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ABSTRACT 
 

    The nanoprecipitation method is a simple and convenient way to produce nanoparticles 

from small molecules and polymers in solution.1-3 The underlying mechanism, which plays 

a pivotal role in the control of nanoparticle size and morphology in application,4,5  is not 

fully understood but is of great interest to researchers.6,7 My research is focused on organic 

nanoparticles in an aqueous medium prepared by nanoprecipitation, but the particle 

formation and growth for calcium carbonate inorganic nanoparticles is also studied. I 

presented studies of the formation of calcium carbonate prenucleation clusters in 

undersaturated solutions, which confirms the existence of initial clusters before the 

solubility limit is reached and suggests an alternative pathway for particle formation. In 

addition, I investigated the kinetics of nanoprecipitation by studying the mixing process 

with an imaging system, as well as the conditions for achieving a rapid and complete 

mixing for both small molecules (anthracene) and polymers (polystyrene) using an 

automated syringe pump system. The results suggest that the mixing process is critical in 

nanoprecipitation and can lead to distinct results in the particle formation process. I also 

studied the particle formation and growth at early stages immediately after mixing for both 

anthracene and polystyrene, using optical imaging system and static light scattering (SLS) 

as the characterization methods. Furthermore, I investigated the thermodynamics during 
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phase transitions in nanoprecipitation by studying the phase diagrams and the effect of 

different initial conditions on the particle size and phase separation, such as the initial 

solute concentration, solvent/non-solvent ratio and the molecular weight of the samples for 

both small molecules and polymers. The results shed light on the possible mechanisms of 

particle formation and phase separation in nanoprecipitation, which can be nucleation and 

growth or spinodal decomposition, depending on the state that the system reaches after 

quenching. By comparing the result for anthracene and polystyrene, the difference in 

mechanisms for particle formation between small molecules and polymers is clarified. In 

contrast to small molecules, the glass transition of polymers is found to be a key factor that 

contributes to the phase separation and the resulting particle size and morphology of 

polymer nanoparticles in nanoprecipitation.   
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CHAPTER   1 

INTRODUCTION 

 

 

The production of organic nanoparticles is important in the applications of pharmaceuticals, 

dyes, optoelectronics and other relevant industries.8-11 The self-assembly of small 

molecules and polymers is one way to produce organic nanoparticles in solution. A 

common and convenient method used to prepare organic nanoparticles in solution is the 

reprecipitation method, 1-3 also known as nanoprecipitation,12,13 in which an organic solute 

dissolved in a good solvent is rapidly injected into a large amount of non-solvent to induce 

the nanoparticle formation. This method also connects to many other areas such as 

crystallization, phase separation, spinodal decomposition, nucleation and formation of 

multicomponent polymers such as polymer blend nanoparticles and copolymers.11,14 

Despite the simplicity and convenience of the method itself, the mechanism for particle 

formation by nanoprecipitation has not been fully understood and has been studied by many 

researchers in the nanotechnology field.6,7,15 The underlying mechanism of particle 

formation helps finely control the particle size and size distribution, which is critical in 

applications.4,5,16,17 In addition, the understanding of mechanism is pivotal for explaining 

the particle size and morphology for systems of single component and multicomponent 

polymer nanoparticles as well as nanoparticles composed of small molecules.18 During the 

phase separation, several mechanisms might play a part in the particle formation separately 
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or simultaneously.19 However, there are two main mechanisms for the particle formation 

and growth, depending on the state of the system after quenching. One possible mechanism 

is the nucleation and growth process.7,20 In recent years, a fair amount of work has been 

done on the nucleation process of organic nanoparticles. Moreover, the basic model for the 

homogenous nucleation process - classical nucleation theory (CNT), has been modified by 

many experiments and simulations depending on different experimental or initial 

conditions.21,22 In fact, CNT often fails in explaining a number of nucleation phenomena 

due to its over simplification. 23  Modified models include nucleation rate with a time-

dependent supersaturation,24 classical nucleation incorporating the kinetic equation of 

molecules in nucleation, known as the burst nucleation and growth model, 25,26 density 

functional theory 27 in which the free energy of the clusters is expressed as a function of 

the density profile 𝜌 𝑟 , etc. Nucleation rate and particle growth 1,28,29 have been widely 

discussed in many related fields such as biopolymers and nanocrystals. At later stages of 

particle growth, Lifshitz describes the power law dependence of particle size on time, 

which is well-known as “Ostwald ripening”.30 Another possible mechanism involved is 

spinodal decomposition, which happens in a highly supersaturated condition where the 

system becomes unstable. 31-34 The characteristic wavelength, which defines the 

nanoparticle size, has some dependence on the initial solute concentration and the free 

energy of mixing in the system according to the Cahn-Hilliard theory.35,36 The growth of 

characteristic wavelengths will form domains of solute-rich phase and solvent-rich phase, 

then the domains eventually pinch off, which is followed by the formation of nanoparticles. 

Some reports on nanoparticles produced by nanoprecipitation have discussed the possible 

mechanism of spinodal decomposition.11,33 During nanoprecipitation, macroscopic and 
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microscopic mixing at different length scales as well as particle formation occur 

simultaneously. The diffusion coefficient and molecular weight of the sample molecules 

might play an important role in the mixing and particle formation process,6 and polymers 

are intrinsically different from small molecules in structures and the existence of glass 

transition where the particles might become glassy and are kinetically arrested during the 

phase separation,14,36 which essentially affects the mechanism of particle formation and 

phase separation process. In addition, a recent idea called the prenucleation cluster concept, 

proposes the existence of “stable” clusters in under saturated solutions prior to nucleation 

and is considered a non-classical concept in nucleation theory.37,38 This offers an alternative 

pathway in the initial periods of nucleation and particle formation for inorganic 

nanoparticles and some organic nanoparticles.  

    In this thesis, one goal is to study the mechanism of particle formation and phase 

separation in the early and late stages of the growth during the nanoprecipitation process 

of both small molecules and polymers by measuring the particle size using dynamic light 

scattering (DLS), static light scattering (SLS) and other optical and imaging methods. The 

mixing process, which is critical in nanoprecipitation, is precisely controlled with an 

automatic mixing system and studied with an imaging system. Additionally, I report on a 

study of the particle growth of polystyrene at early times after nanoprecipitation using SLS 

on a time scale comparable with the particle formation time scale, thus gaining some 

knowledge on the particle growth at early stages. I also investigated the particle growth of 

small molecules by nanoprecipitation with a spectrally selective imaging system, and 

performed an estimated calculation of the particle formation time scale. Furthermore, I am 

also interested in how different factors such as the mixing conditions, solvent/non-solvent 
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ratio, initial solute concentration, injection order and molecular weight would affect the 

final nanoparticle size and growth process. This will also shed light on the mechanism 

behind the growth, due to the fact that the particle formation process is very sensitive to 

the initial conditions and the process that the system undergoes after quench. The complex 

molecular dynamics during the phase transitions and the fast time scale of particle 

formation compared to common characterization methods both contribute to the difficulty 

in direct experimental observation of the phase transition and particle formation in 

nanoprecipitation. However, by investigating particle size and distribution at different 

initial conditions, we are able to retrieve some valuable information on the mechanism of 

the particle formation process. The comparison between the results of nanoparticle growth 

for small molecules and polymers provide insights to the effect of the diffusion coefficient 

and molecular weight/glass transition on the particle formation and phase transitions. 

