circles) at the initial stage of PSMA31–PBzMA2000 
diblock copolymer synthesis in mineral oil at 90 °C (during 2 - 14 minutes of the synthesis) obtained by SAXS analysis 
using MT-I_ds-s morphology transition model (eq 4.9). The measured points are connected by lines for a guidance 
only. The bars show respective standard deviations of the measured radii. 
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Figure 4.13. Time-dependence of the mean copolymer aggregation number, Nagg, of the dimer spherical micelles, 
Nagg_ds, (blue squares) and the single spherical micelles, Nagg_sm, (purple circles) at the initial stage of PSMA31–
PBzMA2000 diblock copolymer synthesis in mineral oil at 90 °C (during 2 - 14 minutes of the synthesis) calculated 
from results obtained by SAXS analysis using MT-I_ds-s morphology transition model (eq 4.9). The measured points 
are connected by lines for a guidance only.  
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Figure 4.14. Time-dependence of BzMA conversion, conv,  at the initial stage of PSMA31–PBzMA2000 diblock 
copolymer synthesis in mineral oil at 90 °C (during 2 - 14 minutes of the synthesis) obtained by SAXS analysis using 
MT-I_ds-s morphology transition model (eq 4.9) (red squares) and MT-IV_GC-s morphology transition model (eq 
4.18) (blue hollow squares). The measured points are connected by lines for a guidance only. 
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Figure 4.15. Time-dependence of xmon (triangles), xsol (circles), and xpol (squares) at the initial stage of PSMA31–
PBzMA2000 diblock copolymer synthesis in mineral oil at 90 °C (during 2 - 14 minutes of the synthesis) obtained by 
SAXS analysis using MT-I_ds-s morphology transition model (eq 4.9) (red symbols) and MT-IV_GC-s morphology 
transition model (eq 4.18) (open blue symbols). The measured points are connected by lines for a guidance only. 

 

 

4.7.2 MT-II_ls-ds-ss Particle Morphology Transition Model 

A modification of the MT-I_ds-s morphology transition model by introducing an extra (third) 
population of particles represented by large spherical micelles provided a better fit to the 
experimental SAXS pattern corresponding to 4 minutes of synthesis (Figure 4.16) than the 
original MT-I_ds-s model (Figure 4.5) (χ2 = 1999.9 versus χ2 =5144.9, respectively). Thus, the 
MT-II_ls-ds-ss model was applied to the set of SAXS patterns corresponding to the initial stage 
of the PSMA31–PBzMA2000 diblock copolymer synthesis (4 – 14 min of the synthesis) (Figure 
4.17). The SAXS analysis using the MT-II_ls-ds-ss model has shown that the large spherical 
micelles could form and exist in the system only for the first 8 min of synthesis (Figure 4.18). 
This suggests that at this point the MT-II_ls-ds-ss model with the additional third population 
degenerates into the MT-I_ds-s model. Therefore, the SAXS modelling results for the period of 
8 – 14 min of the synthesis could be adopted from the analysis using the MT-I_ds-s model 
(Figures 4.14 - 4.16). The measured volume fraction of the large spherical micelles was 
relatively small in a comparison with the dominating small spherical micelles. The volume 
fraction of the spherical micelles forming dimers was nearly half of the volume fraction of the 
small spherical micelles. There is a relatively smooth transition between the results obtained 
for both the dimers and the spherical micelles using the MT-II_ls-ds-ss model (for the period 
of 2-6 minutes) and the MT-I_ds-s model (for the period of 8-14 minutes). The MT-II_ls-ds-ss 
model has shown that the mean radius of the small spherical micelles gradually increased from 
16.5 to 20.1 nm, and the radius of the dimer spherical micelles increased from 13.0 to 16.1 
nm (corresponding to 2 and 6 minutes of synthesis, respectively). This result may suggest that 
relatively smaller spherical micelles forming the dimers may merge into the small spherical 
micelles. Moreover, the aggregation number of the small spherical micelles at 2 min of 
synthesis is nearly the same as the aggregation number of the spherical micelles forming  
dimers at 4 min, and consequently the aggregation number of the small spherical micelles at 
4 min is nearly twice as the aggregation number of the spherical micelles forming dimers at 4 
min suggesting that small spherical micelles after their formation at 2 min possibly collide into 
dimers which is followed by a further fusion of the dimer spherical micelles. This relationship 
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between aggregation numbers of the dimer spherical micelles and the small spherical micelles 
observed at the first few minutes of the synthesis holds at the later stage (Figure 4.16). Thus, 
the obtained result indicates that the size of small spherical micelles grew by the collisions and 
fusions of the small spherical micelles formed at the previous stage. However, the large 
spherical micelles after the formation reduce their radius from 31.7 to 27.1 nm, which does 
not show an obvious connection with the dimer and spherical micelle radius behavior. Also, 
both the radii of large spherical micelle and small spherical micelle were closed to the radius 
of the spherical micelles constructed dimers. This cannot interpret the further aggregation 
number change without detecting dimer structure by the fusion or split mechanism for 
spherical miclelles11. These two inexplicable SAXS modelling results indicates that the 
morphological transition described by the MT-II_ls-ds-ss model may not be valid and other 
particle morphologies rather than dimer structures should be considered. Thus, particle 
morphology transitions excluding dimer structures, MT-III_cs-s and MT-IV_GC-s models, were 
considered for the SAXS analysis. 
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Figure 4.16. SAXS pattern collected during PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock in mineral oil at 
90 °C (frame 2, 4 min), Iexp, (symbols) fitted by the MT-II_ls-ds-ss morphology transition model including large 
spherical micelles, dimers of spherical micelles and small spherical micelles, Itot, (solid curve). Scattering intensity 
of separate populations are shown by red dashes (large spherical micelle, ϕlsmIlsm), orange dots (dimers of spherical 
micelles,  ϕdsIds) and green dashes (small spherical micelles,  ϕssmIssm).  
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Figure 4.17. Experimental SAXS patterns (circles), recorded every 2 min from 2 min (frame 1) to 14 min (frame 7) 
during PISA process via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymers in mineral oil at 90 °C with 
respective fitting curves (solid lines) produced by the MT-II_ls-ds-ss morphology transition model including large 
spherical micelles, dimers of spherical micelles and small spherical micelles (eq 4.14). 
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Figure 4.18. Time-dependence of the volume fraction of large spherical micelle, ϕlmc, (red triangles), the volume 
fraction of spherical micelle dimers, ϕds, (orange triangles) and the volume fraction of small spherical micelles, ϕsmc, 
(green circles) at the initial stage of PSMA31–PBzMA2000 diblock copolymer synthesis in mineral oil at 90 °C (during 
2-6 minutes of the synthesis) obtained by SAXS analysis using MT-II_ls-ds-ss morphology transition model (eq 4.14). 
Time-dependence of the volume fractions of spherical micelle dimers, ϕds, and the volume fraction of small 
spherical micelles, ϕsmc, during 8-14 minutes of the synthesis are presented by results obtained from SAXS analysis 
using MT-I_ds-s model (Figure 4.7) (blue squares and purple circles, respectively). The measured points are 
connected by lines for a guidance only.  
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Figure 4.19. Time-dependence of the mean core radius of the large spherical micelles, Rlmc, (red triangles), the 
mean core radius of the dimer spherical micelles, Rds, (orange squares) and the mean core radius of small spherical 
micelles, Rsmc, (green circles) at the initial stage of PSMA31–PBzMA2000 diblock copolymer synthesis in mineral oil at 
90 °C (during 2-6 minutes of the synthesis) obtained by SAXS analysis using the MT-II_ls-ds-ss morphology transition 
model (eq 4.14). Time-dependence of the mean core radius of the dimer spherical micelles, Rds, and the mean core 
radius of small spherical micelles, Rsmc, during 8-14 minutes of the synthesis are presented by results obtained from 
SAXS analysis using MT-I_ds-s model (Figure 4.8) (blue squares and purple circles, respectively). The measured 
points are connected by lines for a guidance only. The bars show respective standard deviations of the measured 
radii. 
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Figure 4.20. Time-dependence of the mean copolymer aggregation number, Nagg, of the large spherical micelles, 
Nagg_lmc, (red triangles), the dimer spherical micelles, Nagg_ds, (orange squares) and the small spherical micelles, 
Nagg_smc, (green circles) at the initial stage of PSMA31–PBzMA2000 diblock copolymer synthesis in mineral oil at 90 °C 
(during 2-6 minutes of the synthesis) calculated from results obtained by SAXS analysis using MT-II_ls-ds-ss 
morphology transition model (eq 4.14). Time-dependence of the mean copolymer aggregation number, Nagg, of the 
dimer spherical micelles, Nagg_ds, and the small spherical micelles, Nagg_smc, during 8-14 minutes of the synthesis are 
presented by results obtained from SAXS analysis using MT-I_ds-s model (Figure 4.9) (blue squares and purple 
circles, respectively). 
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4.7.3 MT-III_cs Particle Morphology Transition Model 

Following the result that the suspension particle as core-shell structure model produced the 
best fit to the experimental SAXS pattern collected after 2 minutes of PSMA31-PBzMA2000 
synthesis [Figure 4.4 (c)], this particle morphology could be selected as the starting point for 
analyzing time-resolved SAXS patterns corresponding to the initial stage of the synthesis (2-14 
minutes of the synthesis). However, this particle model on its own would fail to fit SAXS 
patterns collected during 4-14 minutes of the synthesis. It has to be noted that particle 
morphology transition models incorporating particle dimers (MT-I_ds-s and MT-II_ls-ds-ss 
models), suggested by the PDDF analysis (Figure 4.2), produced results contradicting to 
physical principles of the particle system development. Assuming that a single population of    
core-shell suspension particles is formed at the beginning of the synthesis (after 2 minutes), 
the obtained PDDFs, especially the pair-distance distribution function corresponding to 4 
minutes of the synthesis (Figure 4.2), could be interpreted as a product of at least two 
populations of spherical particles. Thus, a particle morphology transition model incorporating 
large and small suspension particles with core-shell structural morphology was tested for 
fitting SAXS patterns collected during 2-14 minutes of PSMA31-PBzMA2000 synthesis. This model 
(MT-III_cs) produced a good fit to the SAXS patterns corresponding to 4 min (Figure 4.21) and 
6 min (Figure 4.18). However, the model was not successful to produce a reasonable fit to the 
patterns collected at a later stage (Figure 4.18). The SAXS analysis of the reaction products at 
4 min indicated that the volume fractions of the large suspension particles and the small 
suspension particles were 0.0016 and 0.0089, respectively. The core radii of the large 
suspension particles and the small suspension particles were 14.9 ± 7.5 and 0.7 ± 0.18nm, and 
the total particle radii were 29.2 ± 8.0 and 15.0 ± 1.7 nm, respectively. The SAXS analysis of the 
products at 6 min of the synthesis has shown that the volume fractions of the large suspension 
particles and the small suspension particles were 0.0018 and 0.0075, respectively. The core 
radii of the large suspension particles and the small suspension particles were 20.1 ± 0.1 and 
0.63 ± 0.16 nm, and the total particle radii were 36.5 ± 2.1 and 17.0 ± 1.7 nm, respectively. 
Thus, the MT-III_cs model suggests that particle radius for both populations of the suspension 
particles increase during the first 2 – 6 min of the synthesis. Also, the core radius measured 
for the small suspension particles was less than 5 % of the total particle radius, which could 
indicate that such small suspension particles with a core-shell structure should be considered 
as spherical micelles rather than core-shell suspension particles. Meanwhile, the copolymer 
aggregation number of the small suspension particles estimated from the SAXS fitting results 
increased from 130 at 2 min to 235 at 4 min, and then to 397 at 6 min. Simultaneously, the 
copolymer aggregation number of the large suspension particles increased from 2013 at 4 min 
to 3930 at 6 min. Thus, comparing to the SAXS analysis results obtained from MT-I_ds-s and 
MT-II_ls-ds-ss models (Figures 4.9 and 4.16), there is no obvious relationship between the 
aggregation numbers produced by the MT-III_cs model for both suspension particle 
populations. Nevertheless, the obtained results may indicate that the large suspension 
particles release diblock copolymer chains or small diblock copolymer particles to form 
spherical micelles. The failure of the proposed MT-III_cs model to fit SAXS patterns after 8 
minutes of synthesis may be related to the confinement that rlsu - rlsu_c = rssu - rssu_c (eq 4.16), 
and, as a result, the spherical micelle morphology formed at the later stage may not follow the 
assumption. A possible solution for resolving this problem, while keeping the number of fitted 
structural parameters to a minimum, is to replace the two populations of particles with a core-
shell morphology used for the MT-III_cs model by an alternative set of particle populations 
comprised of suspension particles with Gaussian PBzMA block chains and spherical micelles 
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(Figure 4.7 and eq 4.18). Also, the core radius the small suspension particles as 0.63 ± 0.16 nm 
were too small to form the proper suspension particle, and therefore, the small suspension 
particles should be considered as spherical micelles, instead. Thus, this MT-III_cs particle 
morphology transition model should not be considered as a reasonable transition assumption.  
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Figure 4.21. SAXS pattern collected during PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock in mineral oil at 
90 °C (frame 2, 4 min), Iexp, (symbols) fitted by the MT-III_cs morphology transition model including large suspension 
particle as core-shell structure and small suspension particle as core-shell structure, Itot, (solid curve). Scattering 
intensity of separate populations are shown by blue dashes (large suspension particles as core-shell structure, 
ϕlsu_chIlsu_ch) and blue dots (small suspension particles as core-shell structure, ϕssu_chIssu_ch).  
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Figure 4.22. Experimental SAXS patterns (circles), recorded every 2 min from 2 min (frame 1) to 14 min (frame 7) 
during PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymers in mineral oil at 90 °C with respective 
fitting curves (solid lines) produced by MT-III_cs morphology transition model including large suspension particle 
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as core-shell structure and small suspension particle as core-shell structure (eq 4.16). 

 

 

4.7.4 MT-IV_GC-s Particle Morphology Transition Model 

To avoid physical restrictions imposed by the equality of shell thickness of the large and small 
core-shell suspension particles an alternative model (MT-IV_GC-s) has been considered for 
analyzing SAXS patterns collected at the initial stage of the PSMA31-PBzMA2000 synthesis. The 
MT-IV_GC-s model is based on a principle of two (large and small) particle populations similar 
to the MT-III_cs model but using a different approach for the particle morphology description. 
In particular, the two populations of particles in this model are represented by the suspension 
particles with Gaussian PBzMA block chains (Figure 4.3, left) and spherical diblock copolymer 
micelles (Figure 4.8) (eq 4.18). In analogy to the MT-III_cs model the alternative MT-IV_GC-s 
model produced a good fit to the SAXS pattern recorded after 4 minutes of the synthesis 
(compare Figure 4.17 and Figure 4.23). Thus, the proposed MT-IV_GC-s model was fitted to 
the other SAXS patterns corresponding to 6-14 minutes of the synthesis. It was found that the 
model could produce reasonably good fits to all of the analyzed SAXS patterns (Figure 4.24). 
PDDFs of these SAXS fittings (Figure 4.25) presented similar patterns as the PDDF results of 
original SAXS patterns (Figure 4.2). The analysis revealed that the spherical micelle population 
had appeared after 4 minutes of the synthesis, and it had been the dominating particle 
population after its appearance (Figure 4.26). The mean radius of the suspension particles with 
Gaussian PBzMA block chains increases from about 16 nm at 2minutes to about 28 nm at 4 
minutes and remains at this level until this population of particles disappears at 12 minutes of 
the synthesis (Figure 4.26). The mean core radius of the spherical micelles gradually grows 
after their appearance at 4 minutes. The copolymer aggregation number of the suspension 
particles with Gaussian PBzMA block chains increases during the first 2-8 minutes of the 
synthesis, when the particle size increases, and then the aggregation number reduces to 
around 1200 (Figure 4.28). The aggregation number of the spherical micelles continuously 
increase to 1200 during the analyzed period simultaneously with the micelle size growth. It 
has to be noted that the MT-IV_GC-s model fitted to the SAXS patterns produced values of the 
monomer conversion and the volume fractions of the components in the particle cores very 
similar to the MT-I_ds-s model results (Figures 4.10 and 4.11, respectively). A combined 
analysis of the particle radii (Figure 4.22) and the population volume fractions (Figure 4.21) 
suggests that the overwhelming majority of the suspension particles changes into the 
spherical micelles at the initial stage between 2 to 4 minutes of the sysnthesis. Possibly, with 
the increasing volume fraction of the PBzMA block in the particles causing fast expelling of the 
solvent turns the suspension particles into spherical micelles. Meanwhile, the radius of 
gyration of the Gaussian core block chains of the suspension particles were compared with 
the estimations (Figure 4.27). The estimations of Rg_co at 2 min was given when PBzMA core 

block chains were fully extended as c 2 3l , 3.68 nm, and the estimations during 4 - 14 min 

were assumed that the conformations of the PBzMA core block chains were Gaussian chains. 
Compared with estimations of Rg_co, the SAXS modelling results of Rg_co, which were all 

assumed as Guassian chains and modelled by Debye function (equations 2.20 and 2.24), 

during 4 – 14 min indicated that the PBzMA core block chains could be described as Gaussian 
chains. Thus, the results obtained by using the MT-IV_GC-s model show no significant 
contradictions in a comparison with the other three (MT-I_ds-s, MT-II_ls-ds-ss, and MT-III_cs) 
models. Despite of the contradictions the three unsuccessful morphological transition models 
as well as the MT-IV_GC-s model pointed out that the large suspension particles after their 
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formation transform to spherical micelles at the later stage of the synthesis (Figure 4.30). In 
this PISA process, the PSMA-PBzMA diblock copolymers firstly form suspension particles (step 
1 in Figure 4.30), and then these suspension particles transform into spherical micelles by 
releasing diblock copolymer chains and/or relatively small particles, and/or a possible fission 
of the large suspension particles into dimers (step 2 in Figure 4.30). And eventually, only 
spherical micelles are present in the system at the later synthesis stage (step 3 in Figure 4.30). 
Unfortunately, the process of the transformations from the large suspension particles to the 
spherical micelles were not fully clarified by the performed SAXS analysis. Therefore, it cannot 
connivingly determine the morphologies only by PDDF analysis, though the PDDFs of these 
SAXS fittings were similar with PDDFs of original SAXS patterns. 
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Figure 4.23. SAXS pattern collected during PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock in mineral oil at 
90 °C (frame 2, 4 min), Iexp, (symbols) fitted by the MT-IV_GC-s morphology transition model including suspension 
particles with Gaussian PBzMA block chains and spherical micelles, Itot, (solid curve). Scattering intensity of separate 
populations are shown by blue dots (the suspension particles with Gaussian PBzMA block chains, ϕsu_GCIsu_GC) and 
red dashes (the spherical micelles, ϕsmIsm). 
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Figure 4.24. Experimental SAXS patterns (circles), recorded every 2 min from 2 min (frame 1) to 14 min (frame 7) 
during PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymers in mineral oil at 90 °C with respective 
fitting curves (solid lines) produced by the MT-IV_GC-s morphology transition model including suspension particles 
with Gaussian PBzMA block chains and spherical micelles (eq 4.18). 
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Figure 4.25. Normalized pair-distance distribution functions (PDDFs) obtained from model fitting curves of eq SAXS 
patterns with representative error bars are shown for PDDFs associated with frame 2. 
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Figure 4.26. Time-dependence of the volume fraction of suspension particles with Gaussian PBzMA block chains, 
ϕsu_GC, (blue circles) and the volume fraction of spherical micelles, ϕsm, (red squares) at the initial stage of PSMA31–
PBzMA2000 diblock copolymer synthesis in mineral oil at 90 °C (during 2-14 minutes of the synthesis)  obtained by 
SAXS analysis using the MT-IV_GC-s morphology transition model (eq 4.18). The measured points are connected by 
dash and dot lines for a guidance only. 
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Figure 4.27. Time-dependence of the mean radius of the suspension particles with Gaussian PBzMA block chains, 
Rsu_GC, (blue circles) and the mean radius of the spherical micelle cores, Rmc, (red squares) at the initial stage of 
PSMA31–PBzMA2000 diblock copolymer synthesis in mineral oil at 90 °C (during 2-14 minutes of the synthesis) 
obtained by SAXS analysis using the MT-IV_GC-s morphology transition model (eq 4.18). The measured points are 
connected by dash and dot lines for a guidance only. The bars show respective standard deviations of the measured 
radii. 
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Figure 4.28. Time-dependence of the mean copolymer aggregation number, Nagg, of the suspension particles with 
Gaussian PBzMA block chains, Nagg_su_GC, (blue circles) and the spherical micelles, Nagg_sm, (red squares) at the initial 
stage of PSMA31–PBzMA2000 diblock copolymer synthesis in mineral oil at 90 °C (during 2-14 minutes of the synthesis) 
calculated from results obtained by SAXS analysis using the MT-IV_GC-s morphology transition model (eq 4.18). 
The measured points are connected by dash and dot lines for a guidance only. 
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Figure 4.29. Time-dependence of the radius of gyration, Rg_co, of the suspension particle Gaussian PBzMA block 
chains at the initial stage of PSMA31–PBzMA2000 diblock copolymer synthesis in mineral oil at 90 °C (during 2-12 
minutes of the synthesis) obtained by SAXS analysis using the MT-IV_GC-s morphology transition model (eq 4.18) 
(blue circles) and the estimated from values measured for the BzMA monomer conversion (dark blue squares). The 
data points are connected by dashed and dotted lines for a guidance only. 
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Figure 4.30. A scenario for the particle morphology transition at the initial stage of PISA during RAFT synthesis of 
PSMA31–PBzMA2000 diblock copolymers at 90 °C in mineral oil. At the initial step (corresponding to 2 min of synthesis, 
frame 1 of the SAXS pattern) spherical suspension particles stabilized by short PSMA-PBzMA diblock copolymer 
chains are formed (step 1). At the next step (corresponding to 4-12 min of synthesis, frames 2-6 of the SAXS data) 
the suspension particles transformed to spherical micelles where a mixture of the suspension particles, the 
spherical micelles and potential transient products such as particle dimers could be expected (step 2). At the final 
step (corresponding to 14 min of synthesis onwards, frame 7 to the last frame of the SAXS data) only spherical 
copolymer micelles are present (step 3). 