Moreover, the prenucleation cluster concept, which plays a role in the particle formation 

of inorganic nanoparticles and some organic nanoparticles, will also be examined and 

verified in experiments using DLS with a high power laser source. 

In nanoprecipitation, the initial stages of particle formation have not yet been well 

characterized, nor their effects on the final particles. Here, the term “early stages” refers to 

a very short time after mixing, during which particles grow from single 

molecules/monomers to 103~106 molecules/monomers. The characterization and detection 

of particles at early stage of particle formation have been very challenging due to the fast 

time scale on which it happens (normally in milliseconds) and has only been reported by 

means of X-ray diffraction39 and UV-visible absorption spectrum.1 In these experiments, 

the formation of particles is confirmed but the information on particle size over time is still 
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lacking. In our experiments, the particle formation process will be examined by observing 

the time-dependent particle size during the early stages after nanoprecipitation and the 

growth process later on. Both small molecules and polymers are studied as the solute 

sample solution. Particle size information in milliseconds after the mixing will be measured 

using a static light scattering (SLS)40 instrument (DAWN Heleos) with an automatic 

mixing system. Compared to dynamic light scattering (DLS), which has been widely used 

for the characterization of particle size and size distribution in material and polymer 

science,1,2,41 static light scattering provides the advantage of immediate measurement of 

particle size, with which the smallest measurement time interval is 0.02s. Generally, it takes 

at least 10 to 15 seconds for DLS to obtain stable data. DLS is not able to measure the real-

time changing radius of particles because radius information is found from the 

autocorrelation functions of the time-dependent fluctuation of the scattered light intensity, 

which requires a longer period for averaging over time. SLS enables our measurements for 

the first few seconds of the particle formation. Meanwhile, DLS is also used as the 

characterization for particle size in a long period of time after mixing, 30mins, for example, 

to compare the result with SLS. A spectral-selective imaging system composed of a filter 

and a camera has also been adopted as one way to observe the initial formation of 

nanoparticles. 

    In the experiments to determine the dependence of various factors on the particle 

formation process and final particle size, early time radius information is no longer the 

main focus and thus DLS was used as the characterization method for the particle growth 

and particle size distribution. A substantial amount of work has been reported on how 

different factors could affect the particle growth in nanoprecipitation.2,6,7,20,33 These 
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dependences shed light on the mechanism of particle formation in nanoprecipitation and in 

turn provide insights on a better control of nanoparticle size. The mixing condition is one 

factor that plays a crucial role in the nanoprecipitation method and is shown to have great 

influence on the initial particle formation and the growth process.15,42 We achieve a rapid 

and complete mixing process by using an automatic syringe pump and magnetic stirring 

system. As confirmed by some other nanoprecipitation experiments done by researchers, 

different supersaturation levels tend to result in different particle sizes and size 

distributions.7 As a result, concentration and solvent/non-solvent ratio are varied in the 

experiments to study the dependence. Molecular weight is another factor that might 

contribute to a difference in the diffusion coefficient and thus particle formation in 

nanoprecipitation. Therefore, samples of small molecules and polymers with different 

molecular weights are studied. Results of nanoprecipitation of small molecules and 

polymers with different molecular weights are compared. For polymer samples, the glass 

transition point is an additional factor that cannot be ignored and might be of great 

importance in explaining the particle formation mechanism. In addition, for 

multicomponent nanoparticles, the injection order in nanoprecipitation might be another 

factor that affects the mixing process and particle size. Thus, nanoparticles produced by 

switching the injection order for systems of both small molecules and polymers are studied 

and compared, leading to the discussion on the important role that different mixing time 

scales and diffusion coefficients play in nanoprecipitation. 

    There are many questions in the field of nanoparticle formation and nucleation, such as 

the particle formation at different stages and time scales, the thermodynamics during the 

phase transition and the kinetics in the particle growth and aggregation. In this research, 
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we try to answer some of the questions listed above with optical methods including 

dynamic light scattering, static light scattering and imaging. Our study is mostly based on 

organic nanoparticles prepared by nanoprecipitation, but the particle formation of some 

inorganic nanoparticles such as calcium carbonate is also studied. In terms of the particle 

formation and growth process, we investigated the prenucleation clusters of calcium 

carbonate in undersaturated solution, which suggests the existence of initial clusters before 

the threshold of nucleation is reached. We also studied the kinetics occurring during 

particle formation in nanoprecipitation by studying the mixing process for anthracene with 

an imaging system, as well as the conditions to achieve a rapid and complete mixing using 

a mixing system of automatic syringe pumps for both small molecules (anthracene) and 

polymers (polystyrene), which is a critical prerequisite in nanoprecipitation. In addition, 

we studied the particle formation and growth at early stages for both anthracene and 

polystyrene right after the rapid mixing, retrieving information on the initial particle 

formation time scale and growth curve. Furthermore, we gained information on the 

thermodynamics during the phase transitions by studying the phase diagrams and various 

factors that might affect the phase separation and particle size during the quench in 

nanoprecipitation such as solute concentration, solvent volume fraction and molecular 

weight for anthracene and polystyrene. The dependence of these factors on the particle size 

also leads to discussions on the mechanism of particle formation. By comparing the result 

for anthracene and polystyrene, the difference in mechanisms for particle formation and 

phase separation between small molecules and polymers is clarified. 
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CHAPTER   2 

BACKGROUND 

 

The process of forming nanoparticles and nanocrystals from small molecules and polymers 

in solution involves a process of phase transition. Phase transitions occur when a system 

transforms from one thermodynamic state to another state with the change of some external 

conditions such as temperature or pressure, etc. A transformation between solid and liquid 

is one example of phase transition in daily life. The thermodynamics and kinetics in phase 

transitions are the foundations of particle formation and thus plays a pivotal role in the 

theories of the mechanism for nanoparticle formation and growth in nanoprecipitation 

method. Thus, a thorough understanding of the mechanism of phase separation process 

during nanoprecipitation is essential for us.  

 

2.1 Nanoprecipitation Method 

 
In the nanoprecipitation method we mentioned before, a dilute solution of a compound is 

prepared using a good and water-miscible solvent, then is injected into vigorously stirred 

water as the medium with poor solubility, and the compound is reprecipitated as dispersion 

of nanoparticles.1,43-45 This method is simple and straightforward compared to most other 

conventional methods for nanoparticle preparation such as milling, emulsification and 

solvent evaporation, etc.5,11 It has been used for preparing a variety of inorganic 

nanoparticles such as semiconductors46 and organic nanoparticles.3,47  
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2.2 Experimental Methods 

 
As discussed before, light scattering is used as a standard characterizing method for 

measurement of particle size. Both dynamic light scattering (DLS)48 and static light 

scattering (SLS)40 are used widely in measuring particle size and growth; static light 

scattering is also used for measuring sample molecular weight and the second virial 

coefficients and sometimes the structure factor in spinodal decomposition. In addition, 

transmission electron microscopy (TEM),14 scanning electron microscopy (SEM)4 and 

atomic force microscopy (AFM)49 are commonly used as imaging techniques for sample 

morphology and size. Fluorescence correlation spectroscopy (FCS),50 an analytical tool for 

measuring the diffusion coefficient of fluorescent particles, is also used for characterizing 

single molecule aggregation for diluted solutions. X-ray diffraction51 is often used for 

obtaining information of the crystal structure.  