 

 

The results obtained for the initial stages of PSMA31–PBzMA2000 diblock copolymer synthesis 
by fitting the MT-IV_GC-s model to the time-resolved SAXS patterns corresponding to 2-14 
minutes of the synthesis could be combined with the SAXS modelling results obtained for later 
stages of the PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymers (see Chapter 
3). Thus, previously measured Rmc of the spherical micelles with its PDI values and volume 
fractions of the components in the spherical micelle core, the chemical kinetic parameters, 
and the monomer diffusion parameters can be extended with the results obtained for the 
initial 4-14 minutes of the synthesis (Figure 4.31, 4.27, and 4.28). The Rmc = kR-DP·DPω scaling 
relation used previously for the micelle core radius (Figure 3.5), could be successfully applied 
to Rmc measured for 4-14 minutes of the synthesis. It was found that the scaling exponent ω = 
0.48 (R2 = 0.992). This parameter is close to 0.5 indicating a weak segregation between the 
PSMA31 block and the PBzMA micelle core block12. For the chemical kinetics, a comparison of 
the rate of polymerisation calculated by eq 3.5, Rp_BzMA, and the experimental rate of the 
monomer conversion during 2 – 14 min, Rp_exp_BzMA, calculated from SAXS results using eq 3.6 
has shown that the reduced coefficient kp_BzMA’= 3.94 x 10-2 min-1 = 2.37 h-1 obtained from SAXS 
analysis of later stages of the synthesis, when only the spherical micelles exist (see Chapter 3 
and results associated with eq 3.6), could be applied to the initial period of synthesis when no 
spherical micelles are formed. However, it should be noted that some deviations between 
Rp_exp_BzMA and Rp_BzMA were observed for the very first (2 - 4) minutes of the synthesis. It was 
found that parameters describing the monomer transportation from the medium to the 
copolymer micelle cores such as the diffusion coefficient, DBzMA_90°C_est = 1.06×10-9

 m2·s-1, Flory-
Higgins parameters, χSAXS(χms_SAXS, χsp_SAXS, χpm_SAXS) = (0.21, 0.35, -4.69) and traveling distance, 
∆xdri(t) = 2.26×10-3

 m, determined for the later stages of PISA via RAFT synthesis of PSMA31–
PBzMA2000 diblock copolymers (see eq 3.8 and Figure 3.7), were suitable for describing the 
monomer diffusion during the initial stages (2 - 14 minutes) of the synthesis when the 
spherical copolymer micelles just formed (Figure 4.28). Thus, the chemical reaction kinetics 
and the monomer supply process set at the very beginning of the copolymer micelle formation 
and hold through the whole course of the reaction. 
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Figure 4.31. Double logarithmic plot of Rmc versus DP (black squares), semi-logarithmic plot of PDI of Rmc versus DP 
(pink line), and semi-logarithmic plots of xmon (blue triangles), xsol (orange circles), and xpol (green squares) versus 
DP obtained from analysis of SAXS data corresponding to later stages (16-194 minutes) of PISA via RAFT synthesis 
of PSMA31–PBzMA2000 diblock copolymers at 90 °C in mineral oil (Figure 3.5) extended with analogous results 
obtained for the initial stage of the synthesis using the MT-IV_GC-s model based on suspension particles with 
Gaussian PBzMA block chains and spherical micelles. An extra scaling relationship between Rmc and DP for the 
period of 2-14 minutes of synthesis is shown by the purple dash line. 
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Figure 4.32. Consistent with Figure 3.6, time-dependence of xmon, Rp_BzMA (calculated using eq 3.5 with the reduced 
coefficient kp_BzMA’= 3.94 x 10-2 min-1 = 2.37 h-1) and Rp_exp_BzMA (calculated using eq 3.6) obtained for the initial 
stages (2-14 minutes) of PISA via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymers at 90 °C in mineral oil 
using the MT-IV_GC-s model based on suspension particles with Gaussian PBzMA block chains and spherical 
micelles (light blue hollow triangles, dark hollow blue triangles, and red hollow squares, respectively). Pay attention 
that Rp_exp_BzMA and Rp_BzMA are plotted using h-1 units.  

 

 

 

Figure 4.33. Combined with Figure 3.7 presenting the diffusion model with chemical potential effect of PISA 
process via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer at 90 °C in mineral oil at 10% w/w solids (eq 
3.8) with DBzMA_90°C_est as 1.06×10-9

 m2·s-1, χSAXS(χms_SAXS, χsp_SAXS, χpm_SAXS) = (0.21, 0.35, -4.69), and ∆xdri(t) = 
2.26×10-3

 m during 2 – 14 min (black hollow squares) in Chapter 3, , extra total volume change of BzMA monomer 
(ΔvBzMA), the boundary surface area between the medium and the PBzMA spherical micelle cores (Asur_p_PBzMA), 
BzMA chemical potential difference between medium and spherical micelle cores (ΔμBzMA) now were given by the 

updated SAXS modelling results by equations 4.6 and 4.18 and then provided ( )( )
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 in eq 3.9 (hollow squares). And these 

squares relatively followed the diffusion model with chemical potential effect described in Chapter 3. 

 

 

4.8 Conclusion 

Experimental SAXS results shows that at the initial stage of RAFT synthesis of PSMA31–
PBzMA2000 diblock copolymers the reaction components and products form a few populations 
of particles which transform into a single population of copolymer spherical micelles at the 
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later stage of the synthesis. SAXS model analysis suggested that the first products assembled 
during the studied reaction correspond to a suspension of spherical particles formed by short 
copolymer chains locating in the particle shell and a mixture of solvent (mineral oil) and BzMA 
monomer in the particle core. Pair distance distribution function analysis of the time-resolved 
SAXS patterns collected during the first 14 minutes of the PSMA31–PBzMA2000 diblock 
copolymer synthesis indicated that the copolymer molecules could self-assemble into particles 
forming dimers. However, the results of SAXS analysis based on structural models, 
incorporating the dimers of particles including copolymers, did not support the PDDF analysis 
outcome. A strong inconsistency of the copolymer aggregation numbers, and the particle radii 
were observed between the populations of particles which could form the dimers and the 
particles comprising the dimers. Four scattering models have been developed to describe 
morphological transitions of particles formed at the initial stage of the PSMA31–PBzMA2000 
diblock copolymer synthesis. Each model is composed of a few populations of spherical 
particles: dimers composed of spherical micelles and single spherical micelles (MT-I_ds-s 
model); large spherical micelles, dimers composed of spherical micelles and small spherical 
micelles (MT-II_ls-ds-ss model); large and small suspension particles with core-shell structure 
(MT-III_cs model); suspension particles with Gaussian PBzMA block chains and spherical 
micelles (MT-IV_GC-s model). Model fittings to the time-resolved SAXS patterns corresponding 
to the initial stage of the synthesis have shown that the MT-IV_GC-s model produced the most 
satisfactory fits and, moreover, physically meaningful structural parameters including the 
particle radii evolution, the volume fractions of particle populations, the copolymer 
aggregation numbers. Thus, at the initial stage of the synthesis some reaction components 
and products can assemble into two populations of particles: a population of spherical 
particles formed by short PSMA-PBzMA copolymer chains locating in the particle shell and a 
mixture of solvent (mineral oil) and BzMA monomer in the particle core and a population of 
spherical PSMA-PBzMA diblock copolymer micelles. The performed SAXS analysis leads to a 
conclusion that the morphological transition pathway of particles assembled at the initial 
stage of the PSMA31–PBzMA2000 diblock copolymer synthesis is composed of three steps: the 
PSMA-PBzMA diblock copolymers firstly form suspension particles (step 1) and then these 
suspension particles transform into spherical micelles by releasing diblock copolymer chains 
and/or relatively small particles, and/or a possible fission of the large suspension particles into 
dimers (step 2) followed by a single population of spherical micelles present in the system 
until completion of the synthesis (step 3). Analysis of structural parameters, obtained by fitting 
the MT-IV_GC-s model to SAXS patterns corresponding to the initial stage of the PSMA31–
PBzMA2000 diblock copolymer synthesis, revealed that the chemical reaction kinetics and the 
monomer supply process to the reaction point controlled by the monomer diffusion from the 
medium to the copolymer micelle cores set at the very beginning of the copolymer micelle 
formation and hold through the whole course of the reaction. 
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Chapter 5 

In Situ Small-angle X-ray Scattering Studies of Kinetics of Polymerization-induced Self-

assembly of Block Copolymers in Polar Media 

 

5.1. Introduction 

Because of the wide applications of near-monodisperse polymer nanoparticles1-4, the 

synthesis of such polymer nanoparticles has to face various synthesis conditions. In previous 

Chapters, the PISA synthesis via RAFT in mineral oil, or nonpolar system, has been studied by 

SAXS modelling with mass balance and following chemical kinetics and mass transfer model 

analysis. This Chapter focuses on PISA via RAFT synthesis of diblock copolymers in a polar 

medium system. Recent studies of RAFT synthesis of diblock copolymers designed for PISA in 

alcoholic medium have shown that the copolymers could self-assemble in spherical micelles, 

worm-like micelles, and vesicles.5-8  

One of the disadvantages of the RAFT synthesis in alcohol was that the rates of 

polymerisation were relatively low. For example, RAFT synthesis of benzyl methacrylate 

(BzMA) block in ethanol using poly(2-(dimethylamino)ethyl methacrylate) (PDMA) as macro-

CTA took 12 h – 24 h to reach 99 % BzMA monomer conversion.9, 10 These findings 

encouraged further developments of approaches for PISA via RAFT synthesis of copolymers 

in polar media. One of the approaches was to modify the solvent composition in reaction 

mixtures. In particular, it was found that a substitution of ethanol by ethanol/water mixture 

significantly increased rate of polymerization of BzMA monomer during RAFT synthesis of 

PBzMA-poly(methacrylic acid-co-poly(ethylene oxide) monomethyl ether methacrylate) 

(P(MAA–PEOMA)) diblock copolymers11 as well as an increase of the rate of polymerisation 

during homopolymerisation of styrene with PNVP stabilisers12-14. These studies indicated that 

after the nucleation, the polymerisation occurred in the monomer-swollen micelles, which 

increased the rate of polymerisation. Because water is a poor solvent for styrene and BzMA, 

the increase of the rate of polymerisation by using an ethanol/water mixture in those studies 

should be effective for the BzMA block synthesis as the water-based solvent would facilitate 

self-assembly of copolymers composed of the PBzMA block creating particles acting as 

nanoreactors accelerating the synthesis. In this respect, a further study on BzMA 

polymerization during RAFT synthesis of PDMA-PBzMA diblock copolymer was undertaken,15 

which confirmed the increase of the rate of polymerisation of BzMA. However, it could be 

expected that the morphologies of PDMA-PBzMA self-assembled nanoparticles could change 

with different water content. 

SAXS has been successfully used in the past to obtain detailed information about particle 

morphologies formed during PISA synthesis of PDMA-PBzMA in ethanol.10 Herein, SAXS 

models descried in Chapter 2 are applied for analyzing PISA synthesis of PDMA43-PBzMA200 in 

ethanol/water 80/20 mixture. An approach of reaction component mass balance used in 
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SAXS models developed in Chapter 2 revealed its power in Chapter 3 producing valuable 

information about particle morphology transitions and reaction kinetics during PISA via RAFT 

synthesis in nonpolar media. Thus, in this Chapter SAXS modelling will be attempted again 

for analyzing the particle morphology transition and the reaction kinetics during PISA via 

RAFT synthesis of diblock copolymer in polar media, in particular, PDMA43-PBzMA200 

copolymer in ethanol/water 80/20 mixture. 

 

 

5.2. Synthesis of PDMA–PBzMA synthesis in Ethanol/Water 80/20 w/w Mixture 

All reagents were purchased from Sigma-Aldrich (UK). RAFT synthesis of PDMA43-PBzMA200 

diblock copolymer in ethanol/water 80/20 w/w mixture at 70 °C as well as the experimental 

setup for a simultaneous SAXS data collection have been described before.15 BzMA (0.75 g), 

PDMA43 macro-CTA (0.14 g) and AIBN (1.90 mg, 0.011 mmol) were dissolved in ethanol (5.6 

g) and water (1.0 g) as a co-solvent. The reaction mixture sealed in a 10 mL round-bottomed 

flask and purged with nitrogen gas for 20 min to prevent exposure to oxygen was transferred 

into a 2 mm diameter glass capillary for X-ray measurements (WJM-Glas, Berlin, Germany) 

for further SAXS measurement. The reaction was initiated by connecting the brass stage, via 

a pneumatic switch, to a water circulator pre-heated to 70 °C. The final monomer conversion 

of the products was determined by 1H NMR analysis in CDCl3 by comparing the integrated 

PBzMA signal at 4.9 ppm to the integrated signals of the two methylene vinyl groups of 

BzMA monomer at 5.2 and 5.4 ppm. The final BzMA conversion was measured by 1H NMR to 

be 99 %, and the number average molecular weight (Mn) was determined by gel permeation 

chromatography (GPC) to be 31,600 g·mol-1 with dispersity index (DI = Mw/Mn) 1.15.15 

 

 

Scheme 3.1 Synthesis of poly(2-(dimethylamino)ethyl methacrylate)–poly(benzyl methacrylate) block copolymer 

(PDMA43–PBzMA200) via extension of PDMA43 macromolecular chain transfer agent by RAFT of BzMA in 

ethanol/water 80/20 w/w at 70 °C. 
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5.3. The Characterisation of PDMA–PBzMA Synthesis in Ethanol/Water 80/20 w/w 

Mixture 

Small-Angle X-ray Scattering (SAXS) 

Time-resolved SAXS patterns of PDMA-PBzMA synthesis products were recorded every 64 

seconds for 6.5 h at a synchrotron source (European Synchrotron Radiation Facility, ESRF, 

station ID02, Grenoble, France) by Elizabeth Jones using monochromatic X-ray radiation (λ = 

0.995 Å, q range from 0.0003 to 0.25 Å-1) and a Rayonix MX-170HS CCD detector. A glass 

capillary (2 mm diameter) was used as a sample holder. Before the start of SAXS data 

collection, the reaction was initiated by connecting the holding heating brass stage, via a 

pneumatic switch, to a water circulator pre-heated to 70 °C. The SAXS pattern of 

ethanol/water 80/20 background was measured in the glass capillary for 1 s at 70 °C. 2D 

SAXS patterns were reduced (integrated, normalized by the sample transmission coefficient 

and calibrated to absolute intensity, Iexp, using SAXS patterns of deionized water assuming 

that the differential scattering cross-section of water at 21 °C is 0.0162 cm-1) to 1D SAXS 

profiles using SAXSutilities software supplied by ESRF.16 Calculations and fitting of the SAXS 

data were performed using Irena17, a macro package for small angle scattering (SAS) data 

analysis within the commercial Igor Pro application. All SAXS models were programmed using 

a user function option in the Irena SAS macros. Confinement relationships between the 

parameters describing different populations of scattering objects in the studied system, 

some of the SAXS model parameters were set as global variables. 

 

Density measurement 

The densities of liquid compounds at the reaction temperature, 70 °C, were determined by 

oscillating U-tube method18 using DMA5000 density meter (Anton Paar, Graz, Austria). To 

avoid bubble presented during the measurements, the liquid samples were pre-heated to 

70 °C. Liquid compounds were kept at 70 °C for further measurements. 3 measurement 

results were averaged per sample. Although the density repeatability is 0.000001 g/cm³, 

densities are presented in three significant digits for further use, which indicates that no 

uncertainties are given. 

 

Transmission Electron Microscopy (TEM) 

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house to yield a thin film of 
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amorphous carbon, which were then plasma glow-discharged for 30 s for generating a 

hydrophilic surface. The synthesised product, diluted by ethanol/water 80/20 w/w mixtures 

to 0.20% w/w, was placed onto the glow-discharged grids and then the excess solution was 

blotted by a filter paper. The sample loaded on the grid was stained using a uranyl formate 

solution (0.75% w/v, 10 μL) at 20 °C, the excess of staining solution was removed after 20 s of 

its application. The grid was dried by a vacuum hose at the final stage of the sample 

preparation. TEM images were collected on a Phillips CM100 instrument at 100 kV, the 

instrument was equipped with a Gatan 1 k CCD camera. 

 

1H NMR Spectroscopy 

1H NMR spectra were recorded in C2D5OD at 25 °C using a 400 MHz Bruker Avance-400 

spectrometer (64 scans averaged per spectrum).  

 

 

5.4. SAXS Modelling and Assumptions for PDMA–PBzMA synthesis in Ethanol/Water 

80/20 w/w Mixture 

According to PISA process via RAFT synthesis of diblock copolymers, described in Chapter 2 

(Figure 2.3) and the previous research15, PDMA43–PBzMA200 copolymers synthesised in 80/20 

w/w ethanol/water mixture form spherical micelles from initially soluble molecules. This 

means that the total scattering intensity of this system can be described by equations 2.3 - 

2.5 (see Chapter 2). 

The mass densities of BzMA, PDMA43, ethanol and water at 70 °C are 0.98 g·cm-3, 1.14 g·cm-3 

19, 0.73 g·cm-3, and 0.97 g·cm-3 . Thus, the scattering length densities of BzMA, PDMA43, 

ethanol and water at 70 °C can be calculated as 8.91 × 1010 cm-2, 1.00 × 1011 cm-2, 6.96 × 1010 

cm-2 and 9.16 × 1010 cm-2, respectively. Calculations and fitting of the SAXS data were 

performed using Irena17, a macro package for small angle scattering (SAS) data analysis 

within the commercial Igor Pro application. The SAXS models were programmed using a user 

function option in the Irena SAS macros. In order to express relationships between time-

dependent parameters corresponding to different populations, some of the SAXS model 

parameters (such as ϕsdp, ϕsm, conv, xmon, xsol, Rg_br, and fsm) were set as Global Variables in 

Igor Pro. In order to count the background scattering intensity of the reagent solution, Ibg, 

SAXS measurements of ethanol/water 80/20 mixture was performed. It was found that Ibg 

was about 0.0416 cm-1. 

For this PISA synthesis of PDMA–PBzMA copolymer in ethanol/water 80/20 w/w mixture, the 

solvent was a combination of ethanol and water molecules. Since the solvent contains two 

compounds, it may be expected that a redistribution of the compounds could take place 
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between the solvent trapped in the self-assembled micelles and in the surrounding media. 

Thus, the solvent compositions in the spherical micelle cores would need to be counted in 

the SAXS modelling. However, this extra fitting parameter, in addition to the others, would 

increase uncertainties of the SAXS fitting results complicating the analysis. Thus, in order to 

stabilise the fitting procedure, it was assumed that the ethanol and water content in the 

spherical micelle cores is the same as their content in the surrounding medium. This 

assumption further in the text is called as Assumption 1. 

 

 

5.5. Results and Discussion 

TEM results have suggested that the final product of the PDMA43–PBzMA200 PISA synthesis in 

80/20 w/w ethanol/water mixture was spherical micelles (Figure 5.1). The 1H NMR 

measurements have confirmed that the monomer conversion, after the synthesis 

completion, is over 99%. Thus, the synthesised PDMA-PBzMA copolymers self-assemble into 

spherical micelles (Figure 2.1, stage 5) and, therefore, it can be assumed that the final frame 

of the time-resolved SAXS data (frame 366 recorded at 6.5 h of the synthesis) corresponds to 

spherical micelles only (Figure 5.2). Indeed, eq 2.2 produced a good fit to the SAXS pattern of 

the final product (Figure 5.2, top pattern). The SAXS analysis revealed that the spherical 

micelle core radius Rmc = 20.3 nm and its standard deviation 
mcR = 2.0 nm and suggesting 

low PDI of the spherical micelles in the final product. These results are in a good agreement 

with TEM (Figure 5.2). Rg_br in the final product, measured by SAXS, is around 1.9 nm. This 

value is in a good agreement with a theoretical Rg_br value of 1.67 nm estimated by the 

Gaussian chain model [(b·lc/6) 0.5] 20, where the contour length of corona block (PDMA43), lc, is 

calculated as the number of repeat units, 43, multiplied by the length of two carbon bonds in 

an all trans configuration, 0.255 nm, and the Kuhn length, b, taken as 1.53 nm (based on data 

available for PMMA21). The SAXS data analysis shows that the spherical micelle model fitting 

produced results which correlate well with the other techniques. 
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Figure 5.1 TEM image of the final product of PISA process via RAFT synthesis of PDMA43–PBzMA200 diblock 

copolymer at 70 °C in 80/20 w/w ethanol/water mixture at 10% w/w solids for 6.5h. The spherical micelle 

diameter is around 40 nm. 

 

The first frame of time-resolved SAXS patterns collected during the RAFT synthesis of PDMA43–

PBzMA200 diblock copolymers suggests that there are large scattering objects, indicated by the 

pronounced upturn of scattering intensity at low q, and a relatively small objects, indicated by 

a shape of the scattering pattern from q = 0.01 Å-1 to q = 0.1 Å-1 which could be assigned to 

their Guinier region. This observation is in a good agreement with an expected composition of 

the initial reagent mixture comprising of large BzMA monomer emulsion droplets and small 

coils of dissolved PDMA43 macro-CTA molecules. Thus, it can be suggested that the first frame 

of the time-resolved SAXS patterns could correspond to the stage 2 of the PISA process via 

RAFT synthesis of copolymers (Figure 2.1). Indeed, equations describing scattering intensity of 

Gaussian polymer chains associated with the stage 2 (eq 2.3) produced a reasonably good fits 

to the first frame of SAXS data (Figure 5.3). This analysis revealed that the radius of gyration of 

the dissolved PDMA43 polymer chain, Rg_br, is around 1.9 nm, which was consistent with the 

Rg_br value measured for the final product. The SAXS model fitting also indicated that the BzMA 

monomer conversion was around 1.4%. Such a small value is an expected result for the first 

stage of this synthesis. The fact that the first frame and the last frame of the time-resolved 

SAXS patterns could be fitted using scattering equations based on a Gaussian polymer coil and 

spherical micelles of diblock copolymers, respectively, suggests that the entire set of the time-

resolved SAXS patterns could be modelled by a combination of these two scattering equations 

(equations 2.4 and 2.5) which describes stages 3 and 4 (Figure 2.1). 
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Figure 5.2 Selected experimental time-resolved SAXS patterns, Iexp, (black symbols) recorded during PISA process 

via RAFT synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 80/20 w/w ethanol/water mixture at 10% 

w/w solids recorded for 6.5 h. The solid red lines are respective SAXS model fittings. 

Scattering equations corresponding to stages 3 and 4 of the PISA process during RAFT synthesis 

produced fitting curves matching well to time-resolved SAXS patterns recorded for the 

PDMA43–PBzMA200 diblock copolymer synthesis (Figure 5.2). It is expected that upon a DP 

increase, PBzMA blocks become solvophobic resulting at some point of the synthesis in self-

assembly of the PDMA-PBzMA copolymers into nanoparticles. It The performed SAXS analysis 

has shown that copolymer spherical micelles appear at around 0.1 h (frame 6) when the SAXS 

fitting model indicated that the volume fraction of this population, fsm, in the reaction mixture 

was about 0.01 (Figure 5.3). This nucleation point of micelles corresponds to the BzMA 

monomer conversion of 7.9% and the PBzMA DP of 15 (Figure 5.4). There is a dramatic increase 

of the micelle volume fraction at DP = 22. This increase could be caused by an acceleration of 

the micelle nucleation process and/or change of the reaction conditions due to a localisation 

of the BzMA monomer around reaction points inside of the self-assembled copolymer micelles. 

Details with aggregation number, Nagg, and nucleation number, Nnuc, of the spherical micelle 

might produce more information about this process in the following text. A transition from 

stage 3 to stage 4, the point when all copolymers present in the system self-assemble into 

particles (fsm = 1) took place at around 0.52 h (Figure 5.3). At the end of the particle formation 

coinciding with the beginning of the stage 4, the BzMA monomer conversion was around 

17.3%, and the corresponding PBzMA DP was around 33 (Figure 5.4). 
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Figure 5.3 Time-dependence of volume fraction of copolymer spherical micelles, fsm, for PISA process via RAFT 

synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 80/20 w/w ethanol/water mixture measured from 

time-resolved SAXS patterns recorded during the synthesis. 
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Figure 5.4 Volume fraction of spherical micelles, fsm, vs. PBzMA DP measured by SAXS for the PISA process via RAFT 

synthesis of PDMA43–PBzMA200 diblock copolymers (at 70 °C in 80/20 w/w ethanol/water mixture). 