 

2.3 Thermodynamics During Phase Transition of Particle Formation—Free Energy of 

Mixing 

 
Before going into much detail on the thermodynamics of phase transitions and phase 

separation, we first introduce a simplified statistical mechanical model that will be treated 

as our basic assumption for all the derivations of theories thereafter. The model is called 

the regular solution model, which was first developed up by Hildebrand and Scatchard.52 

This model is based on the mean field theory that is widely used in statistical physics with 

which we can still get the information on most properties in the phase transitions without 

going through extremely complicated math. We will start with the mixing of two liquids, 
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which is a simple yet concrete scenario for describing phase separation. The free energy of 

mixing is an important physical variable we are interested in because it indicates whether 

a phase separation will take place and which mechanism should contribute. It is by 

definition the change in free energy from the separated state to the mixed state. 

Suppose we have two species of liquids A and B with free energies FA and FB, 

respectively. Initially, they are separated and the free energy of the system is just the sum 

of the two individual free energy and is equal to FA + FB. After mixing, the total free energy 

of the homogeneous mixture is FA+B. Thus, the free energy of mixing is represented as Fmix 

= FA+B - FA - FB. The free energy can be written as: 

 

F = U- TS                                                                                                                          (1) 

 

In which T is the temperature, S is the entropy and U is the internal energy. Therefore, Fmix 

can be represented as the sum of the change of entropy term and the change of energy term. 

The entropy can be expressed as  

 

𝑆 = 	−𝑘+ 𝑝-	𝑙𝑛𝑝--                                                                                                            (2)   

 

Where i is a state of the system which has a probability of 𝑝-	. Entropy is calculated by 

summing over all states of the system. Assuming the molecules of the liquids are placed 

on a lattice and each molecule occupies one site on the lattice, then the possibility of A 

molecules to occupy a site is the volume fraction of liquid A, 𝜙1 ,and the possibility of B 

molecules to occupy a site is the volume fraction of liquid B, 𝜙+. In our case, there are 
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only two possible arrangements for a single site: it could be either an A molecule or a B 

molecule. As a result, the entropy of the system can be written as the following35:       

   

𝑆 = 	−𝑘+(𝜙1𝑙𝑛𝜙1 + 𝜙+𝑙𝑛𝜙+)                                                                                         (3) 

 

This is the expression of the entropy after mixing. It is based on the mean field assumption 

that the probability of occupying a site is not affected by which species of molecules 

occupies the neighboring site. 𝑘+  is the Boltzmann constant. To calculate the entropy 

before mixing, 𝜙1=1 and 𝜙+=1 both make S=0. So the free energy of mixing, which is the 

difference between the entropy after and before the mixing, has the same expression as 

shown in equation (3). 

The second part of Fmix is the energy of mixing Umix.  Suppose a molecule on a single site 

has z nearest neighbors and the probability of a site being occupied by A or B molecule is 

not dependent on the site next to it. The interaction energy for each site can then be 

expressed as: 

 

𝑈 =	 6
7
(𝜙17𝜖11+ 𝜙+7𝜖++ 	+ 2𝜙1𝜙+𝜖1+)                                                                        (4) 

 

In which 𝜖11, 𝜖++ and 𝜖1+ indicate the interaction energy between two neighboring A 

molecules, two neighboring B molecules and an A molecule and a B molecule next to 

each other. The expression for the interaction energy before mixing is  

 

𝑈 =	 6
7
(𝜙1𝜖11+ 𝜙+	𝜖++)                                                                                                  (5)  
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Thus, the energy of mixing can be obtained from the difference between (5) and (4): 

 

𝑈:-; = 	
6
7
[(𝜙17−	𝜙1)𝜖11+ (𝜙+7 − 𝜙+	)	𝜖++ 	+ 2𝜙1𝜙+𝜖1+]]                                      (6)    

 

Assuming the liquid is incompressible, so 𝜙1 + 𝜙+ = 1.	And combining this equation 

with equation (6), we get 

 

𝑈:-; = 	
6
7
[(𝜙17−	𝜙1)𝜖11+ 𝜙1(𝜙1 − 1)	𝜖++ 	+ 2𝜙1(1 − 𝜙1)𝜖1+]                              (7)  

 

After simplification, we get  

 

𝑈:-; =	  
6
7
  (2 𝜖1+ − 𝜖11 − 𝜖++)	 𝜙1𝜙+	                                                                         (8) 

 

Now we introduce another physical parameter 𝜒, which indicates the interaction energy 

of the two species A and B compared to their self-interactions and is defined as: 

 

𝜒 = 6
7@AB

(2𝜖1+ − 𝜖11 − 𝜖++)                                                                                         (9)      

                                                                                       

The interaction parameter 𝜒 affects the sign and magnitude of the free energy of mixing. 

We can easily see that 𝜒 is equal to zero if there is only one species. By substituting (9) 

into (8) we get  
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𝑈:-; =	 𝑘+𝑇𝜒𝜙1𝜙+	                                                                                                       (10) 

 

Thus, by plugging (10) and (3) into equation (1), the total free energy of mixing is 

expressed as a function of the concentration of the mixture and 𝜒 when the temperature T 

is fixed: 

 

DEFG
@AB

= 𝜒𝜙1𝜙+	 	+ 𝜙1𝑙𝑛𝜙1 + 𝜙+𝑙𝑛𝜙+                                                                           (11) 

 

However, the free energy of the system after mixing instead of the free energy of mixing 

should be the physical parameter that determines the state of the system and phase 

separation after mixing. Therefore, we have the expression for the free energy of the system 

after the mixing as follows: 

 

DEFG
H@ABI

= 𝑡(𝜙1𝑙𝑛𝜙1 + 𝜙+𝑙𝑛𝜙+ + 𝜒𝜙1𝜙+	 − 𝑎𝜙1 − 𝑏𝜙+)                                                   (12) 

 

where a, b, t and Tc are defined as following:  

 

a=∈NN
O

,  b =∈AA
O

, t= B
BI

 and Tc = 6O
7@A

 

 

If we plot the free energy of mixing as a function of the temperature or solute composition 

according to equation (12), with the aid of this relationship we will be able to find the 

minima and obtain the phase diagram, which indicates the thermodynamic state in different 

regions of a system—if it is stable, metastable or unstable with respect to the solute 
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composition and temperature or solvent/non-solvent ratio. The limitation of the regular 

solution theory is that it assumes the intermolecular forces only exist in the nearest 

neighbors of a given molecular site. This is a reasonable approximation in terms of 

molecules in solution, which mostly accounts for the short range interactions between 

molecules. A similar theory (Flory-Huggins theory)53 describes the mixing properties of 

two polymers and provides a fundamental understanding of the phase diagram in the case 

of polymer mixtures.54 𝜒  is denoted as the Flory Huggins parameter. Since some of the 

samples used in our experiments are polymers, the Flory-Huggins treatment is an important 

reference. The phase diagram plays a crucial role in explaining and understanding the 

mechanism of phase separation and the formation of nanoparticles. This will be discussed 

in more detail in a later section. 

 

2.4 Phase Diagram and the Mechanisms of Phase Separation 

 
In last section, we briefly introduced a means to describe the phase behavior of a system 

when two fluids mix—a phase diagram. In general, there are several types of phase 

diagrams: one is a simple two-dimensional phase diagram which indicates the 

thermodynamic state of the system in terms of two physical parameters such as the 

composition, temperature, pressure, etc. Another type is a more complicated three-

dimensional phase diagram which includes three thermodynamic quantities in the plot. A 

more complex binary or ternary phase diagram can be constructed when there is more than 

one component in the system, for example, in our case, when two liquids mix. The phase 

diagram indicates the regions of one single phase and two phases and thus is a good 
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representation of the phase separation in a binary/ternary system. A phase diagram can be 

constructed by both theoretical calculations and experimental measurements.55 

 

2.4.1 Free Energy of Mixing Versus Composition Plot and the Corresponding 

Mechanisms of Phase Separation 

 
Fig. 2.1 represents the free energy of mixing G, of compounds A and B, as a function of 

concentration. The y-axis is the free energy of mixing and the x-axis is the solute 

concentration or solute composition, on the left is 0% of B and on the right is 100% of B. 

                                                                 

          

Figure 2.1. The free energy of mixing vs solute composition diagram. 

           

    In a free energy diagram, different regions indicate different thermodynamic states of 

the system and therefore determine whether or not a phase separation will take place and 

what is the mechanism that dominates the phase separation. For example, in Fig. 2.2, in 

the region between 100% A species (0% B species) and the point A1B1, at which the first 
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derivative of the free energy equals zero, P(∆R)
P;

= 0,	the system has a free energy curve as 

below:  

                                                                                          

Figure 2.2. Free energy and phase separation in the stable region. 

 

    The y-axis is the free energy of mixing and the x-axis represents the composition. 

Initially, the system is at C and has a free energy that can be read from the y-axis value of 

point C; when phase separation takes place, the state C can phase separate into two states 

A and B, the newly-formed system has a free energy that can be read from the y-axis value 

of point M. Apparently, the free energy at M is greater than the free energy at C. The system 

is more stable in its initial state and phase separation is not energetically favorable.  

However, if the system is brought into the region between S1 and S2, which are the points 

where the second derivative of ∆G equals to zero, U
V ∆R
U;V

= 0.	 

Then the system will have a free energy curve as following:  

  

                                                     

Figure 2.3. Free energy and phase separation in the unstable region. 
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    In Fig. 2.3, the system is originally at state C, which has a free energy that can be read 

from the y-axis value of C, and then phase separates into two new states A and B. The 

evolved system has a total free energy that has a magnitude of the y-axis value of point M. 

Apparently, the system after the phase separation always has a free energy that is lower 

than the original state. In this case, phase separation must take place with no energy barrier 

during the transformation. The initial state is unstable and any small fluctuation in the 

composition leads to simultaneous phase separation. The mechanism that dominates the 

phase separation in this situation is called spinodal decomposition. Spinodal decomposition 

is first derived by Mats Hillert56 in 1955 based on a regular solution model that we 

mentioned earlier and was further developed by John Cahn to a more flexible model.57 

Phenomenon that are considered to be associated with spinodal decomposition were first 

found in alloys with a temperature quench, but can also be extended to model nanoparticle 

formation of small molecules and polymers by nanoprecipitation. More details about 

spinodal decomposition mechanism and the relations between the particle size and the 

conditions of spinodal decomposition will be discussed in later sections.  

    Another region of the free energy versus composition diagram is defined as the regions 

between A1B1 and S1, and also A2B2 and S2. As mentioned previously, A1B1 and A2B2 are 

defined as the points at which P(∆R)
P;

= 0. In these regions, the free energy curve is shown 

below in Fig. 2.4: 
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Figure 2.4. Free energy and phase separation in the metastable region. 

 

Again, A1B1 and A2B2 are the two points that give a minimum (zero) value for the first 

derivative of the free energy of mixing; S1 and S2 are the saddle points that give a zero 

value for the second derivative of the free energy of mixing. When the system falls in the 

regions between A1B1 and S1 or between S2 and A2B2, as shown at point C in Fig. 2.4, if 

the system phase separates within the regions of small fluctuations in composition, the 

separated phases will have a higher energy than the original state at C; however, the system 

can phase separate into the two local minimums at A1B1 and A2B2 after overcoming a 

energy barrier. Therefore, the new phase will have a lower free energy at M compared to 

the initial state at C. At those regions, the system will not phase separate at small 

fluctuations in the composition but will phase separate at large concentration fluctuations 

and is considered to be metastable because phase separation can take place only after 

overcoming an energy barrier. Afterwards, the phase separation is energetically favorable 

and will lead to a lower free energy of the system. The mechanism that is associated with 

this phenomenon and describes what happens during the phase separation at metastable 

state is the nucleation theory. This mechanism differs from the spinodal decomposition that 

we discussed previously in that the phase separation happens under certain conditions—an 
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energy barrier must be taken into account before stable nuclei form. Classical nucleation 

theory is the foundation that describes the thermodynamics and kinetics of the particle 

growth that happens in the metastable region. However, classical nucleation theory is 

verified to be qualitatively successful but quantitatively fails in explaining quite a lot of 

phenomenon. As a result, many modified models such as density-functional theory and 

burst nucleation and growth have been developed by researchers. We will discuss the 

theory of classical nucleation and the factors that affect the nucleation process in more 

detail in the next section.  

 

2.4.2 Relationship Between the Free Energy of Mixing Versus Composition Plot and the 

Phase Diagram 

 
Fig. 2.5 shows the schematic binary phase diagram produced by the free energy of mixing 

curve of compounds A and B. On the top is the free energy of mixing plot and below is the 

corresponding phase diagram. In the phase diagram, the y-axis indicates the solvent/non-

solvent ratio, from 0% solvent and 100% non-solvent to 100% solvent and 0% non-solvent 

while the x-axis represents the solute concentration. 0 represents pure solvent in the 

mixture and 1 indicates that the mixture is pure solute. In the free energy plot, y-axis shows 

the free energy of mixing and x-axis shares the same physical quantity as the phase 

diagram—solute concentration. 
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         Figure 2.5. Free energy of mixing and the corresponding phase diagram.33 

 

C0, C1, C2 and C3 denote the different solvent/non-solvent ratios in the mixture. For each 

ratio, there is a distinctive free energy of mixing curve, respectively. For each free energy 

curve, there are two local minima at which the first derivative of free energy equals zero. 