 

The radius of the spherical micelle cores steadily grows after the copolymer particle nucleation 

(Figure 5.5). However, the PDI of the spherical micelle core radius demonstrates some 
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fluctuations which are more pronounced during stage 3. It has to be noted that the PDI 

remains virtually constant at around 0.1 after the synthesis completion at around 2.5 h. 

However, the PDI before 0.5 h of the reaction was not certainly reliable, because the scattering 

length intensities of the spherical micelles before 0.5 h was relatively low, and therefore, the 

scattering intensities of solvent background and soluble polymeric PDMA chains both covered 

the minimum of spherical micelles. For this reason, the polydispersity of the spherical micelle 

could not be measured accurately. 

 

Figure 5.5 Time-dependence of the spherical micelle core mean radius, Rmc, (black squares), its standard deviation 

(shown as error bars) and PDI (grey circles) for the PISA process via RAFT synthesis of PDMA43–PBzMA200 diblock 

copolymers at 70 °C in 80/20 w/w ethanol/water mixture measured from time-resolved SAXS patterns recorded 

during the synthesis.  

 

The BzMA monomer conversion measured by SAXS revealed some acceleration of the BzMA 

polymerisation (Figure 5.6). For the in situ SAXS experiment, the monomer conversion was 

more than 99% at around 1.9 h. Whereas for the laboratory PDMA43–PBzMA200 PISA 

synthesis, the 99% of monomer was converted only after 5 h 15. Such an acceleration of the 

synthesis during SAXS measurements is likely to be caused by high-flux X-ray synchrotron 

radiation.22 However, the reaction acceleration observed for this RAFT synthesis performed 

in ionic medium is moderate, mainly at a later stage of the synthesis, in a comparison with 

the RAFT synthesis in non-ionic medium (PISA process via RAFT synthesis of PSMA31–

PBzMA2000 diblock copolymer at 90 °C in mineral oil at 10% w/w solids, see Chapter 3, 

Scheme 3.1). 

In analogy with the RAFT synthesis in non-ionic medium, BzMA rate of polymerisation can be 

calculated from SAXS results using the following equation (eq 2.38):  
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It was found that Rp increases until 0.10 h of the synthesis, which corresponds to the 

nucleation point of PDMA–PBzMA spherical micelles. The Rp value drops suddenly to 0.30 h-1 

after 0.25 h of the synthesis and then increases once again to the top value of 3.1 h-1 at 1.03 

h which is followed by a steady decrease to 0 h-1 at around 3 h corresponding to 100% BzMA 

monomer conversion. It has to be noted that the Rp behaviour is in an anti-correlation with 

PDI of the spherical micelle core radius. The Rp increase before 0.10 h coincides with a 

relatively low PDI value followed by the Rp decrease between 0.10 h and 0.25 h coinciding 

with a rapid increase of PDI. The Rp increase between 0.25 h and 1.03 h correlates with a PDI 

decrease, and then the Rp decrease between 1.03 h and 1.50 h correlates with a slight 

increase of PDI.  
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Figure 5.6 Conversion of BzMA monomer during RAFT synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C 

in 80/20 w/w ethanol/water mixture measured by 1H NMR method 15 (blue squares) and by SAXS analysis (red 

line). 
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Figure 5.7 Time-dependence of the BzMA polymerisation rate, Rp, measured by SAXS for the PISA process via RAFT 

synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 80/20 w/w ethanol/water mixture. 

 

It can be demonstrated that the spherical micelle size increases with the BzMA monomer 

conversion (Figure 5.8). The Rmc increase rapidly at the monomer conversion of about 11% 

13%, and the following rate of the Rmc increase reduced. This suggests that the increase of 

volume fraction at PBzMA DP = 22 (Figure 5.4) is preferably related to the micelle growth. 

After the monomer conversion value reaches 99%, the size of the spherical micelles core 

mean radius still grows from 19.6 nm to 20.4 nm. This behaviour is very similar to the PISA 

process via RAFT synthesis of PSMA31–PBzMA2000 diblock copolymer spheres at 90 °C in 

mineral oil discussed in Chapter 3 (Figures 3.3). Possibly, in analogy with the PISA in non-

ionic medium, the slow particle size increase after the synthesis completion is related to an 

equilibration process of the spherical micelle self-assembly.  

 



Chapter 5: In Situ Small-angle X-ray Scattering Studies of Kinetics of Polymerization-induced Self-assembly of Block 
Copolymers in Polar Media 

____________________________________________________________________________________________ 

154 

 

0 20 40 60 80 100

4

8

12

16

20

24

R
m

c
 (

n
m

)

conversion (%)
 

Figure 5.8 Dependence of Rmc on the BzMA monomer conversion measured by SAXS during PISA process via RAFT 

synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 80/20 w/w ethanol/water mixture. Standard 

deviations of Rmc are shown by the error bars. 

The volume fractions of the compounds in the spherical micelle cores could be detected by 

the SAXS modelling from stage 3 starting at around 0.10 h (Figure 5.9). After the micelle 

formation, the monomer volume fraction value, xmon, after a couple of oscillations, reduces 

virtually to zero at the final stage of the synthesis (t > 1.5 h) as expected. It has to be noted 

that the oscillations of xmon could be related to the morphological transformations in the 

system. In particular, the second oscillation of xmon starting at 0.5 h coincides with the 

beginning of stage 4 when no population of free (non-assembled) copolymers is detected. 

However, the observed oscillations could also be an artefact caused by imperfection of the 

SAXS model simplifying the studied PISA process. After The volume fraction of the solvent in 

the micelle cores, xsol, rapidly increases after the micelle formation and reaches the top 

value of 0.35 at 0.5 h. This changes of xmon and xsol detected by SAXS during stage 3 

indicated that the PDMA-PBzMA copolymers might encapsulate a significant amount of 

BzMA monomer possibly detached from the BzMA emulsion droplets at the very beginning 

of the initial spherical micelle formation, and then, when more PDMA-PBzMA were captured 

by the existing spherical micelles, the captured PDMA-PBzMA might drag some solvent 

molecules into the spherical micelle cores, which resulted in the increase of xsol. The rapid 

xmon drop was related to the increase of xsol. However, the Rp did not correlate well with 

the changes of xmon and xsol observed during stage 3 (Figure 5.7). The drop of xmon 

between 0.10 h and 0.16 h might correspond to the drop of Rp between 0.10 h to 0.16 h, but 

later the Rp value continued to drop while the xmon value remained high between 0.16 h 

and 0.25 h, even though the fsm value continued increasing. Within 0.16 h and 0.25 h, xmon 

remained around 0.67, which was higher than the volume fraction of the initial BzMA 

monomer in the whole system (8.1% v/v). Since the xmon value stays high during this period, 

Rp should be increasing, but in fact, Rp reduced from 0.63 h-1 to 0.25 h-1 (Figure 5.7). At a later 

stage, 0.25 h < t < 0.50 h, the xmon value reduced from 0.83 to 0.40, while Rp increased from 
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0.31 h-1 to 0.83 h-1. This counter-intuitive behaviour observed for xmon and Rp may suggest 

that the SAXS model used for scattering data analysis requires a further improvement. 

However, the increase of Rp observed during the 0.25-0.5 h period could be a result of the fsm 

increase. 

After the PISA process turned to stage 4 at t = 0.5 h, xmon slightly increased from 0.40 to 

0.42 at t = 0.65 h, while xsol gradually decreased (Figure 5.9). On the contrary, Rp still 

increased (Figure 5.7). xmon continuously decreased between t = 0.65 h and 1.03 h, and xsol 

also gradually decreased. And at t = 1.03 h, xmon becomes smaller than xsol. Meanwhile, Rp 

continuously increased between t = 0.65 h and 1.03 h, and Rp reached the top value of 3.09 

h-1 at 1.03 h. After 1.03 h, xmon and Rp were continuously reducing while xsol was nearly at a 

plateau. At t = 1.50 h, while xmon reached nearly 0, indicating a full consumption of the 

monomer available in the system, xsol began to decrease again. Meanwhile, the Rp decrease 

slowed down. This later observation might indicate that the copolymer synthesis from t = 

1.50 h to 2.00 h depends on the diffusion of the BzMA monomer, still remaining in the 

medium, to the spherical micelle cores. The described, rather complex, behaviour of the 

reaction components shows that in contrast to the synthesis in non-polar media no linear 

relationship is observed between xmon and Rp during PISA via RAFT synthesis of PDMA43–

PBzMA200 at 70 °C in 80/20 w/w ethanol/water mixture. 
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Figure 5.9 Time-dependence of the volume fractions of the compounds in the spherical micelle cores (xmon, red 

circles; xsol, green squares; and xpol, blue triangles) measured by SAXS during PISA process via RAFT synthesis of 

PDMA43–PBzMA200 diblock copolymers at 70 °C in 80/20 w/w ethanol/water mixture. 

 

For a further discussion of the PDMA43–PBzMA200 diblock copolymer spherical micelle 

formation during PISA, a few more indicative structural parameters were considered: Nagg 

(Figure 5.10), normalised amount of spherical micelles in the system (Nnuc) (Figure 5.11), Sagg 
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(Figure 5.12), and dint (Figure 5.13). Here, Nnuc is given as Np/NA, with eq 2.51. Nagg slightly 

increased during a period of time from 0.10 h to 0.50 h, corresponding to stage 3. At a later 

stage, during period of t = 0.50 h to 1.50 h, Nagg rapidly increased to 400 h. After completion 

of the polymerisation reaction at t = 2.50 h, Nagg was increasing further. This behaviour, 

similar to the PISA process in non-polar media (Figure 3.3), is dictated by the fact that Rmc of 

the spherical particles continue to increase and xsol decreases after the reaction completion. 

The relative amount of spherical particles increases drastically up to 0.88 mmol at the 

beginning of the synthesis during stage 3 (0.10 h < t < 0.50 h) (Figure 5.11). After reaching 

the peak value during the micelle nucleation process, Nnuc rapidly decreases to 0.13 mmol at 

1.03 h. This observation is consistent with the polymerisation rate development as at this 

time point Rp. reaches its maximum (Figure 5.7). The Nnuc decrease may indicate that a 

spherical micelle fusion takes place during stage 4 and stage 5. At a later stage Nnuc decreases 

further to a plateau value of 0.04 mmol (Figure 5.11). The density of copolymer packing on 

the micelle surface, Sagg, after the micelle nucleation reduces from 0.09 nm-2 to 0.06 nm-2 at 

the end of stage 3. Sagg rapidly increases to 0.10 at around 1.25 h after which Sagg gradually 

increases to 0.13 nm-2 at 3.25 h and remains at this value for the rest of SAXS measurements. 

Another characteristic parameter of the copolymer surface packing is the average distance 

between adjacent chains in the micelle interface, dint, which can be compared with Rg_br of 

PDMA43 (measured by SAXS as 1.9 nm). Since Rg_br is radius of gyration of PDMA43, it could be 

suggested that dint between the PDMA43 chains freely packed on the micelle surface chould 

be twice as Rg_br. This means that when dint is smaller than 3.8 nm, PDMA43 could be 

entangled with other PDMA43 chains or compressed by neighbouring molecules. SAXS results 

have shown that dint certainly increases during stage 3 from 3.3 nm to 4.2 nm and then it 

decreases to 3.2 nm at t = 1.25 h. After 1.25 h, dint gradually decreases to 2.8 nm at t = 3.25 h 

and remains at this value virtually unchanged until the end of SAXS measurements. Thus, at a 

later stage of the PISA process dint is less than 2Rg_br. This observation suggests that the 

PDMA43 blocks in the final spherical micelles are compressed by the neighbouring molecules 

and extended along the micelle radius. It was reported previously that PDMA43–PBzMA200 

copolymers during PISA process in either alcohol or alcohol/water 80/20 medium could 

assemble into either vesicles or spherical micelles.15 
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Figure 5.10 Time-dependence of copolymer aggregation number in the spherical micelle, Nagg, measured by SAXS 

for the PISA process via RAFT synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 80/20 w/w 

ethanol/water mixture. 
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Figure 5.11 Time-dependence of the normalised number of spherical micelles in the system, Nnuc, measured by 

SAXS for the PISA process via RAFT synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 80/20 w/w 

ethanol/water mixture. 
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Figure 5.12 Time-dependence of the copolymer packing density on the micelle surface, Sagg, measured by SAXS 

for the PISA process via RAFT synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 80/20 w/w 

ethanol/water mixture. 
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Figure 5.13 Time-dependence of the average distance between adjacent chains in the micelle interface, dint, 

measured by SAXS for the PISA process via RAFT synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 

80/20 w/w ethanol/water mixture. 

 

The discussion of results produced by SAXS analysis where it was assumed that the solvent 
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composition in the spherical micelle cores is the same as in the surrounding media 

(Assumption 1) has demonstrated some contradiction between the measured structural 

parameters. This indicates that the structural model based on the Assumption 1 may not be 

realistic and a redistribution of the solvent components (ethanol and water) between the 

micelle particles and the medium may take place. Since an addition of water into a reagent 

mixture dominated by alcohol can promote the rate of polymerisation and change the 

morphological transition of the self-assembled nanoparticles,15 the composition of the 

solvent in the spherical micelle cores can be assigned to ethanol only (Assumption 2). 

However, fitting of the experimental SAXS patterns using a model based on the Assumption 2 

was not as successful as the fitting based on the assumption that the solvent, located in the 

micelle cores, is composed of the 80/20 w/w ethanol/water mixture. The Assumption 2 

model produced good fits to the experimental time-resolved SAXS patterns corresponding to 

the period of synthesis when the studied system is dominated by spherical micelles (after 

0.82 h). However, no satisfactory fitting parameters were obtained for the initial period 

corresponding to the micelle nucleation (stage 3). In particular, large fluctuations of the 

BzMA conversion were obtained for this initial period. Therefore, only SAXS analysis results 

corresponding to t > 0.82 h are considered in the further discussion (Figure 5.14). 

Since only solvent composition of the micelle cores differentiates models based on 

Assumption 1 and Assumption 2, the mean micelle core radius and its standard deviation 

obtained by both models are the same. In contrast to the model based on Assumption 1, the 

Assumption 2 model demonstrated that no BzMA monomer was in the spherical micelle 

cores. Thus, according to this result xmon could be close to 0 during the PISA process (Figure 

5.14). The volume fraction of the solvent, xsol, (or to be more specific, the volume fraction of 

the ethanol) gradually reduces from t = 0.82 h to 1.25 h and then slightly changes at a later 

stage. Trends observed for xsol values obtained by SAXS analysis using Assumption 1 and 

Assumption 2 are similar after 0.82 h. The xsol value of the final product measured using 

Assumption 2 (0.16) is slightly higher than the result produced by Assumption 1. Both results 

indicate that the spherical micelle cores were swollen by the solvent molecules in the final 

product. In analogy to the copolymer system synthesised in non-polar medium (Chapter 3), a 

scaling power law relation was applied to establish a relationship between the diblock 

copolymer micelle core mean radius and PBzMA DP. It was found that Rmc ~ DP0.667 (R2
 = 

0.999) (Figure 5.15). This exponent of 0.667 indicates a strong segregation23 between PDMA 

and PBzMA in 80/20 w/w ethanol/water mixture. According to this exponent of 0.667, given 

ν = 0.50 by eq 1.48, also indicates that PBzMA blocks in spherical micelle cores could be 

considered as ideal chains with around 20 percentages volume fraction of solvent presented 

in the spherical micelle cores. In addition, the SAXS modelling using Assumption 2 cannot 

reach nucleation process (Figure 2.1, stage 3) but the SAXS modelling using Assumption 1 

detailly provides nucleation process. This indicated that the solvent compositions during 

spherical micelle nucleation process should be the mixture of ethanol and water.  
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Figure 5.14 Time-dependence of the BzMA monomer conversion, conv (orange triangles), the monomer volume 

fraction in the micelle cores, xmon (red squares) and the ethanol volume fraction in the micelle cores, xsol (green 

triangles) measured by SAXS for the PISA via RAFT synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in 

80/20 w/w ethanol/water mixture with Assumption 2. 
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Figure 5.15 A double logarithmic plot of relationship between Rmc of diblock copolymer micelles formed during 

PDMA43–PBzMA200 synthesis at 70 °C in 80/20 w/w ethanol/water mixture and PBzMA DP (squares). The error bars 

show standard deviation of Rmc curve in log-log plot. The red dashed line shows a scaling power law relation 

between Rmc and DP with the exponent of 0.667 with Assumption 2. 
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The spherical micelle growth after the end of polymerisation might also be led by Ostwald 

ripening, and therefore, following eq 3.5 and the constant functioned fitted from 5.5 h to 6.5 

h (Figure 5.16), the increase of the spherical micelle core radius resulted from Ostwald 

ripening after 5.0 h. Compared with conv and xsol (Figure 5.16), though BzMA monomer 

conversion reached 100 % at 3 h, the expelling of ethanol solvent molecules from the 

spherical micelle cores mainly controlled the spherical micelle core increase until 5.0 h of the 

SAXS data collection. In addition, the PDI of the spherical micelle core radius turned to 

increase after the spherical micelle core growth relied on Ostwald ripening, which has been 

observed in Chapter 3. 
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Figure 5.16 dRmc
3/dt (black squares), xsol (green squares), conv (orange triangles), and the PDI of spherical micelle 

core (purple circles) vs. time curve of PISA process via RAFT synthesis of PDMA43–PBzMA200 synthesis at 70 °C in 

80/20 w/w ethanol/water mixture with Assumption 2. Data fitting (red dash line) by a constant function (eq 3.5) 

from 5.5 h to 6.5 h provided a reference for the possible Ostwald ripening process after the end of 

polymerisation. 

 

The absence of the monomer in the spherical micelle cores, determined by SAXS analysis 

using Assumption 2, indicated that the rate of polymerisation of the PDMA43–PBzMA200 PISA 

synthesis might be controlled by the BzMA monomer diffusion only. When the BzMA 

monomer diffused in the spherical micelle cores, the polymerisation in the spherical micelle 

core was too fast to allow the BzMA monomer to be detected by the SAXS analysis. This 

situation was different from the PSMA31-PBzMA2000 PISA synthesis. Thus, the Fick’s first law, 

without considering the chemical potentials for the PDMA43–PBzMA200 PISA synthesis, can be 

given as: 
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where DBzMA is the diffusion coefficient for BzMA at reaction temperature, 70 °C, ∆ϕBzMA(t) is 

a change of ϕBzMA during time period from t+∆t to t, and ∆xBzMA(t) is given as ( )
( )

BzMA

sm

3

4

v t

R t

 at t 

according to eq 2.54. JBzMA(t) is the diffusion flux of the BzMA at t, which could be calculated 

from experimental SAXS results as 
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, (5.3) 

where ∆vBzMA is the BzMA volume change during the period of time from t+∆t to t, defined as 

vBzMA(t+∆t)-vBzMA(t), and Amc(t) is the total surface area of the spherical micelle cores at time t, 

defined as ( )
( )

BzMA

sm

3v t

R t

. Thus, equations 5.2 and 5.3 enable DBzMA to be measured using a least 

square fitting minimizing the difference between JBzMA(t) and ∆ϕBzMA(t)/∆xBzMA(t), 
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 , where nframe is the total number of 

recorded frames. A linear regression between JBzMA(t) and ∆ϕBzMA(t)/∆xBzMA(t) produced DBzMA 

= 1.17 × 10-10
 m2·s-1 (Figure 5.16). The diffusion coefficient, DBzMA_est, could be expressed as 

(kBTBzMA)/(6π·ηethonal·RBzMA), where TBzMA is the reaction temperature, 70 ◦C, ηethonal is the 

viscosity of ethanol and RBzMA is the hydrodynamic radius of the BzMA molecule. The reason 

why the viscosity of the solvent was taken to equal to the ethanol viscosity is because water 

is not a dominant component of the solvent and BzMA molecules might prefer to stay close 

to ethanol. RBzMA, estimated by [(3MBzMA)/(4π·ρBzMA)]1/3, is 6.32 × 10-10
 m. Therefore, DBzMA_est 

is given as 1.21 × 10-9
 m2·s-1, which is 10 times larger than DBzMA obtained from SAXS results 

using the linear regression between JTFEMA(t) and ∆ϕTFEMA(t)/∆xTFEMA(t). One of reasons for 

such inconsistency could be the fact that chemical potentials where not counted in eq 5.2. 
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Figure 5.17 The fitted linear relationships (red dashed line) between the diffusion flux of the BzMA at t and the 

∆ϕBzMA(t)/∆xBzMA(t) of the SAXS modelling results (black squares) by eq 5.2 gave the diffusion coefficient of BzMA 

in ethanol/water 80/20 w/w mixture at 70 ◦C as 1.17 × 10-10
 m2·s-1, which was significantly smaller than estimated 

diffusion coefficient of BzMA by Stokes-Einstein equation. 

 

Therefore, the simplified approach used for the BzMA diffusion should be revisited using eq 

2.55: 
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(5.4) 

The BzMA chemical potential difference, ΔμBzMA, in eq 5.4 could be considered as chemical 

potential difference of BzMA molecules between in ethanol/water 80/20 w/w mixture and in 

pure BzMA liquid. Thus, ΔμBzMA can be expressed as: 
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, (5.5) 

where χmE, χmw, and χwE are Flory-Higgins parameters of monomer-ethanol, monomer-water, 

and water-ethanol pairs, respectively, and cex_mon, cex_EtOH, and cex_water are volume fractions of 

BzMA monomer, ethanol and water outside of the spherical micelle cores, respectively. Using 

eq 1.52 and known Hansen solubility parameters of ethanol and water as [15.8, 8.8, 19.4] 
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and [15.5, 16, 42.8],24, 25 respetviely, χmE, χmw, and χwE can be calculated as 1.53, 2.93, and 

1.05, respectively. Therefore, the only parameter of eq 5.4 remaining undefined is ∆xdri. In 

analogy to the PISA in non-polar medium (Chapter 3), this parameter is considered to be 

constant and does not change over the reaction course. This parameter can be calculated 

from SAXS results using least square fitting of 
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. It was 

found that ∆xdri(t) = 8.09 × 10-2
 m (R2=0.970) (Figure 5.18). The linear relationship between 
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 indicated 

that the proposed diffusion model with chemical potentials (eq 5.4) could reasonably well 

describe the monomer supply process. Compared with clear dispersion polymerisation in 

Chapter 3, the travelling distance with chemical potential effect, ∆xdri, of PDMA-PBzMA in 

ethanol/water mixture was significant longer than PSMA-PBzMA in mineral oil. This indicated 

the repulsion of BzMA monomer from water molecules. Therefore, this polymerisation might 

be not clearly classified as dispersion polymerisation. And possibly, BzMA emulsions might 

exit during the polymerisation (observed by SAXS in Figure 5.2), though such PISA synthesis 

of PDMA43–PBzMA200 diblock copolymers at 70 °C in ethanol/water 80/20 w/w mixture at 70 
◦C was commented as dispersion polymerisation previously9, 15. These research9, 15 also 

observed kinetically trapped spherical micelles of PDMA-PBzMA synthesis in ethanol/water 

82.5/17.5 w/w and 80/20 w/w mixture. The explanation given in these research9, 15 was that 

the cationic PDMA blocks avoided the fusion of the spherical micelles with low Zeta potential 

on the particle surfaces when water was added in the system. However, such kinetically 

trapped spherical micelles26-32 were highly likely to be observed in PISA synthesis by emulsion 

polymerisation. Also, with SAXS modelling with mass balance, no detectable monomer was 

in the spherical micelle cores using Assumption 2. This finding was also against the 

comment15 that the addition of water could increase the local monomer concentration (or 

monomer concentration in the spherical micelle cores). And because there was no 

detectable monomer in the spherical micelle cores, this polymerisation was diffusion-

controlled reaction. For these reasons, this polymerisation could be classified as emulsion 

polymerisation rather than dispersion polymerisation against previous research9, 15. 
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Figure 5.18. A diffusion model of eq 5.4 incorporating chemical potential effect for PISA process via RAFT 

synthesis of PDMA43–PBzMA200 diblock copolymers at 70 °C in ethanol/water 80/20 w/w mixture at 70 ◦C (eq 5.4) 

after least square fitting of the traveling distance with the chemical potential effect ∆xdri(t) = 8.09 × 10-2
 m 

(R2=0.970). 

 

 

5.6. Conclusion 

It is shown that time-resolved SAXS measurements could be successfully used to monitor 

products of PISA process during RAFT synthesis of copolymers from possible emulsions in 

polar solutions. The data provide information about evolution of initially dissolved stabiliser 

blocks into copolymers forming spherical micelles at a later stage of the synthesis. It is 

demonstrated that developed SAXS model, based on a mass balance of synthesised products 

and reagents used for the polymerisation, can be employed to measure transfer of the 

reaction components in the system. During the reaction course the copolymers self-

assemble into micelles acting as small independent reactors. The fact that structural 

parameters of the micelles, including their composition, could be measured by fitting 

scattering equations of micelle model to experimental SAXS patterns provides a unique 

opportunity to detect the amount of reaction components in the micelles. A mixture of 

ethanol and water, used in the studied system as a solvent, complicated the SAXS analysis. It 

could be expected that the composition of the solvent penetrated in the micelle core might 

be different from the solvent composition in the surrounding media. However, fitting 

experimental SAXS patterns using scattering equations incorporating parameters describing 

solvent composition in both the micelle cores and the surrounding medium has not 
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produced stable results. In order to stabilise the model fitting, two assumptions have been 

considered for the SAXS analysis: the solvent composition in the spherical micelle core is the 

same as the composition in the medium (ethanol/water ratio is 80/20 w/w, respectively) 

(Assumption 1) or only ethanol penetrates into the micelle cores (Assumption 2). The SAXS 

analysis based on Assumption 1 identified all four stages of PISA process (stages 2-5) during 

RAFT synthesis of PDMA43–PBzMA200 diblock copolymer in polar medium: the polymerization 

initiation when the system was composed of PDMA43 molecules, monomer and solvent 

(stage 2); the beginning of copolymer self-assembly when the system was composed of two 

populations of scattering objects such as dissolved copolymers and spherical copolymer 

micelles (stage 3), completion of the copolymer self-assembly when only population of 

spherical micelles was detected in the system (stage 4) and the reaction termination (stage 

5). The analysis revealed that the nucleation process begun at PBzMA DP of 15 and finished 

at PBzMA DP of 33. The SAXS results based on Assumption 1 has shown that the monomer 

concentration in the PDMA-PBzMA micelle cores (xmon) measured for the stage 4 was not 

linearly proportional to the rate of polymerisation as it was observed for the RAFT synthesis 

in a non-polar medium. This result may indicate that the assumption of a similar solvent 

composition in both the medium and in the spherical micelle cores may not be fully valid and 

causes some inconsistency between the obtained and the expected results. It was found that 

aggregation number of copolymers (Nagg) after the micelle nucleation increases over the 

reaction course. Moreover, Nagg increases after the synthesis completion which is likely to be 

related to Ostwald ripening. This behaviour is similar to the Nagg increase during the PISA 

process in non-polar media (Figure 3.9). Normalised amount of spherical micelles in the 

system calculated from SAXS results (Nnuc) has demonstrated dynamics of the copolymer 

micelle nucleation. Nnuc increases drastically at the beginning of the synthesis during stage 3 

and after reaching a peak value rapidly decreases to a plateau value. The later results could 

indicate that a spherical micelle fusion takes place during stages 4 and 5. Sagg and dint might 

explain the reason why the morphology of this PDMA43–PBzMA synthesis was spherical 

micelle, which depended on Rg of solvophilic block PDMA43. However, the non-linear 

relationship of xmon and the rate of polymerisation in stage 4 might indicate water might 

always stay outside of the spherical micelle cores. This encouraged Assumption 2 of only 

ethanol hidden in the spherical micelle cores. A satisfactory fitting curves to the time-

resolved experimental SAXS patterns corresponding to stages 4 and 5 was obtained during 

SAXS analysis based on Assumption 2. However, this analysis produced unsatisfactory results 

for the stage 3. It was found, making Assumption 2, that concentration of BzMA monomer in 

the micelle cores was close to zero. This suggested that the rate of polymerisation of the 

PBzMA block might be controlled only by the BzMA monomer diffusion from the possible 

small BzMA emulsion particles through the solvent medium to the spherical micelles. In this 

case BzMA concentration in the solvent medium is very low and supply of the monomer is 

constrained by its solubility in the ethanol/water mixture used for the synthesis. This 

circumstance makes the PDMA-PBzMA RAFT polymerisation in polar medium significantly 

different from the PSMA-PBzMA RAFT polymerisation in non-polar medium, both studied in 

this work. In the case of this polymerisation, supply of the BzMA monomer, abundant in the 

medium, to the reaction point (inside of the micelles) is virtually unrestricted and as a result 

a high concentration of the monomer in the micelles is reached during this synthesis. The 
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increase of spherical micelle core after the polymerisation was highly likely also controlled by 

Ostwald ripening, which was also observed in Chapter 3. Supply of the BzMA monomer to 

the reaction point is hindered by the monomer transfer through the medium and as a result 

the monomer concentration in the micelles is low and as soon as a monomer molecule reach 

a micelle it will be consumed by the reaction. This conclusion makes Assumption 2 as a more 

likely scenario for the micelle core formation. However, a further improvement of the SAXS 

model based on this assumption would be required in order to obtain satisfactory results for 

the initial stages (stages 2 and 3) of the RAFT polymerisation. Fick’s first law was exploited to 

measure parameters describing the BzMA monomer transfer from medium to spherical 

micelle cores. The diffusion coefficient measured from SAXS results based on Assumption 2 

was significantly (about ten times) smaller than the diffusion coefficient estimated by Stokes-

Einstein equation without considering chemical potential effect. However, an incorporation 

of the chemical potential difference of BzMA in medium and in spherical micelle cores in the 

mass transfer equation enabled the BzMA monomer transfer from ethanol/water mixture to 

spherical micelle cores to be described satisfactory. After gathering the evident from SAXS 

patterns and SAXS modelling, this PISA synthesis of PDMA43–PBzMA200 in ethanol/water 

80/20 w/w mixture should be classified as emulsion polymerisation. 
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Chapter 6 

In Situ Small-Angle X-Ray Scattering Studies of the Formation of Polymer/silica 

nanocomposite particles in Aqueous Solution 

 

6.1 Introduction 

After the SAXS modelling and following SAXS analysis of PISA process via RAFT synthesis, 

including the synthesis PSMA31-PBzMA2000 diblock copolymer in mineral oil and the synthesis 

of PDMA–PBzMA in ethanol/water 80/20 w/w mixture, SAXS model with mass balance is 

relatively successful to fit these in-situ SAXS patterns. Further, the following SAXS modelling 

results also are relatively reasonable to interpret PISA process, including particle growth, 

monomer conversion and rate of polymerisation, and mass transfer of monomer. However, 

RAFT synthesis or other control/living polymerisation methods are just part of free radical 

polymerisation, and conventional free radical polymerisation is widely applied to industrial 

products1-3 . Therefore, SAXS model with mass balance ought to be applied to investigation 

of conventional free-radical polymerisation. A typical example could be polymer/silica 

nanocomposite particles. 

Polymer/silica nanocomposite particles have various potential applications, such as durable 

transparent coatings, synthetic mimics, and Pickering emulsifiers.4 The history of preparation 

of such polymer/silica nanocomposite particles could be tracked back to 19744 with the 

synthesis of copolymer of urea with formaldehyde stabilised by silica particles. Then more 

polymer/silica nanocomposite particles have been developed via oxidative polymerization 

for the applications of the immunodiagnostic assays and synthetic mimics.5, 6 The potentials 

of the polymer/silica nanocomposite particles continuously extended when vinyl monomers 

were exploited for pH-responsive Pickering emulsifiers, architecture coatings, and laser 

toners.7-9 To further expand the applications of the polymer/silica nanocomposite particles, 

by overcoming the relatively low aggregation efficiency, a glycerol-functionalised 

ultrafine anionic silica sol combined with a cationic azo initiator was introduced to enhance 

the silica nanoparticles absorption on the polymer core surface.10 

To investigate the polymer/silica nanocomposite particles and the mechanism of the 

aggregation process, particle growth process, and the silica nanoparticles packing structure, 

different characteristic techniques, such as transmission electron microscopy (TEM), dynamic 

light scattering (DLS) and disk centrifuge photosedimentometry (DCP), have been actively 

applied to characterise various properties of the nanocomposite particles.11-13 However, 

these post-mortem techniques may not fully reveal the formation mechanism of the 

polymer/silica nanocomposite particles. Small angle x-ray scattering (SAXS) technique could 

not only measure intermediate products of the targeted polymer/silica nanocomposite 

particles providing comprehensive information about their structural morphology but also 

track the synthesis process in-situ. In the past two SAXS models were proposed to describe 

the monolayer silica nanoparticle packing on a spherical polymer core.14, 15 However, there is 
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no comparison between these two models temporarily. 

2,2,2-trifluoroethyl methacrylate (TFEMA), as a common fluorine-containing monomer, and 

the targeted  poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) demonstrate outstanding 

resistance to oxygen permeability and water repellent capacity.16, 17 Also, TFEMA with 

relatively low refractive index can be potentially manufactured as optical materials.13, 18, 19 

Herein, PTFEMA/silica nanocomposite particles were prepared in water by emulsion 

polymerisation monitored in-situ by time-resolved SAXS for analysing the nanocomposite 

particle formation. In addition, such polymerisation with TFEMA in water could be well-

measured by SAXS, because the scattering length densities of TFEMA and PTFEMA are both 

far away from the medium, water.20 Similar with the previous chapters of reversible 

addition−fragmentation chain-transfer (RAFT) polymerisation, the analysis of this free-radical 

emulsion polymerisation still involve structural characterisation of the particle morphology 

and the chemical reaction kinetics. Thus, in order to perform SAXS analysis, details of particle 

structural models including the geometrical confinements and their validations are 

presented before the discussions of PTFEMA/silica nanocomposite particles synthesis. 

 

 

6.2 PTFEMA/silica Nanocomposite Particle Synthesis in Water 

The chemicals were used without further purification unless stated. 2,2,2- Trifluoroethyl 

methacrylate (TFEMA; Aldrich, 99%) was passed through a MEHQ (monomethyl ether 

hydroquinone) inhibitor removal column prior to use to remove inhibitors. The Bindzil CC401 

glycerol-modified aqueous silica sol (19 nm diameter; 40% w/w) was supplied by Nouryon 

(Bohus, Sweden). 2,2’-Azobis(2-isobutyramidine) dihydrochloride (AIBA; 97%), MgSO4 (98%) 

and CDCl3 (99.8%) were from Sigma-Aldrich (UK). Deionized water was provided from an Elga 

DV25 water purifier. 

 

Laboratory-scale synthesis of PTFEMA/silica nanocomposite particles 

AIBA initiator (74.8 mg; 1.0 mol % based on TFEMA), Bindzil CC401 silica sol (4.71 g of a 40% 

w/w dispersion, or 1.89 g dry silica) and deionized water (55.3 mL) were weighed into a 100 

mL round-bottom flask containing a magnetic stirrer bar. The reaction mixture was adjusted 

to pH 8.9 by addition of 200 μL of a 0.1 M NaOH solution and then degassed with N2 gas for 

approximately 30 min. After removing its MEHQ inhibitor, cold TFEMA was degassed 

separately using N2 gas for 30 min with the aid of an ice bath. Degassed TFEMA (4.53 g) was 

then added to the reaction mixture. The reaction solution was degassed for a further 5 min 

prior to immersion in a 60 oC oil bath and stirred magnetically at 800 rpm. The ‘zero time’ (t = 

0 min) for this polymerization was arbitrarily taken to be the point when the degassed reaction 

solution was first immersed in the oil bath, rather than the time at which the reaction solution 



Chapter 6: In Situ Small-Angle X-Ray Scattering Studies of the Formation of Polymer/silica Nanocomposite Particles 
in Aqueous Solution 

 

____________________________________________________________________________________________ 

173 

 

had reached this temperature. Aliquots were subsequently removed under N2 via syringe at 

various time intervals for DLS and TEM analysis. Each 1.0 mL aliquot was quenched by cooling 

using an ice bath with concomitant exposure to air. For both TEM and DLS analysis, each 

aliquot was diluted fifty-fold using deionized water at 20 oC to produce 0.20% w/w dispersions. 

 

In situ SAXS studies of nanocomposite particle formation using the stirrable reaction cell 

The compounds of the mixture of AIBA initiator (3.0 mg), Bindzil CC401 silica sol (0.187 g of a 

40% w/w dispersion) and deionized water (2.21 mL) were weighed respectively and adjusted 

to pH 8.9 by addition of 10 μL of a 0.1 M NaOH solution and then degassed with N2 gas for 

approximately 30 min. TFEMA was degassed separately using N2 gas for 30 min within an ice 

bath after removing its MEHQ inhibitor. Degassed TFEMA (0.18 g) was added to the reaction 

mixture. The prepared reaction mixture was transferred via degassed syringe to the stirrable 

reaction cell21 (Figure 6.1) which had also been degassed using N2 gas for 20 min. TFEMA 

polymerisation was initiated by a water-circulating jacket to raise the temperature to 60 oC. 

The polymerisation was monitored until no obvious further evolution in the 1D SAXS pattern 

was observed, at which point it was assumed that the reaction was complete. 

 

 

6.3 The Characterisation of the Polymer/silica Nanocomposite Particles 

Small-Angle X-ray Scattering 

Time-resolved SAXS patterns of the PTFEMA/silica nanocomposite particle formation during 

the PTFEMA synthesis after the initiation by raising the temperature to 60 oC in a stirrable 

reaction cell (Figure 6.1) were recorded every 10 seconds for 10 min, then every 30 seconds 

for the next 30 min followed by every 60 seconds until no further change in the SAXS 

patterns observed. The measurements were performed at I22 station of the Diamond Light 

Synchrotron (Didcot, The United Kingdom) using monochromatic X-ray radiation (λ = 1.24 Å, 

q-range from 0.0015 to 0.13 Å-1) and a 2D Pilatus 2M two-dimensional (2D) pixel detector 

(Dectris, Switzerland). 2D SAXS patterns were reduced (integrated, normalized by the sample 

transmission coefficient and calibrated to absolute intensity using SAXS patterns of deionized 

water assuming that the differential scattering cross-section of water at 21 °C is 0.0162 cm-1) 

to 1D SAXS profiles using Dawn software supplied by Diamond Light Source22. Calculations 

and fitting of the SAXS data were performed using Irena23, a macro package for small angle 

scattering (SAS) data analysis within the commercial Igor Pro application. All SAXS models 

were programmed using a user function option in the Irena SAS macro. In order to preserve 

connections between different relationships and scattering object populations, some of the 

SAXS model parameters were set as global variables. 
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Density measurement 

The densities of water and TFEMA at the reaction temperature, 60 °C, were determined by 

oscillating U-tube method24 using DMA5000 density meter (Anton Paar, Graz, Austria). 3 

measurement results were averaged per sample. Although the density repeatability is 

0.000001 g/cm³, densities are presented in three significant digits for further use, which 

indicates that no uncertainties are given. 

 

Dynamic Light Scattering 

DLS studies were conducted on 0.20% w/w aqueous dispersions at 25 °C in disposable plastic 

cuvettes using a Malvern Zetasizer NanoZS instrument detecting the back-scattered light at 

an angle of 173°. A non-negative least squares (NNLS) algorithm25 was applied to calculate 

intensity-average hydrodynamic diameter of the synthesised particles. The Stokes−Einstein 

equation was used to calculate the particle diameter. Volume-average hydrodynamic 

diameters were converted from the intensity-average hydrodynamic diameters using the 

Malvern Zetasizer Software (Version 7.01). 

 

Transmission Electron Microscopy 

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house to yield a thin film of 

amorphous carbon, which were then plasma glow-discharged for 30 s for generating a 

hydrophilic surface. Samples of PTFEMA/silica nanocomposite particles prepared in water 

(0.20% w/w, 5 μL) were placed onto the glow-discharged grids and then excess solution was 

removed after 1 min by a filter paper. This was followed by application of uranyl formate 

solution (0.75% w/v, 5 μL) for staining the PTFEMA/silica nanocomposite particles on the 

sample-loaded grid, the staining solution excess was removed after 20 s. Finally, the grids 

were dried by a vacuum hose. Imaging was collected on a Technai T12 Spirit instrument at 

120 kV equipped with a Gatan 1 k CCD camera. 

 

Optical Microscopy 

Aliquots of PTFEMA/silica nanocomposite particle solution were extracted from the reaction 

mixture at 60 °C and the TFEMA polymerization was quenched by cooling to 20 °C with 

concomitant exposure to air. Optical microscopy images were recorded immediately at 20 °C 

using a Motic DMBA300 digital biological microscope equipped with a built-in camera and 

Motic Images Plus 2.0 ML software. 
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Figure 6.1 Schematic representation of a cross-section of the stirrable reaction cell used for various types of 

polymerisations.21 The reaction mixture in the aluminium enclosure can be efficiently heated or cooled by water 

bath. By extra magnetics stirrer, the magnetics stir bar can efficiently force the reaction mixture uniform 

distributed in the reaction cell. With suba seal, atmosphere in the reaction cell can be well-controlled during 

polymerisation. X-ray scattered by reaction mixture through Kapton film windows of 75 μm thickness is collected 

for in-situ SAXS studies. The SAXS path length is approximately 1.0 mm. The reaction solution volume is 

approximately 2.0 mL. 

 

 

6.4 SAXS models For Structural Characterisation of Polymer/Silica 

Nanocomposite Particles 

As TEM results suggest for the final product of the PTFEMA/silica nanocomposite particles 

synthesis in water (Figure 6.2), the silica nanoparticles are absorbed on the surface of the 

polymer cores. Thus, this structural morphology was replicated in the developed SAXS 

models. It was assumed that the polymer/silica nanoparticle had a core-particulate shell 

structure14 with the polymer forming the core and the silica nanoparticles forming the 

particulate shell. The other proposal publicised as the raspberry model15 described the 

polymer/silica nanocomposite particles as the modified spherical micelle SAXS model. In 

such modified spherical micelle SAXS model, the solvophilic brushes were replaced by the 

silica instead. Also, TEM suggested that some silica nanoparticles remain in medium phase, 

and thus, an extra population of the non-absorbed silica nanoparticles is required to be 

counted in the SAXS modelling. Meanwhile, such PTFEMA/silica nanocomposite particles 
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were observed by DLS and TEM (Figure 6.3) before 20 min of the polymerisation. At 5 min, 

there was no obvious polymer/silica nanoparticle observed by DLS and TEM, and only silica 

with the diameter of 21 nm could be observed. At 10 min, extra larger size particles formed 

according to DLS and TEM. At 15 min, an extra peek represented larger size particles 

obviously appeared, and TEM results indicated that the potential polymer/silica 

nanoparticles might form in the system. At 20 min, with the diameter of the particles of 90 

nm from DLS results and relatively clear core-shell structure of the particles from TEM 

results, PTFEMA/silica nanocomposite particles were highly likely to be the dominate species 

in the system. This indicated that this in-situ SAXS studies and following SAXS modelling only 

focused on the patterns with analysis after 20 min of the reaction with relatively certain 

PTFEMA/silica nanocomposite particles in the system. 

 

 

Figure 6.2 TEM images recorded for PTFEMA/silica nanocomposite particles prepared by aqueous emulsion 

polymerisation of TFEMA in the presence of glycerol-functionalized silica nanoparticles using a cationic azo (AIBA) 

initiator at 60 ◦C in the stirrable reaction cell used for the in situ SAXS experiments. 

 

 

Figure 6.3 Volume-average size distributions of synthesised particles with their polydispersities determined by 
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DLS after 5 (a), 10 (b), 15 (c), and 20 (d) min of the surfactant-free polymerisation of TFEMA in the presence of 

the glycerol-functionalized silica nanoparticles using a cationic azo initiator at 60 °C. Corresponding TEM images 

of the reaction products are shown at the right side of the DLS graphs. 

 

 

6.4.1 Core-particulate Shell with Non-absorbed Silica (c-ps&silica) Model with Mass 

Balance 

The total scattering intensity of the polymer/silica nanocomposite particles could be 

described as the scattering intensity of the polymer/silica (core-particulate shell) structure, Ic-

ps(q), the self-correlation scattering intensity of the absorbed silica nanoparticles within the 

particle shell, Isilica_c-ps(q), the scattering intensity of the non-absorbed silica nanoparticles in 

medium phase, Isilica_med(q), and the scattering intensity of the background medium, Ibg. 

Therefore, the scattering intensity of the polymer/silica nanocomposite particles, Ic-ps-silica(q), 

is given as the sum of Ic-ps(q) and Isilica_c-ps(q) (Figure 6.4). And SAXS model of the studied 

particles, named as c-ps&silica model, is given as,  

 ( ) ( ) ( ) ( )−
= + + +c ps&silica c-ps silica_c-ps silica_med bgI q I q I q I q I , (6.1) 

The intensity of the polymer/silica core-particulate shell structure is given as, 

 ( ) ( ) ( ) ( )
 

=      c-ps c-ps c-ps c_c-ps ps_c-ps c_c-ps ps_c-ps
0 0

d dI q F q r t r t , (6.2) 

where ϕc-ps is the volume fraction of the cores-particulate shell population, and Fc-ps(q) is the 

form factor of the core-particulate shell, which is written as, 
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 

 

 −  
 =
 + −  +  +
 

2

c_c-ps sp_c-ps s c_c-ps s c_c-ps

c-ps

ps_c-ps med s c_c-ps ps_c-ps s c_c-ps ps_c-ps

,

,

A q r V r
F q

A q r t V r t

, (6.3) 

where c_c-ps, ps_c-ps and med are the scattering length densities of the polymer core, 

particulate shell, and the medium, rc_c-ps is the radius of the polymer core, and tps_c-ps is the 

thickness of the particulate shell. (rc_c-ps) and (tps_c-ps) are the polydispersity distributions 

of the radius of the polymer cores and the thickness of the particulate shells, respectively. 