These local minimums at different solvent/non-solvent ratios define the binodal line (or 

solubility line) in the corresponding phase diagram, as we can see in Fig. 2.5. The binodal 

line sets the boundary between single phase and two-phase regions. Similarly, there are 

two points at each free energy curve of a certain solvent volume fraction that satisfy 

UV ∆R
U;V

= 0,	 these inflection points at different solvent volume fractions build up the 

spinodal line in the corresponding phase diagram. The phase diagram in Fig. 2.5 represents 

the regions of one phase and multiple phases in terms of the solute composition and solvent 
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volume fraction in the mixture. Above the binodal line is the single-phase region within 

which at regions close to 0 solute concentration is a solvent rich phase with the solute 

concentration below the solubility limit; at regions close to 100% solute is a solute rich 

phase where the solute molecules absorb a small amount of the solvent/non-solvent and 

becomes “swollen”.  The region between the binodal line and spinodal line is the 

metastable region that we mentioned before. The system experiences a supersaturation that 

is followed by a phase separation after overcoming an energy barrier. The dominant 

mechanism of phase separation in this region is nucleation and growth. The region below 

the spinodal line is the spinodal decomposition region in which the system becomes 

unstable. In this region, there is no threshold of energy barrier to overcome and any small 

fluctuation will lead to a phase separation. During a slow process of temperature change or 

solute addition, the system might start to phase separate in the metastable region before 

reaching the spinodal region. However, the system can be brought into the unstable regions 

by a sudden temperature quench or solvent quality drop by rapidly reducing the 

solvent/non-solvent ratio of the mixture.  

    Nanoprecipitation is one way to produce nanoparticles by reducing the solvent quality 

with the mixing of large amount of non-solvent. Fig. 2.6 schematically shows the phase 

diagram for nanoprecipitation process and illustrates the trajectory that the solute 

molecules experience. The x-axis is the solute concentration in the system from 0 (pure 

solvent) to 100% (pure solute). The y axis is the mole fraction of good solvent in the 

mixture. The binodal line and spinodal line are only for demonstration, they are not 

necessarily symmetric in real experimental cases. During the nanoprecipitation process, 

the system is initially in a stable state which is well below the solubility limit (point A in 
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Fig. 2.6); then the solute sample is abruptly injected into a non-solvent and this rapid 

quench brings the system into the highly unstable region directly before anything can 

happen in the metastable region (shown as point B in Fig. 2.6, the mole fraction of good 

solvent drops due to the injection of the non-solvent and the solute concentration also 

decreases due to the dilution). After that, spinodal decomposition takes place immediately 

and the system is phase separated into the solute-rich phase (point D in Fig. 2.6) and the 

solvent-rich phase (point C in Fig. 2.6). The solute-rich phase indicates the nanoparticles 

formed.  

 

                                         

                       Figure 2.6. Schematic phase diagram and trajectory of the sample in nanoprecipitation. 

 

The following chapters provide a more detailed and quantitative discussions of the above 

two mechanisms during the phase separation, including the transformations in both 

thermodynamics and kinetics as well as the factors that affect the process. 
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2.5 Thermodynamics and Kinetics in Classical Nucleation Theory 

 
Early theoretical work on the thermodynamics and kinetics of molecular self-assembly and 

aggregation is led to the development of classical nucleation theory (CNT). Classical 

nucleation theory was first derived in the 1930s by Becker and Doring.58 It describes the 

process of how molecules aggregate, form large nuclei, and eventually form nanoparticles 

and crystals. Supersaturation is the driving force of the nucleation process. CNT also gives 

an expression for the nucleation rate, J, as a function of concentration, temperature and 

supersaturation. However, CNT has its limitations and cannot explain some phenomena 

associated with nucleation due to its over simplifications. But overall, CNT is successful 

in qualitatively describing the nucleation process and is a fundamental theory for one of 

the main mechanisms for explaining particle formation and phase separation. 

 

2.5.1 Nucleation and Growth 

 
In many cases, the self-assembly of molecules to form nanoparticles is treated as a 

nucleation process. Small ions, atoms or molecules gather together with a certain arranged 

pattern and form a site upon which additional particles are deposited as particles or crystals 

that continue to grow.  

    There are two types of nucleation according to classical nucleation theory: homogeneous 

nucleation, which means there are no foreign particles in the system and heterogeneous 

nucleation, which refers to the nucleation induced by foreign particles inside the system or 

irregularities in the system boundaries.  
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2.5.2 Driving Force for Nucleation 

 
To understand the theory and thermodynamics behind nucleation, the first crucial factor 

is the driving force for nucleation. Generally, the thermodynamic driving force for 

nucleation process is supersaturation. 

    The supersaturation ∆𝜇 is the gain in Gibbs free energy per molecule (atom) from the 

minimum with higher free energy 𝐺YZP  to the minimum with lower free energy 𝐺[\] . 

Supersaturation makes 𝐺[\]<𝐺YZP , which makes it energetically favorable for the new 

phase to form. For a system that contains more than one species of molecules, even when 

the solution is only supersaturated with one species and saturated with the others, there is 

still a driving force for the nucleation of the solute.59 

                             

Figure 2.7. Free energy change in classical nucleation theory. 

 

Fig. 2.7 shows the free energy change of a system from a metastable state to a stable state 

involving the nucleation of particles.60 The x-axis represents the solute composition in 

nucleation and y-axis represents the free energy of the system. According to classical 
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nucleation theory, during nucleation, the system is initially in its metastable state A, which 

corresponds to a local minimum of free energy. As the small clusters grow, the free energy 

increases, the clusters are thermodynamically unstable and will redissolve. Due to 

statistical fluctuations, some clusters will overcome the free energy barrier and grow bigger. 

After reaching the maximum free energy, the free energy will decrease and it becomes 

energetically favorable for stable nuclei to grow and stay in the system. The system will 

evolve to a new stable state B with the global minimum of free energy.60 

 

2.5.3 Thermodynamics in Nucleation Process: Critical Nucleus Size and Nucleation Rate  

 
In the initial period of nucleation, small particles form and redissolve. At some point, stable 

nuclei will start to form. As we have discussed in last paragraph, stable nuclei will form 

after they reach the maximum of Gibbs free energy. The size of nucleus with the maximum 

free energy is called the critical nucleus size. 

Suppose the solution is in phase A and has a total number of N atoms. Initially, phase A 

is metastable, in which some small particles form phase B clusters. Since phase B clusters 

have relatively small volume, the surface-to-volume ratio will be large; as a result, the 

interfacial energy will be large, too. This interfacial energy acts as a barrier in the process 

of formation of B phase clusters and nucleation. The change of free energy during the 

process of formation of a B phase cluster from A phase is expressed as below61: 

  

∆G=∆Gv + ∆Gs = 4/3𝜋𝑟_Δ𝑔 + 4𝜋𝑟7𝛾                                                                           (13) 

 

The first term ∆Gv is the change in free energy from the molecular to bulk phase free energy. 
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In this equation, Δ𝑔 represents the free energy difference per unit volume between phase 

A and B. The second term ∆Gs is the change of interfacial energy.  𝛾 is the surface tension 

between the two phases. r is the radius of the nucleus. Normally we assume the nuclei have 

a spherical shape.  