Therefore, (rc_c-ps) is given as rc_c-ps ~ N(Rc_c-ps, σc_c-ps), and ( tps_c-ps) is given as tps_c-ps ~ 

N(Tps_c-ps, σps_c-ps).  As(q,r) is the amplitude of sphere particle of the radius as r for scattering 

model in eq 1.93, and Vs(r) is the volume of the sphere particle of the radius as r in eq 1.93. 

The self-correlation intensity of the absorbed silica nanoparticles within the particulate shell 

(eq 6.1) is given as, 
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 ( ) ( ) ( ) ( )


=    silica_c-ps silica_c-ps silica silica silica
0

dI q F q r r S q , (6.4) 

where ϕsilica_c-ps is the volume fraction of the silica nanoparticles within the core-particulate 

shell particles, and Fsilica(q) is the form factor of the silica nanoparticles, which is written as, 

 ( ) ( ) ( ) ( )  = −   
2

silica silica med s silica s silica,F q A q r V r , (6.5) 

where silica is the scattering length density of the silica nanoparticles and rc_c-ps is the radius 

of the silica nanoparticles. (rsilica) is the polydispersity distribution of the radius of the silica 

nanoparticles. S(q) is the structure factor. Particularly, the hard sphere Percus-Yevick 

structure factor is suitable for modelling the silica interparticle interactions within the 

particulate shell.14 

The scattering intensity of the non-absorbed silica nanoparticles in medium phase (eq 6.1) is 

given as, 

 ( ) ( ) ( )


=   silica_med silica_med silica silica silica
0

dI q F q r r , (6.6) 

where ϕsilica_med is the volume fraction of the non-absorbed silica nanoparticles in medium 

phase. This c-ps&silica model (eq 6.1) without free (non-absorbed) silica in the medium has 

been validated and the SAXS modelling results successfully reproduced SAXS patterns of 

core-particulate shell particles simulated by Monte Carlo simulations14. 

 

 

Figure 6.4 Schematic representation of the core-particulate shell with absorbed silica nanoparticles within the 

particle shell SAXS model. The intensity contributed by the core-particulate shell with absorbed silica 

nanoparticles within the particle shell, Ic-ps-silica, can be described as the sum of the intensity contributed by the 

core-particulate shell model, Ic-ps, and the intensity contributed by the absorbed silica nanoparticles within the 

particle shell model, Isilica_c-ps. For the core-particulate shell model, the radius of the core is Rc_c-ps, and the 

particulate shell thickness is Tps_c-ps. For the absorbed silica nanoparticles within the particle shell model, the 

radius of silica nanoparticles is rsilica. 
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6.4.2 Raspberry Model with Mass Balance 

Adapting the raspberry model15, the total intensity of the polymer/silica nanocomposite 

particles, Itot_rasp, could be given as, 

 ( ) ( ) ( )tot_rasp rasp silica_med bgI q I q I q I= + + , (6.7) 

where the intensity of the polymer/silica nanocomposite particles described by the 

raspberry model, Irasp, could be written as, 

 ( ) ( ) ( ) ( )
 

=      rasp rasp rasp c_c-sp silica silica c_c-sp
0 0

d dI q F q r r r r , (6.8) 

where ϕrasp is the volume fraction of the core-particulate shell particles, and Frasp(q) is the 

form factor of the raspberry particle model. The form factor of the original raspberry model 

is given as,  
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2
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

 

 +
 

+  

+  −  

, 

(6.9) 

where nsilica is the number of the silica nanoparticles within the particulate shell, αsilica is the 

fraction of the penetration depth of the silica nanoparticles in the polymer cores. However, 

this original raspberry form factor has not considered the silica interparticle interactions 

within the particulate shell for the final term of eq 6.9. Therefore, eq 6.9 should be rewritten 

as, 

 

( ) ( ) ( ) ( )
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+  −   
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(6.10) 

and this modified raspberry model form factor (eq 6.10) rather than the original raspberry 

form factor (eq 6.9)15. Nevertheless, this raspberry model has not been previously validated, 

and thus, the validation of the raspberry model and the comparisons between the core-

particulate shell model with the raspberry model will be produced here. The Monte Carlo 

simulations of the core-particulate shell SAXS patterns were performed for various silica 

particle distributions which were described by the packing efficiency and interaction 

parameters of the silica particles within the particulate shell. Therefore, before the 

validations of the raspberry model, the geometrical restriction analysis is necessary in order 
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to check reliability and physical meaning of the structural parameters describing the 

polymer/silica nanocomposite particles. 

 

6.4.3 Geometrical Constraints 

The main features describing the silica nanoparticles on the polymer cores could include 

polydispersity of the silica nanoparticles, the number of silica nanoparticles on the polymer 

cores, and the packing structures.  

The polydispersity of the silica nanoparticles could be directly measured by DLS or SAXS from 

experiment. For the Monte Carlo simulations14, it can be assumed that the polydispersity of 

the silica nanoparticles obeyed the Gaussian distribution as rsilica ~ N(Rsilica, σsilica), where Rsilica 

and σsilica are the mean radius and its standard deviation of the silica nanoparticles. The 

polydispersity of the silica nanoparticles contributed to the raggedness of the particulate 

shell for c-ps&silica SAXS model, which cannot be described as the ideal particulate shell, 

even though considering the polydispersity of the particulate shell. Also, the raspberry model 

cannot replicate the raggedness of the silica nanoparticles on the polymer cores surface, 

because the equations 6.8 and 6.10 are derived only for the case where silica nanoparticles 

with the same radius, without counting particle dispersity, form the polymer/silica 

nanocomposite particle. Thus, a relatively narrow distribution of the silica nanoparticle 

radius was used for SAXS modelling and analysis. Practically, with σsilica / Rsilica ≤ 0.1, the SAXS 

model fitting parameters were reasonable to reproduce simulated structures of the silica 

nanoparticles on the polymer cores.14  

The number of the silica nanoparticles on the polymer cores also suffers from the 

polydispersities of the polymer cores and the silica nanoparticles. To resolve this problem, 

the superficial packing efficiency, ηp_sur, and the volume packing efficiency, ηp_vol, are 

introduced to represent the coverage and occupation of the polymer/silica composite 

particles by the silica nanoparticles, respectively. 

The superficial packing efficiency were widely used to define the number silica nanoparticles 

within the particulate shell for c-ps&silica SAXS model.14, 26 This superficial packing efficiency 

is calculated as,27, 28 
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2 2
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2 1
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r r r
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r r
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r r rn

r r






 + −
  −
 +   = =

 + −
 = −
 + 
 

, 

(6.11) 

where As-cap is the spherical cap area coverage by one silica particle on the polymer cores 
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surface, and As-co is the total area of the polymer core surface. Instead of giving the number 

of the silica nanoparticles within the particulate shell, the Monte Carlo simulations produced 

the superficial packing efficiency, and then using polydispersities of the radii of the polymer 

cores and the silica nanoparticles, the numbers of silica nanoparticles were calculated for 

particular conditions. However, there is no trivial relationship between the number of the 

silica nanoparticles on the polymer cores and the superficial packing efficiency for c-ps&silica 

SAXS model (eq 6.1). For the raspberry model, because only the number of the silica 

nanoparticles is the unknown fixed parameter in its form factor (eq 6.10), the superficial 

packing efficiency is suitable. To overcome the difficulties for c-ps&silica SAXS model, the 

average volume packing efficiency is introduced as, 

 
silica_c-sp

p_vol_avg

silica_c-sp med_c-sp




 
=

+

, 
(6.12) 

where ϕmed_c-ps is the volume fraction of the medium molecules within the particulate shell. 

Also, for a relative narrow distribution of nanoparticle radius, it may be meaningless to count 

the packing efficiency for each nanoparticle. To simplify the polydispersity issue of the 

polymer cores and the silica nanoparticles, and the distribution of the silica nanoparticles on 

the polymer cores, the ratio between the total volume of the particulate shell, 

( ) ( ) ( ) ( )s c_c-sp sp_c-sp s c_c-sp c_c-sp sp_c-sp c_c-sp sp_c-sp0 0
V r t V r r t dr dt

 

 + −     , and the total volume of the polymer cores, 

( ) ( )s c_c-sp c_c-sp c_c-sp0
V r r dr



 , was approximated by the ratio between the average volume of the 

particulate shell, Vs(Rc_c-ps+Tps_c-ps)-Vs(Rc_c-ps), and the average volume of the polymer cores, 

Vs(Rc_c-ps), as 

 

( ) ( ) ( ) ( )

( ) ( )

( ) ( )
( )

s c_c-sp sp_c-sp s c_c-sp c_c-sp sp_c-sp c_c-sp sp_c-sp0 0
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V r t V r r t dr dt
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V R T V R

V R

 



 + −   



+ −
=

 



. 

(6.13) 

Meanwhile, the ratio between the total volume of the particulate shell and the total volume 

of the polymer cores was assumed to be equal to the ratio between the sum of volume 

fractions of the silica nanoparticles and the medium molecules within the particulate shell 

and the volume fraction of the polymer cores, 

 

( ) ( ) ( ) ( )

( ) ( )

( )

s c_c-sp sp_c-sp s c_c-sp c_c-sp sp_c-sp c_c-sp sp_c-sp0 0
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 
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 
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− +

 



. 

(6.14) 

The ratio between the average volume of the particulate shell and the average volume of the 
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polymer cores could also be written as, 

 
( ) ( )

( )
( )

3

s c_c-sp sp_c-sp s c_c-sp c_c-sp sp_c-sp

3
c_c-sps c_c-sp

1
V R T V R R T

RV R

+ − +
= −

. 
(6.15) 

As the result, using equations 6.12, 6.14, and 6.15 with the approximation described by eq 

6.13 the average thickness of the particulate shell could be expressed as, 

 silica_c-sp
3sp_c-sp c_c-sp

p_vol_avg c-sp silica_c-sp

1 1T R


  

 
= + − 

 − 

. 
(6.16) 

Also, when assuming that the ratio between the total volume of the particulate shell and the 

total volume of the polymer cores is approximately equal to the ratio between the average 

volume of the particulate shell and the average volume of the polymer cores, the mean 

number of the silica nanoparticles on the polymer cores, Nsilica, rather than the number of 

the silica nanoparticles on the individual polymer cores, could be more significant and 

representative for the whole system to describe the silica nanoparticles packing. Herein, 

Nsilica is defined by the total number of the silica nanoparticles (defined as the volume 

fraction of the silica nanoparticles divided by the average volume of the single silica particle) 

divided by the total number of the polymer cores (defined as the volume fraction of the 

polymer cores divided by the average volume of the single polymer cores), 
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(6.17) 

Combined with eq 6.16, eq 6.17 could be rewritten as the  

 
( )

3 3
c_c-sp sp_c-sp c_c-sp

silica p_vol_avg 3
silica

R T R
N

R


+ −
= 

. 
(6.18) 

Therefore, by defining the average superficial packing efficiency as, 
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, 

(6.19) 

the two packing efficiencies could eventually relate to each other as, 
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(6.20) 

The packing structures represent how the silica nanoparticles organise on the polymer cores 

surface, which are based on the interactions between silica nanoparticles. Notably, in the 

previous Monte Carlo simulation study14, only monolayer of the silica nanoparticles were 

considered, and thus, those simulations are suitable for both cores-particulate shell model 

and raspberry model. In addition, the raspberry model here could only describe the 

monolayer structure of the silica nanoparticles on the polymer cores because it only 

produces the centres of the silica nanoparticles at the certain distance, αsilicarsilica, to the 

surface of the polymer cores. Moreover, the advantage of the c-ps&silica SAXS model is that 

it could potentially describe a multilayer structure of the silica nanoparticles on the polymer 

cores, because it translates the silica nanoparticles packing structures to the whole 

particulate shell structure without specifying the structure layout of the silica nanoparticles 

on the polymer cores. In addition, it is unnecessary to use the superficial packing efficiency 

for the multilayer structure of the silica nanoparticles on the polymer cores because its 

definition is clearly based on the fact that the silica nanoparticles all touch the polymer core 

surface, while for the multilayer structure, starting from the second layer, the silica 

nanoparticles are all out of touch with the polymer cores. However, the monolayer of the 

silica nanoparticles on the polymer cores is mainly targeted in this work.  

Three types of the silica nanoparticle arrangements such as random particle packing, 

change-dependent repulsive particle interactions and Lennard-Jones particle interactions 

were considered in previous Monte Carlo simulations14. To describe and model these various 

types interparticle interactions, in previous research14, hard-sphere structure factor solved 

with the Percus-Yevick closure relation (called for the sake of simplicity as hard-sphere 

Percus-Yevick structure factor) has been demonstrated to be an acceptable structure factor 

for three types of the interparticle interactions. However, the quantitative information 

derived from the hard-sphere Percus-Yevick structure factor has not been well interpreted. 

Herein, by describing the ideal unit cell of the silica nanoparticle packing structures (Figure 

6.5), it is possible to reveal the physical meanings of quantitative information derived from 

the structure factor for the c-ps&silica model and the raspberry model. 
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Figure 6.5 According to the TEM results of the final product of PTFEMA/silica nanocomposite particle (Figure 6.2), 

selected three closest silica nanoparticles could create an ideal unit cell of the silica nanoparticle packing 

structure (a). For the randomly distributed silica nanoparticles on the polymer cores (top b), such ideal unit cell is 

not well-defined, but for the regular packing structure (bottom b), such ideal unit cell is obvious. Such ideal unit 

cell is defined as the frustum ABCA’B’C’ of a regular triangular pyramid with the length of three equal sides (AB, 

BC, CA) of l at the bottom (red lines) and with the length of three equal sides (A’B’, B’C’, C’A’) of l’ at the top (blue 

lines) (c), and all angles of the bottom and top triangles are φ. The distance between the silica nanoparticle 

centres (dsilica) could be determined by the radius of the silica nanoparticles (Rsilica) and the radius of polymer 

cores (Rc_c-ps). For the estimation of the effective volume fraction of the hard-sphere Percus-Yevick structure 

factor of the silica nanoparticles, these three selected silica nanoparticles are the remained particles at the 

vertices of the primitive cubic (cP) with all distances between these three silica nanoparticle centres as the 

diagonals of the cube faces as dsilica (d). 

 

Considering the centres of the silica nanoparticles on the polymer cores averagely located at 

vertices of a regular polyhedron, the ideal unit cell is defined as the frustum ABCA’B’C’ of a 

regular triangular pyramid within three silica nanoparticles depicted as that the three slant 

heights are the diameter of the silica nanoparticles (2Rsilica), the bottom is the spherical 

triangle (ABC) with three vertices as the contact points of the silica nanoparticles and the 

polymer cores, and the top is the spherical triangle (A’B’C’) with three vertices on the three 

silica nanoparticles (Figure 6.5 (c)). Since the polymer core and silica nanoparticle radii have 

a narrow standard deviation, herein, it is assumed that the radii of the polymer cores are the 

same and equal to Rc_c-ps, and the radii of the silica nanoparticles also are the same and equal 

to Rsilica. Therefore, it could be trivial to consider that the particulate shell thickness is Tps_c-ps 

and equal to 2Rsilica for the cores-particulate shell model. Herein, the ideal unit cell volume 

packing efficiency is given as, 
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(6.21) 

where E is spherical excess of the top or the bottom spherical triangle of the ideal unit cell, 

which is calculated as, 
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(6.22) 

where tp is the angle between two vectors of from polymer core centre to the attached 

points of two silica nanoparticle on the polymer core centre, and two nearest silica particles 

locating at a distance of dsilica. The number of the silica nanoparticles on the polymer cores 

under the ideal unit cell situation could be calculated via the number of the ideal unit cell, 

which could be given as the ratio between the area of the polymer cores and the area of the 

bottom spherical triangle, as, 
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(6.23) 

Thus, Nsilica_cell could be rewritten with eq 6.21 as, 
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(6.24) 

For each ideal unit cell, it could provide its own volume packing efficiency. Assuming that all 

the polymer/silica nanocomposite particles are the same, the ideal unit cell volume packing 

efficiency should be equal to the average volume fraction efficiency. This means eq 6.24 

should be equal to eq 6.18, and the only difference between eq 6.18 and eq 6.24 is that 

under the assumption of narrow particle dispersity Tps_c-ps is replaced by 2Rsilica. Thus, the 

physical meaning of the particulate shell thickness could be the average diameter of the 

silica nanoparticles. 

Assuming that the size polydispersities of the polymer cores and silica particles are narrow 

and the silica particles are averagely distributed on the polymer cores, the packing structures 

of the silica nanoparticles on the polymer cores could be considered as Figure 6.5 (d) 

illustrated.  The silica nanoparticles form the monolayer structure on the polymer cores. 

Such monolayer of the silica nanoparticles is within the surface of the triangles with the sides 

equal to the diagonals of the cubic faces, and the silica nanoparticles are located on the 

vertices of such triangle (Figure 6.5 (d)). Because the silica nanoparticles at these vertices are 

the closest silica nanoparticles on the polymer cores, the length of the diagonals of the faces 
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of the cubic is dsilica. Since the silica interparticle interactions were described as the hard-

sphere model for the SAXS analysis, the effective volume fraction of the hard-sphere Percus-

Yevick structure factor could be given as the volume of the hard sphere particles divided by 

the volume of the unit cell as, 

 

3
3HS_silica

HS_silica

HS_silica 3 3
silicasilica

1 4
3 28 3

2

R R

dd






 
  

 = =
 
 
 

, 

(6.25) 

where RHS_silica is effective radius of the hard sphere for silica particle. By equations 6.20, 6.22, 

6.23, and 6.24, dsilica is determined by the superficial packing efficiency, but RHS_silica mainly 

has to be measured by SAXS modelling when giving the silica nanoparticles with the 

supposed interparticle interactions because it cannot be described by hard-sphere Percus-

Yevick structure factor, even though it practically produced good fitting results.14  Particularly, 

for random silica nanoparticles distribution condition when silica nanoparticles are 

considered as truly hard spheres, RHS_silica could be approximately equal but not smaller than 

Rsilica. 

 

6.4.4 Validation of attempted SAXS models by Monte Carlo simulations and the following 

analysis for the monolayer silica nanoparticle packing structure 

The validations by Monte Carlo simulations of the attempted structural models to describe 

polymer/silica nanocomposite particles depend on the goodness of fit to the SAXS patterns, 

and the following analysis includes the qualities and the physical meanings of the fitting 

variants results. 

The validations by Monte Carlo simulations of c-ps&silica SAXS model have been presented,14 

and thus, these SAXS modelling results will be reviewed and discussed herein. The radii and 

their polydispersity of the polymer cores and the silica nanoparticles for Monte Carlo 

simulations of the SAXS patterns of the polymer/silica nanocomposite particles were set as 

100 (±5) nm and 11(±1) nm, respectively. For various ηp_sur, different silica interparticle 

interaction were given. For ηp_sur = 0.09, 0.18 and 0.45, the interactions were considered as 

random distribution and charge-dependent repulsive interactions. For ηp_sur = 0.73, the 

interactions were considered as charge-dependent repulsive interactions and size-dependent 

Lennard-Jones interactions. 

The reason when the condition of ηp_sur = 0.73 cannot be applied to random distribution of 

the silica interparticle interactions is because the ηp_sur of the particular shell saturation is 

approximately equal to 0.45. To explain the reason, the random sequential adsorption (RSA) 

model29 could be the one of the references. The monolayer of the silica nanoparticles 

packing on the polymer cores could be described as the spherical cap on a two-dimensional 

surface. The maximum occupation of the one-dimensional random filling problem could be 

given as Rényi's parking constants30 as 0.748. And because in the ideal unit cell of the silica 



Chapter 6: In Situ Small-Angle X-Ray Scattering Studies of the Formation of Polymer/silica Nanocomposite Particles 
in Aqueous Solution 

 

____________________________________________________________________________________________ 

187 

 

nanoparticles on the polymer cores with the spherical triangle bottom, the silica 

nanoparticles pack as the triangular lattice structure. The maximum silica nanoparticle 

packing density could be estimated as the product of the ratio of the area of the spherical 

cap and its circumscribed hexagon and the two-dimensional maximum packing density of 

Rényi's packing situation for the triangular packing structure, as 
√3𝜋

6
∙ [0.7482 ∙ sin (

𝜋

3
)], 

which is equal to 0.439. This maximum packing density is close to the ηp_sur of the particular 

shell saturation, and because the silica nanoparticles packed on the polymer cores, the c of 

the particular shell saturation could be slightly larger than the estimated maximum silica 

nanoparticle packing density. Under these restrictions of the radii and their polydispersities 

of the polymer cores and the silica nanoparticles and various ηp_sur, the mass between the 

polymer cores and the silica nanoparticles are set. Therefore, the validation of c-ps&silica 

model and raspberry model not only include whether the models could interpret the 

morphologies of the particles but also involve whether the mass balance relationship 

between the polymer cores and the silica nanoparticles stands. For validation, the scattering 

length densities of polymer core (core), silica nanoparticle (silica), and medium as water (med) 

are 9.581 × 1010 cm–2, 18.56 × 1010 cm–2, and 9.42 × 1010 cm–2, respectively. Therefore, c_c-ps 

in eq 6.3 is equal to core. And with eq 6.20, ps_c-ps in eq 6.3 is equal to ηp_vol_avg·silica + (1- 

ηp_vol_avg )·med. Though the scattering length densities between core and med are relatively 

closed, SAXS patterns (Figure 6.6) indicated polymer cores could be observed and 

distinguished from water background. 

The polymer core radius, the silica nanoparticle radius and the superficial packing efficiencies 

can be used to estimate Nsilica_cell (eq 6.24), ηp_vol_cell (equations 6.21 and 6.22) and ϕHS_silica_est 

(equations 6.22, 6.23 and 6.25). These results could be compared with the results obtained 

from the c-ps&silica model fitting of the SAXS patterns calculated for the Monte Carlo 

simulated polymer/silica nanocomposite particles (Table 6.1). The estimated Nsilica_cell, 

ηp_vol_cell, and ϕHS_silica_est were all reasonably matched the corresponding c-ps&silica SAXS 

fitting results. However, , the overrated or underrated Nsilica, as discussed in the previous 

research14, may break the mass balance relation between polymer cores and silica 

nanoparticles, which may limit the quantitative analysis of the polymer/silica structure. Also, 

when ηp_sur = 0.73, the modelling results of RHS_silica were smaller than Rsilica, and the maxima 

of the structure factor for the silica nanoparticles of the corresponding fitting obviously 

moved to high q position, which also indicated that the modelling results of RHS_silica was not 

satisfactory (Figure 6.6). These two problems are connected to each other due to principally 

incorrect structure factor model, even though it practically produced reasonably good fitting 

results and good corresponding relations to the geometrical restrictions.  

 

Table 6.1. The estimated number of the silica nanoparticles on the polymer cores under the ideal unit cell 

situation (Nsilica_cell), the estimated closest distance between silica nanoparticles (dsilica), the estimated ideal unit 

cell volume packing efficiency (ηp_vol_cell) based on SAXS modelling result of RHS_silica, and the estimated effective 

volume of the hard-sphere Percus-Yevick structure factor (ϕHS_silica) compared to the c-ps&silica SAXS modelling 

results of to the mean number of the silica nanoparticles on the polymer cores (Nsilica), the effective radius of the 
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hard sphere for silica particle (RHS_silica), the average volume packing efficiency (ηp_vol_cell), and the effective volume 

of the hard-sphere Percus-Yevick structure factor (ϕHS_silica_m) from the Monto Carlo simulation SAXS patterns with 

different silica interparticle interactions at different superficial packing efficiencies (ηp_sur)14. Notably, the RHS_silica 

for estimated ϕHS_silica_est at random situations were set as 11 nm. 

silica interpaticle

interaction
η p_sur

estimated

N silica_cell

model

result N silica

estimated

d silica /2 (Å)

model result

R HS_silica (Å)

R HS_silica (Å) for

estimation of

ϕ HS_silica

estimated

η p_vol_cell

model

result

η p_vol_avg

estimated

ϕ HS_silica_est

model

result

ϕ HS_silica_m

repulsion 0.09 37 32 345 289 289 5.97% 6.02% 32.69% 35.00%

random 67 122 110 11.38% 5.00% 5.20%

repulsion 69 214 214 11.38% 36.84% 39.20%

random 208 111 110 29.21% 19.83% 20.00%

repulsion 199 130 130 29.21% 32.74% 35.00%

repulsion 292 104 110 47.92% 41.03% 35.00%

L J 314 106 110 47.92% 41.03% 41.00%

11.93%

29.83%

48.39%

245

155

122

0.18

0.45

73

183

0.73 297
 

 

 

Compared with c-ps&silica model, nsilica of the form factor of raspberry model (eq 6.10) is 

given by eq 6.11 with various ηp_sur of Monte Carlo simulations. To valid the raspberry model, 

only the standard deviation of the silica nanoparticles, σsilica, the effective radii, RHS_silica, and 

the effective volume fraction of hard-sphere Percus-Yevick structure factor, ϕHS_silica, were 

variables in the raspberry modelling. The published patterns14 do not include case 

corresponding to ηp_sur = 0.09, and therefore, the discussion is focused on the remaining 

cases (Table 6.2) with their fittings (Figure 6.6). The fittings by the raspberry model were 

reasonably acceptable except the random distribution of the silica nanoparticles on the 

polymer cores which also cannot be fitted well by the c-ps&silica SAXS model. It may be 

because discontinuous structures formed at low packing efficiency of silica particles, ηp_sur ≤ 

0.18, cannot be reproduced by the normal integral process involved in the form factor 

calculation. The standard deviations of the silica nanoparticles were always slightly larger 

than the given conditions of the silica nanoparticles and the effective radii of hard-sphere 

Percus-Yevick structure factor were always larger than the average radius of the silica 

nanoparticles. The effective volume fractions of hard-sphere Percus-Yevick structure factor 

were also larger than the results by the c-ps&silica model. Also, the peak intensity 

corresponding to the silica structure factor were overrated compared to the Monte Carlo 

simulated SAXS patterns and the fittings from c-ps&silica SAXS model. This is because the 

hard-sphere Percus-Yevick structure factor could not fully describe the silica interparticle 

interactions on the polymer cores. Even though it produced reasonably good fittings for the 

cores-particulate shell model, the number of the silica nanoparticles on the polymer cores 

may be overrated or underrated during the fitting process. For the raspberry model, because 

the number of the silica nanoparticles on the polymer cores was directly given by the initial 

conditions, the overrated intensities of the first peak originating from the hard-sphere 

Percus-Yevick structure factor may affect the quantification of the mass balance condition 

between the polymer and silica nanoparticles.  The cases of the higher ηp_sur and the 

repulsive interactions between the silica nanoparticles enhance the overrated effects of the 

raspberry model (Figure 6.6). 
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Table 6.2. The standard deviation of the silica nanoparticles (σsilica), the effective radii (RHS_silica), and the effective 

volume fraction of hard-sphere Percus-Yevick structure factor (ϕHS_silica_m) results of modified raspberry model 

fitting to the calculated SAXS patterns of Monto Carlo simulated polymer/silica nanoparticles with different silica 

interparticle interactions at different superficial packing efficiencies (ηp_sur)14. The ϕHS_silica_est estimated by RHS_silica 

(equations 6.22, 6.23 and 6.25) as the references compared with ϕHS_silica_m. Notably, the RHS_silica for estimated 

ϕHS_silica_est at random situations were set as 11 nm. 

silica interpaticle

interaction
η p_sur σ silica  (Å)

model result

R HS_silica (Å)

R HS_silica (Å) for

estimation of

ϕ HS_silica_est

estimated

ϕ HS_silica_est

model result

ϕ HS_silica_m

random 10.55 128 110 5.00% 9.49%

repulsion 10.58 217 217 38.34% 40.87%

random 11.69 113 110 19.83% 25.86%

repulsion 10.20 137 138 38.84% 41.32%

repulsion 13.60 113 113 44.95% 45.72%

L J 15.57 116 116 47.62% 51.37%

0.18

0.45

0.73
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Figure 6.6. SAXS patterns of the polymer/silica nanocomposite particles simulated by Monte Carlo14 (grey dots) 

presented from the bottom to the top of the graph for the following cases of silica nanoparticle distributions in the 

particulate shell: random distribution on the polymer cores with ηp_sur = 0.18, repulsive interactions on the polymer 
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cores with ηp_sur = 0.18, random distribution on the polymer cores with ηp_sur = 0.45, repulsive interactions on the 

polymer cores with ηp_sur = 0.45, repulsive interactions on the polymer cores with ηp_sur = 0.73, and the Lennard-

Jones interactions on the polymer cores with ηp_sur = 0.73, respectively. Corresponding c-ps&silica SAXS modelling14 

(blacks), modified raspberry model (eq 6.10) (greens), the raspberry model with the correction by Boltzmann 

sigmoid equation for the silica nanoparticle structure factor (eq 6.27) (reds), the raspberry model with the 

corrections by Boltzmann sigmoid equations for the silica nanoparticle scattering amplitude and the silica 

nanoparticle structure factor (eq 6.28) (pinks), respectively. To avoid overlapping, the SAXS patterns have been 

shifted upwards using the same arbitrary multiplication factors as in the published literature14. 

 

To minimise the negative effects from failures of the structure factors, herein, a potential 

strategy is raised. The reason for such strategy is because SAXS modelling for the c-ps&silica 

SAXS model and raspberry model are relatively sensitive and the physical meanings after 

SAXS modelling are still critical for polymer/silica nanoparticles analysis.  Because the 

overrated intensities of the structure factor located at the q region smaller than the 

maximum given by the structure factor, a coefficient, ksf, could be introduced to reduce the 

effect overrated by the hard-sphere Percus-Yevick structure factor. To correct pattern of the 

overrated region by hard-sphere Percus-Yevick structure factor, the Boltzmann sigmoidal 

equation as31, 

 HS_silica

HS

sf
sf sf 3.97

1

1

qR

dq

k
BS k

e

−

−
= +

+

, 

(6.26) 

might be a simply option for the form factor (eq 6.10), where dqHS is a fitting parameter, and 

the number 3.97 is given by the qRHS_silica value where the hard-sphere Percus-Yevick 

structure factor reaches the first maximum. Therefore, the modified raspberry model form 

factor, eq 6.10, can be rewritten as, 

 

( ) ( ) ( ) ( )

( )( ) ( ) ( )
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( )

( ) ( ) ( )

2 2 2
rasp_ c_c-sp med s c_c-sp s c_c-sp

c_c-sp silica silica2
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 +
 
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  
+ 

. 

(6.27) 

Therefore, the fitting variables here include ksf, dqHS, the standard deviation of the silica 

nanoparticles, the effective radius and the effective volume fraction of hard-sphere Percus-

Yevick structure factor. The updated raspberry model produced more accurate fittings to the 

Monte Carlo simulated SAXS patterns, but the physical meaning of the effective volume 

fractions of the hard-sphere Percus-Yevick structure factor was still uncertain. Herein, the 

reduced effective volume fractions of the hard-sphere Percus-Yevick structure factor might 

be estimated by the procedure described below (Figure 6.7). The maximums of the value of 
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the hard-sphere Percus-Yevick structure factor at various ϕHS_silica could be measured and 

fitted by a polynomial equation as, [𝑆hs(𝜙HSsilica)]max
= 803𝜙HSsilica

6 − 1042𝜙HSsilica
5 +

550𝜙HSsilica
4 − 130𝜙HSsilica

3 + 16𝜙HSsilica
2 − 0.25𝜙HSsilica + 1, and when giving a 

measured ϕHS_silica by SAXS modelling, the corrected effective volume fraction, ϕHS_silica_cor, 

could be given by [Shs(ϕHS_silica)]max when [Shs(ϕHS_silica)]max is equal to the reduced value of the 

structure factor as [(1+ksf)·[Shs(ϕHS_silica)]max]/2 (Table 6.3). These estimated effective volume 

fractions of hard-sphere Percus-Yevick structure factor for the given raspberry model were 

close to the results obtained by c-ps&silica SAXS modelling and the ideal monolayer 

structure prediction, which suggested that this empirical normalisation of the effective 

volume fraction of hard-sphere Percus-Yevick structure factor procedure could be applied to 

the further analysis, even though it lacks a theoretical derivation. When ηp_sur = 0.18 with 

random distributed silica nanoparticles, a large deviation between ϕHS_silica and ϕHS_silica_cor 

indicated that this correction by a polynomial equation was not suitable for such condition. 

For ηp_sur = 0.18 with silica nanoparticles of charge-dependent repulsive interactions and 

ηp_sur = 0.45 with both random distributed silica nanoparticles and silica nanoparticles of 

charge-dependent repulsive interactions, such correction was relatively successful to reduce 

the values of ϕHS_silica to ϕHS_silica_cor which were matched ϕHS_silica_est. However, when ηp_sur = 

0.73 with both random distributed silica nanoparticles and silica nanoparticles of charge-

dependent repulsive interactions, ϕHS_silica were already matched ϕHS_silica_est, and therefore, 

the correction by a polynomial equation was still not successful for these conditions. Thus, 

such correction by a polynomial equation could by applied to ηp_sur = 0.18 with silica 

nanoparticles of charge-dependent repulsive interactions and ηp_sur = 0.45 with both random 

distributed silica nanoparticles and silica nanoparticles of charge-dependent repulsive 

interactions. However, it was doubtful for the rest conditions. Even though ϕHS_silica could not 

actually provide accurate physical meanings for the structural information of the 

polymer/silica nanocomposite particles, the SAXS fittings of the raspberry model corrected 

by Boltzmann sigmoid equation (eq 6.27) could be still useful for SAXS modelling. 

 

 

Table 6.3. The results of fitting of the raspberry model corrected by Boltzmann sigmoid equation (eq 6.27) to 

calculated SAXS patterns of Monto Carlo simulated polymer/silica nanoparticle with different silica interparticle 

interactions at different superficial packing efficiencies (ηp_sur)14. Notably, the RHS_silica for estimated ϕHS_silica_est at 

random situations were set as 11 nm. 
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silica interpaticle

interaction
η p_sur σ silica  (Å)  R HS_silica (Å)

R HS_silica (Å) for

estimation of

ϕ HS_silica

ϕ HS_silica k hs dp HS ϕ HS_silica_cor ϕ HS_silica_est

random 10.42 128 110 5.32% 0.94 0.05 0.87% 5.00%

repulsion 10.57 217 217 40.87% 0.79 3.19 37.83% 38.34%

random 11.53 114 110 24.65% 0.83 0.21 17.88% 19.83%

repulsion 10.23 138 138 40.40% 0.79 0.56 37.28% 38.84%

repulsion 13.77 115 115 45.15% 0.57 0.21 39.40% 46.89%

L J 15.08 116 116 50.27% 0.54 0.27 45.55% 48.12%

0.18

0.45

0.73
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Figure 6.7. Dependence of the silica particle hard-sphere Percus-Yevick structure factor peak intensity, 

[Shs(HS_silica)]max, on the effective volume fractions, HS_silica, (black squares) and a polynomial equation fitted to 

the data (grey line). After SAXS fitting of the raspberry model corrected by Boltzmann sigmoid equation (eq 6.27), 

the SAXS modelling results of effective volume fraction hard-sphere Percus-Yevick structure factor was given as 

HS_silica. With the effective volume fraction correction by the polynomial equation, the peak intensity of 

polynomial equation is given as [Shs(HS_silica)]max when the effective volume fraction is equal to HS_silica. Then, 

HS_silica_cor is given by the polynomial equation when [Shs(HS_silica_cor)]max is equal to (1 + ksf)·[Shs(HS_silica)]max /2.  

 

An empirical approach could also be exploited to overcome uncertainty of fitting obtained 

for the low-density randomly distributed silica nanoparticles using eq 6.27. This equation can 

be modified as, 
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(6.28) 

where BSsp_c-ps is the Boltzmann sigmoid equation31, 

where ksp_c-ps and dqsp_c-ps are the coefficients, and the number 4.49 is given by the q(rc_c-

ps+rsilica) value where sphere form factor reaches the first minimum. The fitting performed 

using the corrected raspberry model form factor (eq 6.28) (Figure 6.6) with ksp_c-ps = 1.52 and 

dqsp_c-ps = 1.16 provided good fit to the randomly distributed silica nanoparticles at ηp_sur  = 

0.18 (Figure 6.4). Therefore, the Boltzmann sigmoid equation correction is relatively 

successful to correct the structure factor of the SAXS modelling. Even though it lacks clear 

interpretation of physical meanings, this method of Boltzmann sigmoid equation correction 

is relatively simple for correction of SAXS fitting process. 

To conclude, these two SAXS models have no significant difference between each other, and 

both perform reasonable SAXS modelling results corresponding to the Monte Carlo 

simulation SAXS patterns. Therefore, either model could possibly describe the structural 

morphologies formed during PTFEMA/silica nanocomposite particle synthesis.  

 

6.4.5 The c-ps&silica model for the in situ SAXS studies of the synthesis of the 

PTFEMA/silica nanocomposite particles 

Since both models produced reasonably good fits to the simulated SAXS patterns of the 

polymer/silica nanocomposite particles with various silica nanoparticle monolayer packing 

structure, for the sake of simplicity, only c-ps&silica model was used for analysing time-

resolved SAXS patterns collected during synthesis of the PTFEMA/silica nanocomposite 

particles. In this SAXS model, the volume fractions of the core-particulate shell particles, the 

absorbed silica nanoparticles, and the non-absorbed silica nanoparticles should rigorously 

follow the mass balance of components available in the reagent system. This imposes 

constrains on the variables of c-ps&silica SAXS model. The initial masses of the TFEMA 

monomer, the silica nanoparticles, and the water medium are mTFEMA_ini, msilica, and mwater, 

respectively, and thus, the initial volumes of the TFEMA, the silica nanoparticles, and the 

water are given as vTFEMA_ini = mTFEMA_ini/ρTFEMA, vsilica = msilica/ρsilica, and vwater = mwater/ρwater, 

respectively, where ρTFEMA, ρsilica, and ρwater are the densities of the TFEMA, the silica 

nanoparticles, and the water, respectively. Therefore, during the synthesis, the TFEMA 

monomers convert to the PTFEMA, and thus, the volume of PTFEMA is given as vPTFEMA = 

 ( )c_c-sp silica

c_c-sp

sp_c-sp

sp_c-sp sp_c-sp 4.49

1

1

q r r

dq

k
BS k

e

+ −

−
= +

+

, 
(6.29) 
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convTFEMA·mTFEMA_ini/ρPTFEMA, where convTFEMA is the TFEMA monomer mass conversion, and 

ρPTFEMA is the density of the PTFEMA. Meanwhile, the TFEMA volume during the synthesis is 

given as vTFEMA = (1 - convTFEMA)·mTFEMA_ini/ρTFEMA. As a result, the volume fractions of the 

PTFEMA, ϕPTFEMA, TFEMA, ϕTFEMA, and silica nanoparticles, ϕsilica, are given as 

vPTFEMA/(vPTFEMA+vTFEMA+vsilica+vwater), vTFEMA/(vPTFEMA+vTFEMA+vsilica+vwater), 

vsilica/(vPTFEMA+vTFEMA+vsilica+vwater), respevtively. After the compounds form PTFEMA/silica 

nanocomposite particles, it is assumed that all the PTFEMA polymers form the cores of the 

nanocomposite particles, part of TFEMA monomer may be dissolved in the cores, and part of 

the silica nanoparticles comprises the PTFEMA/silica nanocomposite particles. Thus, the 

synthesised nanocomposite particle volume fraction can be expressed as, 

 PTFEMA
P/Snp e_silica silica

1 xmon
A


 = + 

−

, (6.30) 

where xmon is the volume fraction of the TFEMA monomer in the polymer cores of the 

nanocomposite particles, Ae_silica is the silica nanoparticle packing efficiency on the PTFEMA 

polymer cores. Consequently, ϕc-ps in eq 6.2 is equal to ϕP/Snp, ϕsilica_c-ps in eq 6.4 is equal to 

Ae_silica · ϕsilica, and ϕsilica_med in eq 6.6 is equal to (1 - Ae_silica) · ϕsilica.  

To further confine the fitting variables in c-ps&silica SAXS model, the scattering length 

density of the shell could be given as the function of the average volume packing efficiency, 

 ( )p_vol_avg silica p_vol_avgps_c me-ps d1    =  + −  , (6.31) 

where silica is the scattering length density of silica nanoparticle within the shell, and med is 

the scattering length density of the medium molecules within the shell. Also, the shell 

thickness of c-ps&silica SAXS model is restricted by eq 6.16. the scattering length density of 

the PTFEMA/silica nanocomposite particle core is given as: 

 ( )TFEMAps_c- PTFEMAps 1xmon xmon  =  + −  , (6.32) 

where TFEMA and PTFEMA are scattering length densities of TFEMA and PTFEMA, respectively. 

The densities of TFEMA, ρTFEMA, and H2O, ρmed, at the reaction temperature, 60 °C, were 0.983 

g·cm-3 and 1.113 g·cm-3, respectively. The density of PTFEMA, ρTFEMA, at 60 °C was estimated to 

be 1.456 g·cm-3 using a helium picnometer measurement on a dry powder at room 

temperature and assuming that the PTFEMA has the same thermal expansion coefficient as 

poly(methyl methacrylate)32. The density of silica, ρsilica, at 60 °C was estimated to be 2.092 

g·cm-3 using a helium pycnometer measurement on a dry powder at 20 °C and assuming that 

the relatively low linear thermal expansion coefficient of fused silica is 5.5×10-7 K-1.33 This value 

was assumed to be valid at the polymerisation temperature. Scattering length densities of 

TFEMA (TFEMA), PTFEMA (PTFEMA), silica nanoparticle (silica), and water (med) at 90 °C used for 

SAXS analysis are 9.669 × 1010 cm-2, 1.265 × 1011 cm-2, 1.775 × 1011 cm-2 and 9.271 × 1010 cm-2, 

respectively.34  
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6.5 Results and Discussion 

The TEM results suggested that it was highly likely that the silica nanoparticles formed a 

packed monolayer structure on the polymer cores. Thus, the validated c-ps&silica model (eq 

6.1) could be applied for the modelling of the SAXS patterns (Figure 6.8 and Figure 6.9). 

These SAXS patterns collected during the PTFEMA/silica nanocomposite particle synthesis 

indicated relatively high size polydispersity indicated by only the first minimum at around q = 

0.003 Å-1 and the second minimum around q = 0.006 Å-1 clearly observed via the SAXS 

patterns. According to Guinier law for SAXS analysis35, these two first minimums of the SAXS 

patterns could reveal the total size of nanocomposite particles. Therefore, because of the 

relatively high polydispersity of the polymer/silica nanocomposite particles, the 

polydispersity of the polymer core and the polydispersity of the particulate shell cannot be 

estimated by SAXS modelling at the same time. The polydispersity of the particulate shell 

could be estimated by the polydispersity of the silica nanoparticles. This meant that the 

polydispersity of the polymer core radius in the core-particulate shell was required to be 

considered during the SAXS modelling. And even though ϕsilica and ϕTFEMA were given by the 

initial reagent composition used for the synthesis, these two volume fractions were still 

required the validation. To clarify the fitting variables for the polymer/silica nanocomposite 

particles by c-ps&silica SAXS model, eq 6.1 could be presented by these potential fitting 

variables as, 

 ( )
silica TFEMA

c-sp&silica c-sp&silica TFEMA e p_vol_avg

c_c-ps c_c-ps silica silica HS _silica HS _silica

, ,

, , , ,

, , , , ,

I q I conv xmon A

R R R

 



  

 
 

=  
 
 

. (6.33) 

For the SAXS analysis of this emulsion polymerisation, it is required to demonstrate the 

condition of TFEMA monomer, because it might be obtained in SAXS patterns and affect 

SAXS modelling. For such monomer, the solubility of TFEMA monomer in water is 0.906 

g·dm−3 at 20 °C36, and the density of TFEMA monomer is 1.181 g·cm−3 at 25 °C20. Therefore, 

the solubility of TFEMA monomer in water could be also estimated as 7.67 × 10-4 v/v at 

20 °C. This indicated that TFEMA monomer might remain in monomer droplets or be hidden 

in the polymer cores during the polymerisation, because of the extremely poor TFEMA 

monomer solubility. Also, optical microscopy provided the evidence of monomer droplets at 

0, 10, 20, 30, 40, 50 min of this polymerisation (Figure 6.10). Clearly, from 0 min to 50 min of 

the synthesis, the number and the size of TFEMA monomer droplet both decreased. At 0 

min, the compressed large monomer droplets were also observed by the optical microscopy. 

And at 50 min of the synthesis, a small amount of μm-size TFEMA monomer droplets still 

remained in the medium. Also, nm-size TFEMA monomer droplets might exist in the system, 

but optical microscopy cannot observe nm-size TFEMA monomer droplet. Meanwhile, from 

the time-resolved SAXS patterns of polymerisation of the PTFEMA/silica nanocomposite 
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particles (Figure 6.11), no relatively large particles were observed at low q region. One of the 

possible reasons was that the size and the volume fraction of the TFEMA monomer droplets 

both decreased during the polymerisation. Therefore, potentially existed TFEMA monomer 

droplets might be hidden by the relatively strong scattering intensities of silica nanoparticles 

and the PTFEMA/silica nanocomposite.  

According to the optical microscopy results, at 0 min of the synthesis, TFEMA monomer 

droplets appeared in the system. However, the first SAXS pattern (Figure 6.8) collected at 0 

min suggested that there was no obvious structure factor required for this SAXS pattern. This 

meant that the c-ps&silica model was still suitable for this first SAXS pattern, because there is 

no extra structure factor for the scattering intensity of the non-absorbed silica nanoparticles 

in medium phase (eq 6.1). Thus, ϕsilica was determined by the c-ps&silica modelling using 

only single population of the non-absorbed silica particles, 

 ( ) ( )c-sp&silica_first c-sp&silica silica silica silica, ,I q I R  = , (6.34) 

which suggested that ϕsilica was 1.20% v/v, which was 18.3% lower than the initial volume 

fraction of the silica nanoparticles calculated by the initial mass of the silica nanoparticles. 

Meanwhile, it also determined Rsilica with σsilica as 9.75 (± 2.14) nm, and these structural 

parameters of the silica nanoparticles were fixed during the synthesis. This Rsilica with σsilica 

was consistent with the silica nanoparticle diameter given from the company, Nouryon, and 

DLS results (Figure 6.3 (a)). 