 

                                         

Figure 2.8. Free energy change in nucleation.11 

 

As shown in Fig. 2.8, the bulk free energy term is negative while the interfacial energy 

term is positive. The total change of free energy ∆G depends on the sum of the two terms. 

As the size of clusters r increases, ∆G will first be positive and increase, then become 

negative after reaching a maximum at some point because of the change of magnitude of 

these two terms. The interfacial energy will act as a barrier during the process. For particles 

that will survive and grow to bigger stable nuclei in the solution, they must first reach the 

maximum free energy. At this point, the free energy will decrease with the size r, so the 

particles will be energetically favored to grow. Suppose the size of particles with the 

maximum free energy is rmax. Any particles with a size smaller than rmax will not succeed 

in forming stable nuclei. This rmax is called the critical nucleus size, rc. The corresponding 
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free energy is called the critical free energy. To calculate the critical nucleus size rc and the 

critical free energy ∆Gc, the maximum value for the function of ∆G is found from 

 

P∆c
Pd

|r=rc =0                                                                                                                        (14) 

Thus 

4𝜋𝑟f7Δ𝑔 + 8𝜋𝑟f𝛾 = 0                                                                                                     (15) 

 rc = - 7ϒ
hi

                                                                                                                           (16) 

And  ∆Gc  = jkl
_

 m
n

hiV
                                                                                                      (17) 

 

Since the supersaturation is a very important factor in nucleation, we would like to include 

this parameter in the expressions above. In terms of concentration, the supersaturation is 

expressed as 

 

S=c(r)/𝑐∗                                                                                                                          (18) 

  

Where c(r) denotes the local solubility of the solute at location 𝑟 ; 𝑐∗ represents the 

equilibrium solubility in the system.  

The Ostwald-Freundich equation, which explains the Ostwald ripening phenomenon that 

small crystals dissolve and redeposit on the surface of large ones in solutions, has the 

following expression62: 

 

𝑙𝑛𝑆 = 	 7mq
@Bd

                                                                                                                      (19) 
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Where S is the supersaturation that is defined in equation (18) and v is the molar volume. 

Thus, we have 

 

𝑟 = 7mq
@BZ[r

                                                                                                                        (20) 

From equation (16) and (20), it is easy to get 

Δ𝑔 = 	− 7m
dI

 = - @BZ[r
s

                                                                                                       (21) 

 

Therefore, according to equation (17) and (21), the critical free energy of nucleation for 

homogeneous nucleation is given by: 

 

∆Gc  =
jkl
_

 m
n

hiV
= 	 jktmnsV

_(@B)V(uvw)V
                                                                                           (22) 

  

Classical nucleation theory also gives the expression for nucleation rate, which is defined 

as the number of stable nuclei produced per unit volume per unit time: 

 

J ∝	exp (-	∆cf
@B

)                                                                                                                 (23) 

 

Thus, the nucleation rate can be expressed as61:  

 

J ∝	exp (- jktmnsV

_(@B)n(uvw)V
)                                                                                                     (24)                                                                                   
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It can be seen from the expression above that supersaturation S affects the nucleation rate. 

The higher the supersaturation, the higher the nucleation rate. Also, the expression of 

critical free energy shows that higher supersaturation gives lower critical free energy and 

thus less free energy is needed to initiate nucleation. For a system with a higher 

supersaturation, the critical nucleus size is easier to reach because the critical nucleus size 

is smaller. 

 

2.5.4 Factors That Affect Nucleation Process 

 
In order to deepen the understanding of nucleation and aggregation process especially at 

the early stage, several parameters that affect the nucleation and nanoprecipitation process 

such as supersaturation and induction time will also be discussed. 

 

2.5.4.1 Supersaturation 

As was discussed earlier in this chapter, supersaturation provides the driving force for 

nucleation. The degree of supersaturation also affects the rate of nucleation, the critical 

nucleus size and the critical free energy of nucleation. 

As introduced before, the supersaturation for one-component solutes in liquid is defined as 

equation (18): 

 

S=c(r)/𝑐∗ 

 

Where c(𝑟 ) denotes the local solubility of particles at a location 𝑟 ; 𝑐∗ represents the 
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equilibrium solubility in the system. By definition, when S<1, the system is under saturated, 

when S>1 the system is supersaturated and S=1 denotes a saturated system. 

    Generally, there are a number of approaches to achieve supersaturation in a system. One 

is temperature quenching; the supersaturation is reached by rapid cooling down the 

temperature of a saturated solution. In this method, it is difficult to control the particle size 

distribution. This is due to the fact that when cooling down the temperature of a vial; the 

solution inside the vessel is not cooled down homogeneously.  

    Another method is called “non-solvent addition” method. With the addition of a miscible 

poor solvent into a solution, the system will achieve a high level of supersaturation without 

changing the temperature. The factors that affect the degree of supersaturation for this 

approach include the solute concentration and the mixing ratios of solute and miscible non-

solvent (or poor solvent). The concentration of sample will have effects on the 

supersaturation of the mixed solution: high concentration will result in high supersaturation 

with all the other conditions unchanged.  

The nanoprecipitation method is one version of the non-solvent addition method. Polar 

organic solvents are good solvents for our solute, when non-solvent is added (water for 

example), the system will become supersaturated and nucleation will be initiated.63  

 
2.5.4.2 Induction Time and Mixing Time 
 
 
There are two time scales that control the nucleation process in the nanoprecipitation 

method: the mixing time (mixing) and the induction time (induction).  The mixing time 

𝜏:-;  indicates the time required for the two solvents to mix at molecular scale.  The 
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induction time 𝜏-[P comprises nucleation time and growth time. The ratio of mixing time 

to induction time is called the Damköhler number (Da): 

 

Da = 𝜏:-;/𝜏-[P                                                                                                              (25) 

 

The Da number describes the process by which particles will form. If Da number is greater 

than 1, the induction is faster than the mixing time, so the particle formation and growth 

process is dominated by mixing. Nucleation will typically occur over a prolonged period 

of time, leading to a broad size distribution and large particle size. On the contrary, a Da 

number less than 1 indicates that the process is controlled by nucleation. High 

supersaturation is achieved rapidly and nucleation dominates the nanoprecipitation process. 