The final SAXS pattern at 210 min (Figure 6.9) can be used to determine ϕTFEMA. According to 

NMR results obtained for the final product of the reaction the TFEMA monomer conversion 

was 96%.  of It was known, with the NMR results of 96% monomer conversion. Thus, ϕTFEMA 

was determined by c-ps&silica SAXS model fitting to the last SAXS frame without using 

convTFEMA variable, 

 ( )
TFEMA

c-sp&silica_final c-sp&silica e p_vol_avg

c_c-ps c_c-ps HS _silica HS _silica

,

, , ,

, , ,

I q I xmon A

R R





 

 
 

=  
 
 

, (6.35) 

which suggested that ϕTFEMA was 2.96% v/v, which was 55.5% lower than the initial volume 

fraction of the monomer calculated by the initial mass of the monomer. Both ϕsilica and ϕTFEMA 

were surprisingly lower than the expected initial volume fractions. The likely reason for the 

inconsistencies of relatively low ϕsilica and ϕTFEMA observed by SAXS that the reaction mixture 

was heterogeneous in the stirrable reactor cell and penetration of the reagents into the 

narrow gap adjacent to the Kapton film windows transparent for X-rays was limited resulting 

in reduced local amount of the reaction components in comparison with the amount loaded 

in the cell. This means that the SAXS modelling results could not be fully comparable to the 

common laboratory results. However, relative volume fractions of the components can be 

used for the analysis. Thus, the following discussion focus on whether the SAXS modelling 

results could be justified by themselves rather than comparing with the possible laboratory-

scale synthesis products characterised by DLS and TEM. The After the determination of ϕsilica 
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and ϕTFEMA the other time-resolved SAXS patterns (Figure 6.11) could be fitted by 

 ( )
TFEMA e p_vol_avg

c-sp&silica_rest c-sp&silica

c_c-sp c_c-sp HS _ silica HS _ silica

, , , ,

, , ,

conv xmon A
I q I

R R



 

 
=   

 
. (6.36) 

Considering the DLS results indicating that the polymer/silica nanocomposite particles were 

formed after 20 min of the synthesis, c-ps&silica SAXS model could be used for the SAXS 

pattern analysis after this point of the PTFEMA/silica nanocomposite particle synthesis (Table 

6.4). 

 

 

 

Figure 6.8. The first SAXS pattern recorded during the PTFEMA/silica nanocomposite particle synthesis (red 

circles) fitted by the SAXS model represented by eq 6.34 (black line). 
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Figure 6.9. The final SAXS pattern recorded during the PTFEMA/silica nanocomposite particle synthesis (blue 

circles) fitted by the SAXS model represented by eq 6.35 (green line) with sub-intensities of the polymer/silica 

cores-particulate shell structure, Ic-ps (pink), the self-correlation intensity of the silica nanoparticles absorbed 

within the particulate shell, Isilica_c-ps (orange), and the non-absorbed silica nanoparticles in medium phase, 

Isilica_med (red). 

 

 

Figure 6.10. Optical microscopy images recorded at 0, 10, 20, 30, 40, 50 min during the laboratory-based 

synthesis of PTFEMA/silica nanocomposite particles via aqueous emulsion polymerization of TFEMA at 60 °C 

when targeting 10% w/w solids.  
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Figure 6.11. The selected SAXS patterns recorded at 20, 24, 28, 32, 42, 52, 65, 90, 140, and 210 min (final frame) 

of the PTFEMA/silica nanocomposite particle synthesis (gradient) fitted by the SAXS model represented by 

equations 6.35 and 6.36 (black line). The scattering patterns are shifted upward (the multiplication factors are 

indicated on the plots) to avoid overlap. 

 

 

Table 6.4. Results of c-ps&silica SAXS model fitting to the SAXS patterns recorded during the PTFEMA/silica 

nanocomposite particle synthesis. The Excel® colour scales are used to enhance the presentations of the 

parameter tendency. The fitting variables, the variables dependent on the fitting variables, and the estimated 

variables are labelled in blue, yellow, and green, respectively. The cells with the maximum value are fully filled by 

the corresponding colours, and the cells with the minimum value are left blank. The c-ps&silica SAXS model fitting 

results included TFEMA monomer conversion (convTFEMA), the volume fraction of TFEMA monomer in the PTFEMA 

polymer cores (xmon), the silica nanoparticle packing efficiency on the PTFEMA polymer cores (Ae_silica), the 

average volume packing efficiency (ηp_sur_avg), the average radius of the polymer core (Rc_c-ps), the polydispersity 

index of the radius of the polymer core (PDI = σc_c-ps / Rc_c-ps), the average thickness of the particulate shell (Tps_c-

ps), the effective radius of the hard sphere for silica particle (RHS_silica), the effective volume of the hard-sphere 

Percus-Yevick structure factor (ϕHS_silica), and the average number of the silica nanoparticles within the particulate 

shell (Nsilica). And the references including the distance between the silica nanoparticle centres (dsilica), the 

estimated effective volume of the hard-sphere Percus-Yevick structure factor by equations 6.22, 6.23 and 6.25 

(ϕHS_silica_est), and the average volume packing efficiency by equations 6.21 and 6.22 (ηp_sur_avg_est) also presented 

to interpret SAXS modelling results. 
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time conv TFEMA xmon A e_silica

model

result

η p_vol_avg

R c_c-ps PDI T ps_c-ps R c_c-ps+T ps_c-ps

model

result

R HS_silica

model

result

ϕ HS_silica

model

result

N silica

estimated

d silica/2
ϕ HS_silica_est η p_sur_avg_est

min nm nm nm nm nm

20 15.3% 0.00 21.3% 67% 56.62 0.23 15.83 72.45 7.76 32.3% 143.66 9.15 33.8% 78.0%

22 20.7% 0.00 25.8% 65% 61.13 0.23 16.13 77.26 7.87 31.1% 162.27 9.33 33.3% 77.2%

24 25.4% 0.00 29.4% 63% 64.31 0.22 16.30 80.60 7.94 30.3% 175.79 9.44 33.0% 76.6%

26 31.0% 0.08 33.3% 61% 66.97 0.22 15.36 82.33 7.89 28.8% 170.32 9.59 30.9% 69.1%

28 34.6% 0.08 36.0% 60% 68.76 0.22 15.51 84.28 7.93 28.4% 176.43 9.71 30.2% 68.3%

30 37.8% 0.09 38.3% 59% 70.34 0.22 15.66 86.00 7.99 28.0% 182.32 9.81 30.0% 67.8%

32 41.2% 0.10 40.8% 58% 71.80 0.21 15.76 87.56 8.03 27.3% 187.58 9.89 29.7% 67.3%

37 50.6% 0.14 47.0% 55% 75.09 0.21 15.78 90.87 8.10 26.3% 193.13 10.16 28.1% 64.0%

42 58.3% 0.14 53.2% 53% 77.74 0.21 16.07 93.81 8.21 25.8% 203.85 10.32 28.0% 63.5%

47 66.3% 0.16 56.3% 51% 79.84 0.21 16.13 95.96 8.28 25.2% 207.08 10.51 27.2% 61.5%

52 73.1% 0.18 60.4% 49% 81.37 0.21 16.23 97.60 8.33 24.5% 207.89 10.71 26.1% 59.7%

65 82.0% 0.17 66.3% 48% 83.57 0.21 17.00 100.57 8.50 24.0% 222.87 10.90 26.3% 61.0%

90 90.4% 0.12 71.2% 47% 85.91 0.21 18.31 104.22 8.71 23.7% 249.94 11.03 27.4% 65.1%

105 93.8% 0.08 72.7% 47% 86.97 0.20 18.99 105.96 8.84 23.8% 267.64 11.02 28.7% 68.2%

140 94.8% 0.07 74.3% 47% 87.11 0.21 19.42 106.53 8.87 23.4% 275.46 11.03 28.9% 70.0%

165 95.2% 0.06 75.2% 46% 87.21 0.21 19.73 106.94 8.90 23.1% 280.33 11.05 29.0% 71.1%

190 95.6% 0.06 75.8% 46% 87.39 0.20 19.95 107.34 8.91 23.0% 284.51 11.06 29.1% 71.9%

210 96.0% 0.05 76.0% 46% 87.61 0.20 20.05 107.66 8.95 22.9% 287.96 11.05 29.5% 72.4%  

 

 

The SAXS modelling suggested that the polymer cores of the PTFEMA/silica nanocomposite 

particles continuously grew during the synthesis (Table 6.4). The final product radius 

measured by SAXS was 87.61 nm, which was consistent to TEM results (Figure 6.2). 

Meanwhile, PDI, given as σc_c-ps / Rc_c-ps, of these polymer cores gradually reduced. Unlike 

polymer spherical micelles during PISA synthesis with the potential for both an intense 

copolymer chain exchange and fusion effects, the number density of the PTFEMA/silica 

nanocomposite particles of this aqueous emulsion polymerisation, NP/Snp, given by a least 

square fitting, ( )( ) ( )( )
frame 2

PTFEMA P/Snp s c_c-psframe frame
7frame

1
MIN

6

n

h h
h

t N V R t
n


=

  
  −    −  

 , 

where nframe is the total number of recorded frames. NP/Snp remained relatively constant as 9 

× 1012 cm-3 during the synthesis, which was within a typical range of the number density for 

emulsion polymerisation37 (Figure 6.12). 
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Figure 6.12. A relationship between the volume faction of PTFEMA, ϕPTFEMA, and the average volume of the 
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PTFEMA core of the PTFEMA/silica nanocomposite particles, Vs(Rc_c-sp) obtained from the SAXS fitting results using 

equations 6.35 and 6.36 (red squares) and equations 6.39 and 6.40 (blue circles). Both set of data can be fitted by 

linear relationships (red and blue dashed lines, respectively). 

 

 

Because Rsilica measured by c-ps&silica SAXS model (eq 6.34) was 9.75 nm, the particulate 

shell thickness results by c-ps&silica SAXS modelling were relatively low, smaller than 2Rsilica 

(= 19.50 nm), before 140 min of the synthesis. However, during the whole synthesis, ηp_vol_avg 

measured by c-ps&silica SAXS model and the following ηp_sur_avg_est were both higher than 

30% and 45%, which cannot be considered as the failure of c-ps&silica SAXS model at the 

situation of low silica nanoparticles packing density (ηp_sur_avg = 0.09). One of the possible 

reasons could be that the silica nanoparticles may slightly penetrated into the PTFEMA cores. 

However, there was no evidence to support this proposal. Even though this surprising low 

particulate shell thickness by c-ps&silica SAXS modelling cannot be fully interpreted, the 

structure information of the silica nanoparticles packing structures were consistent 

measured by ηp_vol_avg, RHS_silica and ϕHS_silica. These three parameters indicated that the packing 

density of silica nanoparticle on the polymer core was reducing during the polymerisation. 

Even though the silica nanoparticle density on the polymer cores was reducing during the 

synthesis, the silica nanoparticle packing efficiency was continuously increasing and reached 

76.0% at the end of the synthesis. This rising silica nanoparticle packing efficiency is also 

indicated by the increasing Nsilica calculated by eq 6.18 at a relatively constant number 

density of the PTFEMA/silica nanocomposite particles. Because ηp_vol_avg was continuously 

decreasing during the polymerisation, the rising dsilica estimated by equations 6.22 and 6.23 

along the polymerisation also revealed the gradual decrease of the number density of the 

silica nanoparticles on the polymer cores, although dsilica were under 9.75 nm for the first 30 

min of the synthesis. The ϕHS_silica_est estimated by eq 6.25 was reasonably matched by ϕHS_silica 

produced by c-ps&silica SAXS model fitting results. c-ps&silica SAXS modelling of the final 

pattern of the synthesis provided ηp_sur_avg_est = 72.4%. According to the SAXS modelling 

results of ϕHS_silica and ηp_sur_avg by c-ps&silica SAXS model validated by the SAXS patterns 

provided by Monte Carlo simulated polymer/silica nanocomposite particles (Table 6.1), if 

ηp_sur_avg is over 45%, the interactions between silica nanoparticles on the polymer cores 

could be charge-dependent repulsive interaction or size-dependent Lennard-Jones 

interaction. And it is hardly considered that silica nanoparticles are random distributed on 

the polymer cores. And because the silica nanoparticles were modified and carried negative 

charges, with the c-ps&silica SAXS modelling results of ηp_sur_avg_est = 72.4%, the silica 

nanoparticles on the polymer cores still carried negative charged at the end of 

polymerisation. Also, because the silica nanoparticles were still charged on the PTFEMA 

cores, the silica nanoparticles soluble in the water may be expelled by the silica 

nanoparticles on the PTFEMA cores, which may be the reason why the silica packing 

efficiency continuously decreased after the polymer particle nucleation. 

The conventional rate of the polymerisation (eq 1.8) was not suitable for assessing the 
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kinetics of the studied emulsion polymerisation as there was no relationship established 

between the monomer concentration in the core and the polymerisation rate. Instead, by 

measuring the relation between the estimated rate of the polymerisation at time t+∆t/2, 

Rp_TFEMA(t+∆t/2), defined as [convTFEMA(t+∆t)-convTFEMA(t)]/∆t, where ∆t is the time gap 

between two selected modelled SAXS patterns, and the estimated remained volume fraction 

of the TFEMA at time t+∆t/2, ϕTFEMA(t+∆t/2), defined as [ϕTFEMA (t+∆t)+ϕTFEMA (t)]/2, it was 

found that the rate of the polymerisation of the PTFEMA/silica nanocomposite particles was 

approximately proportional to the remained TFEMA concentration in the whole system, 

which suggested that such polymerisation could be a diffusion-controlled reaction (Figure 

6.13). 
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Figure 6.13. A relationship between the estimated rate of the polymerisation, Rp_TFEMA, and the estimated 

remained volume fraction of the TFEMA, ϕTFEMA, obtained from both the SAXS fitting results using equations 

6.35 and 6.36 (red squares), and equations 6.39 and 6.40 (blue circles). Both set of data are fitted by linear 

relationships (red and blue dashed lines, respectively). 

 

Therefore, the TFEMA monomer mass transfer during the potential diffusion-controlled 

polymerisation could be described by Fick’s first law as, 

 ( )
( )
( )

TFEMA

TFEMA TFEMA

TFEMA

t
J t D

x t


=


, (6.37) 

where DTFEMA is the diffusion coefficient for TFEMA at reaction temperature, ∆ϕTFEMA(t) is the 

difference of ϕTFEMA at times t+∆t and t, and ∆xTFEMA(t) is given as ( )

( )
TFEMA

c_c-ps

3

4

v t

R t

 at t. JTFEMA(t) is 

the diffusion flux of the TFEMA at t, defined as 
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 ( )
( )

( )


=

 

TFEMA

TFEMA

c_c-ps

v t
J t

A t t
, (6.38) 

where ∆vTFEMA is the TFEMA volume difference between times t+∆t and t, defined as 

vTFEMA(t+∆t)-vTFEMA(t), and Ac_c-ps(t) is the total surface area of the polymer cores of the 

PTFEMA/silica nanocomposite particles, defined as ( )

( )
TFEMA

c_c-ps

3

4

v t

R t

. By this method, the DTFEMA could 

be given by a least square fitting was applied to minimize the difference between JTFEMA(t) 

and ∆ϕTFEMA(t)/∆xTFEMA(t), ( )( )
( )( )

( )( )

frame

2

TFEMA frame

TFEMA TFEMAframe

frame TFEMA frame

1
MIN

1

n
h

h
h h

t
J t D

n h x t


 

  
−  

− +     

 , where 

nframe is the total number of recorded frames, and h is the starting frame, which is equal to 1 

in this case. And the least square fitting method provided as a result of DTFEMA as 1.15×10-9
 

m2·s-1. The estimation of the diffusion coefficient, DTFEMA_est, could be given as 

(kBTTFEMA)/(6π·ηwater·RTFEMA), where TTFEMA is the reaction temperature, 60 ◦C, ηwater is the 

viscosity of water at the reaction temperature and RTFEMA is the hydrodynamic radius of the 

TFEMA molecule. RTFEMA is estimated by [(3MTFEMA)/(4π·ρTFEMA)]1/3, which is 3.84×10-10
 m. 

Therefore, DTFEMA_est is given as 1.22×10-9
 m2·s-1, which is close to DTFEMA calculated by linear 

regression fitting of the JTFEMA(t) and ∆ϕTFEMA(t)/∆xTFEMA(t) relationship (Figure 6.11). 
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Figure 6.14. A relationship between the diffusion flux of the TFEMA at t, JTFEMA(t), and the ∆ϕTFEMA(t)/∆xTFEMA(t) 

obtained from both the SAXS fitting results using equations 6.35 and 6.36 (red squares), and equations 6.39 and 

6.40 (blue circles). Both set of data fitted by linear relationships (red and blue dashed lines, respectively) gave the 

diffusion coefficients of the TFEMA in water at 60 ◦C as 1.15×10-9
 m2·s-1 and 6.81×10-10

 m2·s-1, respectively. With 

correction of total surface area of the polymer cores of the PTFEMA/silica nanocomposite particles, the 

relationship between the diffusion flux of the TFEMA at t, JTFEMA(t), and the ∆ϕTFEMA(t)/∆xTFEMA(t) obtained from 

both the SAXS fitting results using equations 6.39 and 6.40 (green circles) provided diffusion coefficients of the 

TFEMA in water at 60 ◦C as 1.09×10-9
 m2·s-1. 
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However, the SAXS modelling by c-ps&silica SAXS model provided an increasing shell 

thickness. The validation by the SAXS patterns calculated for the Monte Carlo simulated 

polymer/silica nanocomposite particles only confirms that c-ps&silica SAXS model is suitable 

for monolayer structure of silica nanoparticles on the polymer cores. Therefore, if the SAXS 

modelling results of the particulate shell thickness was over 2Rsilica, it may confuse other 

fitted variables during SAXS modelling. And therefore, when there was no controlled 

particulate shell thickness as 2Rsilica in c-ps&silica SAXS modelling, other fitted variables might 

not produce reasonable results. Thus, the assumption of the particulate shell as constant as 

2Rsilica is required. Herein, by assuming the particulate shell as constant as 2Rsilica, the final 

pattern was fitted by  

 ( )
TFEMA

c-sp&silica_final_T c-sp&silica e

c_c-ps c_c-ps HS_silica HS_silica

,

, ,

, , ,

I q I xmon A

R R



 

 
 

=  
 
 

, (6.39) 

and the rest patterns were fitted by 

 ( )
TFEMA e p_vol_avg

c-sp&silica_rest_T c-sp&silica

c_c-ps c_c-ps HS _ silica HS _ silica

, , , ,

, , ,

conv xmon A
I q I

R R



 

 
=   

 
, (6.40) 

updating the SAXS modelling results (Table 6.5). The volume fraction of the TFEMA remained 

the same under the assumption and equations 6.39 and 6.40. This modified approach for SAXS 

analysis using constant particulate shell thickness produced results indicating a similar 

tendency for the PTFEMA core radius and its standard deviation, the silica nanoparticles 

packing efficiency on the polymer cores and slightly slower rate of polymerization (compare 

Tables 6.4 and 6.5). The SAXS analysis has also shown that xmon remained at low level during 

the SAXS data collection. Under this assumption of the particulate shell as constant as 2Rsilica, 

ϕHS_silica_est and ηp_sur_avg_est continuously decreased, while the estimated dsilica continuously 

increased. This indicated that the packing density of silica nanoparticles on the polymer cores 

became looser during the polymerisation. However, before 28 min of the synthesis, ηp_sur_avg_est 

was larger than 90.69 % which was the theoretical maximum of the ηp_sur_avg 
14, 26-28. Meanwhile, 

the estimated dsilica was smaller than Rsilica before 28 min of the synthesis. These SAXS modelling 

results indicated that c-ps&silica SAXS model may not be suitable for modelling the SAXS 

pattern before 28 min. One of the possible reasons was that the morphologies before 28 min 

were not well-defined core-particulate shell structure. Meanwhile, estimated ϕHS_silica under 

the assumption of the particulate shell as constant as 2Rsilica was not matched the ϕHS_silica by 

SAXS modelling with constant particulate shell thickness. One of the possible reasons might 

be the defect of the hard-sphere Percus-Yevick structure factor without correction by eq 6.26. 

This might be improved for further structural analysis. The number density of the 

PTFEMA/silica nanocomposite particles of this aqueous emulsion polymerisation, NP/Snp, still 
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remained around 9 × 1012 cm-3 (Figure 6.12) under the assumption of the particulate shell as 

constant as 2Rsilica. This NP/Snp was consistent with the result of NP/Snp without the assumption 

of the particulate shell as constant as 2Rsilica. Likewise, the relation between the monomer 

concentration in the polymer core and the rate of the polymerisation as well as the diffusion 

estimation could be processed after 28 min of the polymerisation, which indicated the slower 

rate of polymerisation (Figure 6.13) and the diffusion coefficient of the TFEMA in water which 

was estimated as 6.81 × 10-10
 m2·s-1 by 

( )( )
( )( )

( )( )

frame

2

TFEMA frame

TFEMA TFEMAframe

frame TFEMA frame

1
MIN

1

n
h

h
h h

t
J t D

n h x t


 

  
−  

− +     

   when h = 5 (Figure 6.14). This 

condition of h = 5 is because after 28 min of the reaction, the SAXS modelling results can be 

interpreted in physical meanings. Compared with DTFEMA_est as 1.22×10-9
 m2·s-1 in water 

estimated by Stokes-Einstein equation and DTFEMA as 1.15×10-9
 m2·s-1 without the assumption 

of the particulate shell as constant as 2Rsilica, the diffusion coefficient of the TFEMA in water 

under the assumption of the particulate shell as constant as 2Rsilica was relatively smaller than 

the expected DTFEMA_est result. This relatively smaller DTFEMA might indicate an extra repulsion of 

TFEMA monomer provided by PTFEMA/silica nanocomposite particles. One of the possible 

reasons could be that silica nanoparticles on the PTFEMA cores might reduce rate of TFEMA 

monomer transportation from the medium to the PTFEMA cores. To estimate the effect of 

silica nanoparticle by avoiding TFEMA fluently transported into the PTFEMA cores, Ac_c-ps now 

has to be corrected. Because the TFEMA monomers are transported through the gaps between 

silica nanoparticles on the PTFEMA cores (Figure 6.15), the total surface area of the polymer 

cores of the PTFEMA/silica nanocomposite particles is estimated by ηp_vol_avg·Ac_c-ps. Therefore, 

the diffusion coefficient of the TFEMA in water under assumption of the particulate shell 

thickness was over 2Rsilica with modification of Ac_c-ps was estimated as 1.09 × 10-9
 m2·s-1 by 

( )( )
( )( )

( )( )

frame

2

TFEMA frame

TFEMA TFEMAframe

frame TFEMA frame

1
MIN

1

n
h

h
h h

t
J t D

n h x t


 

  
−  

− +     

   when h = 5 (Figure 6.14). This 

result was close to DTFEMA_est as 1.22×10-9
 m2·s-1. Also, these results also indicated that before 

28 min of the reaction, the morphologies of the particles cannot be simply described as silica 

nanoparticles absorbed on the PTFEMA polymer cores. Therefore, more assumptions and 

models are required for further analysis, similar with discussion in Chapter 4.  