Particles generated from this process give a smaller size and a narrow size distribution.64 

    From the information discussed above, it can be seen that controlling the Da number can 

control the size distribution. Different size and size distribution will be achieved by varying 

Da: narrow size distribution and small size particles will be produced by decreasing the 

mixing time and increasing the precipitation time which will lead to Da greater than 1. In 

the experiment, we use a continuous confined flow method with an adjustable flow rate, 

which controls the mixing rate. In this way, the mixing time can be varied and thus particle 

nucleation that occurs under different Da number can be observed, which will lead to 

different particles size and size distribution. Knowing the relationship between the Da 

number and the particles size and size distribution will help us understand the nucleation 

process in its early stage.  
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2.5.5 Limitations, Modified Models and Non-Classical Nucleation 

 
Despite the success of classical nucleation theory in qualitatively describing many particle 

formation phenomena, it has its own limitations due to the assumption it is built up on. In 

classical nucleation, it is assumed that the nucleus behaves as a bulk phase and the phase 

interface has the same interfacial energy as an infinite planar surface.65 This is the so-called 

capillary assumption. However, problems arise when nuclei are very small in size and may 

only contain less than 100 molecules – the particle has sharp curvature on the surface and 

the interfacial energy of the nuclei is quite different from that of a particle with infinite 

radius. Besides, the thermodynamic energy barrier should vanish at the spinodal point, 

which does not hold in the classical theory. Moreover, the particles do not have a sharp 

boundary between the particle and the surrounding solvent as the bulk phase. As a result, 

modified models that take into account of the factors discussed above have been developed 

by researchers. Modified nucleation models include those that have a time-dependent 

supersaturation term in the expression of free energy,24 density functional theory65 and 

diffuse interface theory.66 Density functional theory describes the free energy in nucleation 

by creating a density profile as a function of the radius 𝐹[𝜌 𝑟 ] instead of r in the classical 

view. In density functional theory, there are mainly two approaches to realize the 

modification:  

2.5.5.1 Van Der Waals/Cahn-Hilliard Theory                                                                               

In this approach, developed by Van der Waals and Cahn and Hilliard, the free energy of 

fluctuation is expressed as a Taylor expansion with respect to the homogeneous phase 

and the square-gradient term is included: 
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𝑊 =	∫ [∆𝜙� 𝜌 + 	𝜅 ∇𝜌 7]𝑑𝑟                                                                                    (26) 

Where 𝜌 is an order parameter of the system and r is the radius. ∆𝜙� is the change of the 

local potential density when expanding the free energy at 𝜌� . With this method, the 

thermodynamic energy barrier approaches zero at the spinodal line. Moreover, the 

predictions made according to this method show some improvement in agreement with the 

experimental data, compared to the classical theory. However, the limits and failures of 

this method lie in several aspects: due to the mean-field approximation, the fluctuations on 

the surface is omitted; in addition, the squared-gradient approximation is only valid at small 

regions near the parent phase; the incorporation of the Van der Waals equation of state 

restrains the interaction of molecules are infinite in distance.66 

2.5.5.2 Perturbative Density Functional Theory       

This approach has made improvements based on the previous Cahn-Hilliard theory by 

modelling the molecular interaction forces as a combination of repulsive and attractive 

forces—the Lennard-Jones potentials instead of the Van der Waals model.27 Since the 

density of the inhomogeneous particle varies from the center to the surface, the free energy 

can be written as the sum of two terms: one is the local effective hard sphere liquid potential 

which acts as the repulsive term; the other is a non-local attractive potential using the 

perturbation theory. 

𝑊 = ∫ 𝑑𝑟𝑓�r 𝜌 𝑟 +	∬ 𝑑𝑟𝑑𝑟�𝑉��� 𝑟 − 𝑟� 𝜌 𝑟 𝜌 𝑟�                                        (27) 

in which 𝑓�r  is the free energy per unit volume of a hard sphere fluid and 𝑉���  is the 

attractive potential. The density profile 𝜌 𝑟  can then be solved by iteration. The 
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limitations in this approach are again the neglect of considering the fluctuations on the 

surface due to the mean-field approximation. Besides, the simple molecular interaction 

potential model fails to take into account the molecular geometry and leads to an 

approximate density profile. But overall, the predictions based on this approach are in good 

accordance with the experimental results.  

2.5.5.3 Non-Classical Nucleation for Particle Formation of Inorganic Nanoparticles 

A newly developed idea of stable prenucleation clusters prior to nucleation has provided a 

model for understanding some nucleation and crystallization process that cannot be 

explained by classical nucleation theory. In this non-classical nucleation concept, stable 

prenucleation clusters are found before nucleation happens, even in undersatured 

solutions.37 This contradicts the classical nucleation theory, in which stable nuclei exist 

only after critical nucleus size is reached. These prenucleation clusters do not have a well-

defined phase interface and are considered as solutes in the solution. Moreover, particles 

are formed by cluster-cluster aggregation in non-classical nucleation, instead of the 

aggregation of molecules or atoms in CNT. 

 

2.5.6 Kinetic Approach of Nucleation and Crystallization Process 

In the previous chapter, we discussed the classical nucleation theory from the 

thermodynamic point of view and focused on the particle formation and phase transition 

based on the change of free energy at the very beginning stage of nucleation. In this chapter, 

we will give another look at nucleation theory through a kinetic approach—how individual 

molecules or monomers grow to bigger particles via cluster approach and how does the 

time-dependent number density of clusters with a certain size change as a result of the 
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growth or decay of clusters. The kinetics approach of nucleation is more direct than 

thermodynamics view and is generally used in the theoretical simulations of molecular 

dynamics as well as nucleation of particles and later on stages such as particle growth, 

coalescence and ripening.  

 

2.5.6.1 General Expression—Master Equation 

To describe nucleation that takes place at molecular level kinetically, we need to make a 

few assumptions before starting mathematical derivations: 

     Nucleation is modeled through cluster approach— molecules collide, attach and detach 

and form clusters with different number of molecules. Also, transformations from a cluster 

with n molecules to a cluster with m molecules at time t occurs at a certain frequency, 

which can be expressed as fnm(t) (s-1) (n, m= positive integers). fnm is considered to be 

dependent on time and the supersaturation of the system.67 One more assumption that 

greatly simplifies the equation is that clusters with the same size all have one shape and the 

size of the cluster becomes the only parameter that distinguish the clusters. Now we 

introduce another important physical variable in describing the cluster growth kinetically, 

Zn(t), indicating the n-sized cluster concentration at time t. Using these assumptions, we 

can write a master equation that describes in general the rate of the change of n-sized cluster 

concentration at time t by the attachment or detachment of molecules in a closed system, 

as shown in equation (28): 

 

P
P�
𝑍[ 𝑡 = 	 [𝑓:[ 𝑡 𝑍: 𝑡 −	𝑓[: 𝑡 𝑍[ 𝑡 ]�

:�j                                                        (28) 

 



	 36	

In which 𝑓:[(𝑡) is the frequency of the transition from a cluster with a size of m to a cluster 

with a size of n, as we mentioned previously. 𝑍:and 𝑍[ represents the concentration of 

clusters with a size of m and n, respectively. 𝑓:[ 𝑡 𝑍: 𝑡  expresses the number of clusters 

that undergoes the transition from m molecules to n molecules per unit time. The size of a 

cluster with n molecules will decrease if n-sized clusters transform to m-sized clusters; 

similarly, the size of clusters with n molecules will increase when m-sized clusters 

transform to n-sized clusters. Overall, the net change of the concentration of n-sized 

clusters can be written as the difference between the transitions of m to n molecules and n 

to m molecules. Here, m can be any number from 1 to M, with M the total number of 

molecules in the old phase. Equation (28) is a set of first order ordinary differential 

equations. With the appropriate initial condition of Zn (0) and the dependence of 𝑓:[on the 

concentration Zn(t), the solution of Zn(t) will be mathematically achievable while the 

analytical solutions are not available. In a closed system, 𝑓:[  can be simplified to a 

variable that is independent of the time t. But this only applies to a system that has a 

supersaturation that is independent of time and the cluster concentration.  
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2.5.6.2 Kinetics in Different Stages of First-Order Phase Transitions 