 

Table 6.5. Results of c-ps&silica SAXS model fitting to the SAXS patterns recorded during the PTFEMA/silica 

nanocomposite particle synthesis. It was assumed that the particle shell thickness is constant and equal to mean 

diameter of the silica particles (2Rsilica) (equations 6.39 and 6.40). The Excel® colour scales are used to enhance 

the presentations of the parameter tendency in the same way as in Table 6.4. The fitting variables, the variables 

dependent on the fitting variables, and the estimated variables are labelled in blue, yellow, and green, 

respectively. The cells with the maximum value are fully filled by the corresponding colours, and the cells with the 

minimum value are left blank. 
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time conv TFEMA xmon A e_silica

model

result

η p_vol_avg

R c_c-ps PDI T ps_c-ps R c_c-ps+T ps_c-ps

model

result

R HS_silica

model

result

ϕ HS_silica

model

result

N silica

estimated

d silica/2
ϕ HS_silica_est η p_sur_avg_est

min nm nm nm nm nm

20 11.3% 0.00 22.1% 65% 52.91 0.23 19.51 72.42 7.46 27.0% 161.60 9.30 64.0% 98.5%

22 16.3% 0.00 26.9% 63% 57.76 0.23 19.51 77.26 7.60 26.4% 180.96 9.48 60.5% 94.9%

24 20.5% 0.00 30.8% 61% 61.10 0.22 19.51 80.60 7.68 25.9% 195.23 9.58 58.6% 93.0%

26 23.0% 0.00 33.6% 61% 63.19 0.22 19.51 82.70 7.74 25.3% 205.26 9.63 57.8% 92.2%

28 26.1% 0.00 36.0% 60% 65.17 0.22 19.51 84.67 7.81 25.4% 213.20 9.70 56.4% 90.7%

30 28.7% 0.00 38.0% 59% 66.93 0.22 19.51 86.44 7.91 25.6% 221.15 9.75 55.5% 89.8%

32 31.6% 0.00 40.2% 59% 68.52 0.21 19.51 88.03 7.97 25.4% 228.28 9.80 54.7% 89.0%

37 38.7% 0.00 45.0% 57% 71.98 0.21 19.51 91.49 8.14 25.6% 241.87 9.95 52.3% 86.4%

42 45.4% 0.00 49.2% 56% 74.91 0.21 19.51 94.42 8.28 25.6% 253.88 10.06 50.6% 84.5%

47 51.7% 0.00 52.9% 55% 77.13 0.21 19.51 96.64 8.40 25.7% 261.69 10.17 49.0% 82.7%

52 57.1% 0.00 55.6% 54% 78.89 0.21 19.51 98.40 8.50 25.8% 266.36 10.29 47.3% 80.9%

65 67.7% 0.02 62.1% 51% 81.72 0.21 19.51 101.23 8.62 25.0% 270.64 10.53 44.1% 77.1%

90 81.2% 0.03 69.6% 48% 84.86 0.21 19.51 104.37 8.76 24.0% 273.31 10.84 40.5% 72.8%

105 89.1% 0.05 74.0% 47% 86.33 0.20 19.51 105.83 8.81 23.2% 272.66 11.02 38.5% 70.4%

140 93.3% 0.05 75.8% 46% 87.01 0.21 19.51 106.52 8.82 22.7% 272.71 11.10 37.7% 69.5%

165 94.5% 0.06 75.4% 46% 87.43 0.21 19.51 106.94 8.89 23.1% 276.30 11.08 37.9% 69.8%

190 95.3% 0.03 75.1% 46% 87.82 0.20 19.51 107.33 8.95 23.4% 279.33 11.06 38.1% 70.0%

210 96.0% 0.03 74.9% 47% 88.14 0.20 19.51 107.65 9.00 23.5% 282.40 11.04 38.3% 70.3%  

 

 

 

Figure 6.15. Schematic presentation of TFEMA monomer (pink circle) transported into PTFEMA core (red 

substrate) via the gaps between silica nanoparticles (blue circles) along the tracks (pink dash lines). 

 

The constant particulate shell thickness assumption for c-ps&silica SAXS model (equations 

6.38 and 6.39) did not significantly change the SAXS results obtained for the synthesis process 

of the PTFEMA/silica nanocomposite particles. Possibly, the relatively broad polydispersity of 

the PTFEMA cores of the nanoparticles has partially screened this effect on the SAXS analysis 

results and did not allow more details of the particulate shell structure to be produced. Both 

c-ps&silica SAXS modelling results under two different assumptions revealed the expected 

increasing of PTFEMA polymer core size and Ae_silica were observed during polymerisation 

process, after PTFEMA polymer cores were potentially all covered by the silica nanoparticles. 

Meanwhile, the silica nanoparticles packing structure surprisingly became looser, and finally 

the silica nanoparticles packing density reached the maximum of the lower limit of the uniform 

spheres ultimate packing density. It was possibly because negative charges still remained on 

the silica nanoparticles attached polymer core surfaces. Nevertheless, the modelling 

restrictions did not strongly affect the interpretation of the mechanism of this PTFEMA/silica 

nanocomposite particles emulsion polymerisation indicating a diffusion-controlled reaction 
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mechanism. No relationship between the amount of the TFEMA monomer in the PTFEMA 

polymer cores and the rate of polymerisation was observed but instead a strong relationship 

between the TFEMA monomer quantity remained in the reaction system and the rate of 

polymerisation was found from SAXS analysis. Compared with the mass transfer model in 

Chapter 3 and Chapter 5, which gives ∆xdri = 2.26 × 10-3
 m and ∆xdri(t) = 8.09 × 10-2

 m, here no 

∆xdri(t) involved because the mass transfer model with chemical potential effect is not invited 

here. However, considering that the TFEMA monomers are insoluble in water, the travelling 

distance affected by chemical potential in this case can be considered to be closed to ∆xTFEMA(t), 

which was between 0.6 m and 1.2 m during the polymerisation. In Chapter 3, BzMA monomer 

was soluble in mineral oil, and in Chapter 4, though BzMA monomer was soluble in ethanol, 

the solubility was reduced by adding water in the system38, 39. Here, TFEMA was not soluble in 

water. These results indicate that the travelling distance affected by chemical potential will be 

longer when monomers are in the poorer solvents. This may be because the poorer solvents 

could press the monomers towards the polymer cores, and on the contrary, the monomers 

mainly remained Brownian motion in the better solvents. 

 

 

6.6 Conclusion 

For further investigate the polymerisation of PTFEMA/silica nanocomposite particles, SAXS 

technique was introduced to record such in-situ synthesis process. DLS and TEM results 

provide evident of polymer/silica nanocomposite particle nucleation process between 5 min 

and 20 min, and at 20 min of reaction, PTFEMA/silica nanocomposite particles were formed. 

After the previews from DLS and TEM, such PTFEMA/silica nanocomposite particles can be 

possibly described by c-ps&silica SAXS and the raspberry model. Meanwhile, geometric 

restrictions combined with the fitting variables attempt to fulfil the physical interpretations 

of these two models. Under such geometric restrictions, the previous validations and 

modelling results by the SAXS patterns calculated for the Monte Carlo simulated 

polymer/silica nanocomposite particles can be further explained. Superficial packing 

efficiency and volume packing efficiency, and effective volume fraction of hard-sphere 

Percus-Yevick structure factor now are available to demonstrate silica nanoparticle packing 

structure on polymer core surfaces. A further correction of hard-sphere Percus-Yevick 

structure factor for raspberry model provided more accurate SAXS fittings for those SAXS 

patterns. After the validations of two SAXS models, c-ps&silica SAXS model was chosen to 

model the in-situ SAXS patterns of the synthesis of the PTFEMA/silica nanocomposite 

particles with mass balance confinement. This c-ps&silica SAXS model with mass balance 

confinement provided relatively good SAXS fittings of the SAXS patterns of the PTFEMA/silica 

nanocomposite particles synthesis. The PTFEMA core of PTFEMA/silica nanocomposite 

particles grew during the synthesis, and the silica nanoparticles continuously attached on 

these PTFEMA cores. Meanwhile, the packing density of the silica nanoparticles on PTFEMA 

cores became looser during synthesis. With the validation of the c-ps&silica SAXS model, the 
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silica nanoparticles on PTFEMA cores might still carry with negative charges. However, the 

particulate shell thickness was increasing during the polymerisation. The number density of 

PTFEMA/silica nanocomposite particles nearly remained the same during the reaction. No 

relationship between xmon and rate of polymerisation was observed during the synthesis, 

and mass transfer model of TFEMA monomer from medium to PTFEMA cores was applied to 

this system. With estimated DTFEMA in water by Stokes-Einstein equation, the diffusion 

coefficient of TFEMA in water measured by mass transfer model of TFEMA monomer was 

similar to estimated DTFEMA. Nevertheless, the particular shell thickness provided by c-

ps&silica SAXS model was not constant and equal to 2Rsilica. An assumption of the particular 

shell thickness as 2Rsilica was applied to renew the c-ps&silica SAXS modelling of the synthesis 

of the PTFEMA/silica nanocomposite particles. Under this assumption of the particular shell 

thickness as 2Rsilica, relatively slower polymerisation was revealed. The packing density of the 

silica nanoparticles on PTFEMA cores still became looser during synthesis. The number 

density of PTFEMA/silica nanocomposite particles was the same as c-ps&silica SAXS 

modelling result without assumption of the particular shell thickness as 2Rsilica. However, the 

measured diffusion coefficient of TFEMA in water was significantly smaller than estimated 

DTFEMA. This might indicate that silica nanoparticles on PTFEMA cores hindered the TFEMA 

transportation, and further correction to estimate diffusion coefficient of TFEMA 

transportation has confirmed this statement. These strong advantages of in-situ SAXS data 

collection and the modelling with analysis not only just support the post-mortem 

characteristic techniques but also emphases the understanding of the whole synthesis 

process of the polymer/silica nanocomposite particles, which could provide advice and 

inspire the design of synthesis process and the structures of the polymer/silica 

nanocomposite particles in the further. 
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Chapter 7 

Conclusions 

 

According to the literature on RAFT-mediated polymerisation-induced self-assembly, this 

process can be subdivided into the following five stages: preparation of the reaction mixture 

(stage 1), initiation of the polymerization (stage 2), onset of copolymer self-assembly or 

micellar nucleation (stage 3), particle growth via monomer diffusion into micelle cores (stage 

4) and termination (stage 5). In this Thesis, appropriate structural models and equations 

have been developed to describe the X-ray scattering of the system at each stage. These 

SAXS models are combined with the principle of mass balance for the various reagents and 

products to analyse both the kinetics of the polymerisation and the self-assembly process 

using time-resolved SAXS patterns recorded during such syntheses. In particular, three 

formulations are studied: RAFT dispersion polymerisation in a non-polar solvent (Chapters 3 

and 4), RAFT emulsion polymerisation in a binary mixture of two polar solvents (Chapter 5) 

and the preparation of vinyl polymer-silica nanocomposite particles via traditional free 

radical aqueous emulsion polymerisation (Chapter 6). 

For the case of RAFT dispersion polymerisation in a non-polar solvent, the synthesis of 

PSMA31–PBzMA2000 diblock copolymer nano-objects in mineral oil was studied. Block 

copolymer self-assembly to form spherical micelles occurs within the first few minutes, 

although the BzMA polymerisation was allowed to proceed for nearly 3 h. SAXS models that 

accounted for the mass balance of the reagents enabled not only the spherical micelle core 

radius and the radius of gyration of the solvophilic PSMA blocks to be determined but also 

the unreacted monomer and solvent volume fractions within the growing spherical micelle 

cores. These data, together with the volume fractions of mineral oil and BzMA monomer 

within the continuous phase calculated from the X-ray scattering length density, provided an 

opportunity to monitor the kinetics of this RAFT dispersion polymerisation including the 

BzMA monomer conversion. SAXS analysis revealed that, after micellar nucleation, the rate 

of polymerisation was proportional to the concentration of BzMA monomer within the 

micelle cores, which is consistent with theoretical predictions. A power law scaling 

relationship between the spherical micelle core radius and the PBzMA DP indicated that 

particle growth could be subdivided into three distinct time intervals, depending on the 

monomer supply from the continuous phase to the micelle cores. For the first interval, which 

occurs immediately after micellar nucleation, the solvophobic PBzMA chains remain partially 

stretched within the micelle cores. During the second interval, when the solvent is gradually 

displaced from the micelle cores by the incoming BzMA monomer, the increase in the micelle 

core volume is proportional to the volume occupied by the PBzMA chains. The most likely 

scenario for particle growth during this interval is that the particle volume increases by 

taking up monomer from the surrounding medium, followed by conversion of this imbibed 

BzMA into PBzMA chains. The third interval coincides with a reduction in the rate of mass 

transport of BzMA monomer into the growing particles. Although micelle swelling by 

monomer should lead to an increase in the particle volume, concomitant conversion of 
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monomer into polymer necessarily leads to densification and hence to an overall reduction 

in the particle volume. It was also demonstrated that Flory-Huggins parameters for pairs of 

the components in this system could be calculated from the SAXS data. Although, the mass 

transfer of the reaction components could be used to monitor the rate of supply of 

monomer during the BzMA polymerisation, the χ parameters calculated from this mass 

transfer model differed from χ parameters calculated from Hansen solubility parameters. 

This inconsistency requires further independent verification of the SAXS models using other 

chemical reactions such as free radical polymerisation. 

For the case of RAFT emulsion polymerisation in polar media, the synthesis of PDMA43–

PBzMA200 diblock copolymer nano-objects in 80/20 w/w ethanol/water was studied. This 

binary solvent mixture complicated the SAXS analysis because the solvent composition that 

penetrated the micelle cores is likely to differ from that in the continuous phase as ethanol is 

a less bad solvent for the growing PBzMA chains compared to water. Unfortunately, 

increasing the number of variables to account for this likely variation in the solvent 

composition led to unstable fits to the SAXS patterns. In order to stabilise such SAXS model 

fittings, two assumptions were considered: (i) the solvent composition within the spherical 

micelle cores is precisely the same as that in the continuous phase (i.e. 80/20 w/w 

ethanol/water) or (ii) only ethanol can penetrate into the micelle cores. A structural model 

based on the first assumption was implemented to identify all four stages of the PISA process 

(stages 2-5) during RAFT synthesis of PDMA43–PBzMA200 diblock copolymer nano-objects: 

initiation of the polymerization when the reaction mixture comprised only PDMA43 chains, 

BzMA monomer and the binary solvent mixture (stage 2); the onset of micellar nucleation 

when the system comprised two populations of scattering objects, i.e. dissolved copolymer 

chains and spherical copolymer micelles (stage 3), completion of the copolymer self-

assembly when only a single population of spherical micelles could be detected in the system 

(stage 4) and termination of the BzMA polymerisation (stage 5). However, when making the 

first assumption, the BzMA monomer concentration within the PDMA-PBzMA micelle cores 

calculated during stage 4 was not linearly proportional to the rate of polymerisation (as 

observed for the RAFT dispersion polymerisation conducted in a non-polar medium). This 

suggested that the assumption of an identical solvent composition for both the continuous 

phase and within the micelle cores is most likely not valid, thus leading to a discrepancy 

between the experimental data and theoretical expectations. A structural model based on 

the second assumption indicated that, during stages 4 and 5, the concentration of BzMA 

monomer present within the micelle cores was close to zero. This suggested that the overall 

rate of polymerisation should be controlled solely by the rate of diffusion of BzMA monomer 

from the BzMA emulsion particles through the continuous phase (solvent) to the spherical 

micelles. In this case, the monomer supply is constrained by its solubility in the 80/20 w/w 

ethanol/water binary mixture used for the synthesis. This makes the RAFT dispersion 

polymerisation of BzMA in such a binary mixture of polar solvents differ significantly from 

the RAFT dispersion polymerisation of BzMA in non-polar media (e.g. mineral oil). In the case 

of the dispersion polymerisation, supply of the BzMA monomer, abundant in the continuous 

phase, to the reaction point (inside of the micelles) is virtually unrestricted and as a result a 

high (peak) concentration of the monomer in the micelles is reached during this synthesis. In 

the case of the emulsion polymerisation, supply of the BzMA monomer to the reaction point 
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is hindered by the monomer transfer through the continuous phase and as a result the 

monomer concentration in the micelles is low and as soon as a monomer molecule reaches a 

micelle it will be consumed by the reaction. This conclusion makes the second assumption as 

a more likely scenario for the micelle core formation. However, this assumption did not 

provide satisfactory fits to the experimental SAXS patterns corresponding to the initial stages 

of the synthesis. This result may suggest that just after the spherical micelle formation 

(stages 2 and 3) the micelle core contains high concentration of water which is excluded from 

the core only at a later stage (stage 4). Thus, a further improvement of the SAXS model based 

on the second assumption would be required in order to obtain satisfactory results for the 

initial stages of the RAFT emulsion polymerisation. 

In addition to the PISA process via RAFT synthesis of diblock copolymers in polar and non-

polar medium, the approach developed for SAXS analysis incorporating mass balance of the 

reaction components were applied to the formation of PTFEMA/silica nanocomposite 

particles via traditional free radical aqueous emulsion polymerisation. Since the structure of 

these PTFEMA/silica nanocomposite particles differed from that of the spherical micelles, 

the previously published core-particulate shell and raspberry models were considered for 

SAXS analysis. The core-particulate shell model was found to be more suitable for SAXS 

analysis of the synthesis of PTFEMA/silica nanocomposite particles. The traditional rate of 

polymerisation was not appropriate for assessing the kinetics of emulsion polymerisation. In 

addition, no a relationship between the monomer concentration within the particle cores 

and the polymerisation rate was established during analysis. Instead, by determining the 

relationship between the calculated rate of TFEMA polymerisation and the estimated 

remaining volume fraction of TFEMA monomer, the rate of formation of the PTFEMA/silica 

nanocomposite particles was found to be approximately proportional to the remaining 

TFEMA concentration in the whole system. This suggested that this polymerisation was a 

diffusion-controlled reaction. Moreover, this approach yielded a diffusion coefficient for 

TFEMA monomer in water comparable to that reported in the literature. Time-resolved SAXS 

measurements indicated that particle nucleation occurred within 10-15 min of the onset of 

polymerization. Once nucleation has occurred, nascent core-shell particles can be observed 

by TEM and SAXS patterns can be satisfactorily fitted using a three-population scattering 

model for the synthesised core-shell particles. The model incorporates a population balance 

of silica particles to account their redistribution between the particulate silica shell of the 

formed core-shell particles and the non-adsorbed silica nanoparticles that remain within the 

aqueous continuous phase. This approach enabled the nanocomposite particle diameter, 

silica shell thickness, mean number of silica particles within the shell, silica aggregation 

efficiency and packing density within the silica shell to be monitored during the TFEMA 

polymerization. A final silica shell thickness of 20 nm was calculated, which is consistent with 

coverage of the PTFEMA latex cores by a monolayer of adsorbed silica nanoparticles. SAXS 

analysis also indicated that the silica aggregation efficiency was approximately 75%, which 

was consistent with postmortem DLS, TEM and TGA studies. 

SAXS analysis using appropriate structural models that account for mass balance between the 

various reaction components provided not only a deeper understanding of the various 

structural and morphological transformations that occur during the free radical emulsion 
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polymerisation but also enabled exploration of the more complex self-assembly of diblock 

copolymer chains during the early stages of RAFT dispersion polymerisation (Chapter 4). 

Although pair distance distribution function analysis of the time-resolved SAXS patterns 

recorded during the first 14 min of the synthesis of PSMA31–PBzMA2000 spherical nanoparticles 

indicated that the copolymer chains could self-assemble to form particle dimers, SAXS analysis 

based on structural models incorporating the dimers of particles including copolymers did not 

support this PDDF analysis. Instead, SAXS suggests that, at the initial stage of the synthesis of 

such PSMA31–PBzMA2000 nanoparticles, the reaction components and products form several 

populations, which subsequently transform into a single population comprising spherical 

micelles. SAXS analysis suggests that the pre-micellar reaction mixture comprises ill-defined 

spherical particles formed by relatively short copolymer chains, with both solvent (mineral oil) 

and BzMA monomer being located within the particle cores. The initial stage of the synthesis 

of PSMA31–PBzMA2000 nanoparticles comprises three steps: the initially soluble PSMA-PBzMA 

chains first form ill-defined nascent particles (step 1), which are then transformed into well-

defined spherical micelles by releasing some copolymer chains, and/or possible fission of 

these relatively large ill-defined nascent particles to form dimers (step 2) followed by the 

formation of a single population of monomer-swollen growing micelles/nanoparticles until 

the end of the polymerisation (step 3). Analysis of structural parameters confirmed that the 

polymerisation kinetics and monomer diffusion from the continuous phase to the growing 

micelle cores are set at the onset of micelle nucleation and hold through the reaction course 

until it slows down by a complete consumption of BzMA monomer. 

Although the SAXS models developed in this study provide unprecedented details regarding 

the polymerisation kinetics and the rate of mass transport of the monomer and solvent, 

there are several limitations to implementing this approach. Such time-resolved SAXS 

experiments require access to large-scale synchrotron facilities, auxiliary measurements of 

the background scattering of various reagent mixtures over a range of concentrations and 

determination of the scattering length density of each reaction component at the synthesis 

temperature. Moreover, various assumptions, restrictions and confinements are required to 

facilitate SAXS analysis. A large number of fitting parameters increases the computer time 

required to fit scattering equations to experimental SAXS patterns and further time is 

required to ensure that the data analysis remains as physically realistic as possible. Thus, 

judicious combination of time-resolved SAXS measurements with other in situ techniques 

that provide additional independent information regarding the reaction kinetics (e.g. 

vibrational spectroscopy) would be highly desirable for the further study of such 

heterogeneous polymerisations. 

As SAXS modelling with mass balance confinement has brought deep analysis of PISA synthesis 

in non-polar and polar system and conventional emulsion polymerisation, further work is 

required. Since this Thesis mainly focuses on the time-resolved SAXS modelling and analysis 

of spherical micelle (Chapter 3 and 5) and spherical particle (Chapter 4 and 6), deeper 

understanding of the morphological transitions from spherical micelle to worm-like micelle 

and from worm-like micelle to vesicle are emerged for SAXS analysis. Also, particle behaviours, 

for instance particle growth via Ostwald ripening, can be observed by SAXS and then analysed 

by SAXS modelling with mass balance. The monomer supply and the potential solvent 
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expelling process should be discussed further. And since SAXS and the following modelling can 

reveal the stabiliser efficiency for the conventional emulsion in Chapter 6, this method can be 

introduced to improve the efficiency of industrial emulsion polymerisation. Also, this method 

can be used to track other absorption processes, for instance, proteins absorbed on polymer 

cores, and reveal their mechanisms. SAXS model coding is also required to be improved. In 

additional, this SAXS modelling with mass balance can be possibly applied to WAXS analysis. 

 

For SAXS modelling in Igor Pro, the code and the main panel setting can be access on 

https://github.com/gliao2sheffield/Thesis_SAXS_Example/blob/main/PSMA-

PBzMA%20example.pxp, which is one but not perfect example for the SAXS modelling of the 

PSMA-PBzMA PISA synthesis discussed in Chapter 3. For the users who tend to apply SAXS 

modelling with mass balance for further analysis, this SAXS modelling example should be 

further modified case-by-case. 

 

 

https://github.com/gliao2sheffield/Thesis_SAXS_Example/blob/main/PSMA-PBzMA%20example.pxp
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