In the previous chapter, we discussed the general expression for the cluster concentration 

distribution by attaching or detaching molecules in all stages throughout the first-order 

phase transition. In this chapter, we will discuss the kinetics in different stages of particle 

formation during phase transition in more details, although the boundary of those stages 

might not be very clear. There are mainly three stages in the process of a phase transition: 

the nucleation (early) stage, the coalescence stage and the ageing (late) stage.59 

 
 
1) Nucleation stage 

In the process of particle formation, nucleation is the very initial stage that takes place in a 

supersaturated system. In this case, the concentration of the clusters with two or three or 

more molecules are very low in the initial nucleation stage, while the concentration of 

monomers is quite high. The probability of encountering a monomer is much greater than 

a dimer or a trimer, etc. Thus, we assume that in nucleation, clusters evolve by obtaining 

or losing only one molecule or monomer at a time. So m=n-1 or n+1. As a result, 𝑓:[(t)= 

0 for |n-m|> 1. We introduce two variables 𝑓[  and 𝑔[  as the attachment frequency and 

detachment frequency for monomers to further simplify the master equation where 

 

𝑓[(𝑡) = 	𝑓[→[�j(𝑡)                                                                                                        (29) 

 

and     

 

𝑔[ 𝑡 = 	𝑓[→[�j(𝑡)                                                                                                       (30) 
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Thus, the master equation can be written as 

 

P
P�
𝑍[ 𝑡 = 	𝑓[�j 𝑡 𝑍[�j 𝑡 − 𝑔[ 𝑡 𝑍[ 𝑡 −	𝑓[ 𝑡 𝑍[ 𝑡 +	𝑔[�j 𝑡 𝑍[�j 𝑡             (31) 

 

The rate of change of the number of n-sized clusters can be calculated in a way that the 

sum of the number of the clusters transformed from n-1 to n by gaining one molecule and 

the number of the clusters transformed from n+1 to n by losing one molecule subtract the 

sum of the number of the clusters transformed from n to n-1 by losing one molecule and 

the number of the clusters transformed from n to n+1 by gaining one molecule at time t. 

With complicated mathematical derivation and approximations, the nucleation rate J can 

be derived from the master equation as well, which was done by Zeldovich in 1942.68  

 

2) Coalescence stage 

As stated in last chapter, during nucleation, clusters grow by the stochastic attachment or 

detachment of monomers. Gradually, the number concentration of clusters containing two 

or more molecules increases as nucleation proceeds. Therefore, the chance of being in 

mutual contact with n-sized clusters (n>1) is much higher than before. As a result, clusters 

grow by attaching both monomers and clusters containing more than one molecule. An n-

sized cluster can form either via attaching one monomer onto a (n-1)-sized cluster or via 

the aggregation of a cluster with m molecules and a cluster of (n-m) molecules. The system 

has evolved to the coalescence stage of particle formation. The master equation becomes 

the combination of nucleation and the coalescence of two smaller clusters:  
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P
P�
𝑍[ 𝑡 = 	𝑓[�j 𝑡 𝑍[�j 𝑡 − 𝑔[ 𝑡 𝑍[ 𝑡 −	𝑓[ 𝑡 𝑍[ 𝑡 +	𝑔[�j 𝑡 𝑍[�j 𝑡 +

	j
7

𝔴:,[�: 𝑡 𝑍[�: 𝑡 𝑍: 𝑡 −	𝑍[(𝑡) 𝔴[:(𝑡)𝑍:(𝑡)
� � �[
:�7

[�7
:�7                            (32) 

 

In equation (32), 𝔴:,[�: indicates the number of coalescence events happening between 

an m-sized cluster and an (n-m)-sized cluster per unit time per unit volume. The transition 

frequency 𝑓:[, which represents the transition from m-sized cluster to n-sized cluster by 

the coalescence with a (n-m)-sized cluster, is proportional to the concentration of clusters 

with (n-m) molecules. Therefore, 𝑓:[ has the expression 

 

	𝑓:[(𝑡) = 𝔴:,[�: 𝑡 𝑍[�: 𝑡                                                                                      (33) 

 

and 𝔴:,[�: 𝑡 𝑍[�: 𝑡 𝑍: 𝑡  indicates the number of clusters transforming from m to n 

by the aggregation of two clusters m and n-m. We sum up from 2 to n-2 for different values 

of m. The number j
7
 in the front is to account for double counting. Similarly, the last term 

represents the transition of clusters from size n to (n+m) by the aggregation of clusters n 

and m. The backward transition frequency 𝑓[:	is  equal to 𝔴[: 𝑡 	since the detachment 

of monomers or multimers from clusters is not dependent on the cluster concentration. 

Thus, the last two terms indicate the net increase of the number of clusters with n molecules 

by cluster coalescence. The first four terms are the same as equation (31), which accounts 

for the net increase of number of n-sized clusters by monomer attachment. Equation (32) 

actually provides the general form that describes both the nucleation stage and coalescence 
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stage simultaneously. As a result, equation (32) is widely used in the kinetics of nucleation 

with pre-existing particles or thin film nucleation and growth.59 

 

3) Ageing stage 

After experiencing the first two stages of nucleation and coalescence, the system can 

evolve to a later stage of the first-order phase transition—the ageing stage. There are 

mainly two mechanisms dominating the ageing stage, depending on the mobility and 

stability of clusters formed in the first two stages.  

    The first mechanism is the coalescence mechanism that we have discussed briefly before. 

This mechanism will still be dominating as long as the clusters in the system are stable 

enough so that they do not decay by losing either monomers or multimers and mobile 

enough to still be able to make mutual contacts with each other. As a result, 𝑔[ 𝑡 	= 0. 

Moreover, 𝑓[= 0 because nucleation has already finished in the ageing stage. The system 

is in the pure coalescence regime now and the master kinetic equation has the expression 

as below: 

 

P
P�
𝑍[ 𝑡 = 	 j

7
𝔴:,[�: 𝑡 𝑍[�: 𝑡 𝑍: 𝑡 −	𝑍[(𝑡) 𝔴[:(𝑡)𝑍:(𝑡)

� � �[
:�j

[�j
:�j          (34) 

 

Equation (34) is the same as the last two terms in equation (32) which describe the 

coalescence event between two clusters. It takes the form of the famous Smoluchowski 

equation69  (or population balance equation), which is commonly used in the theoretical 

study of the kinetics of coalescence and crystallization in the production of nanocrystal and 

droplets.70  
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The other possible mechanism in the ageing stage is the so-called Ostwald ripening 

mechanism. When the solute concentration is sufficiently low, few coalescence events 

happen because the distance between clusters are so far away that they cannot make mutual 

contacts and the diffusion is slower in this case. When the clusters are immobile and cannot 

contact each other, the Ostwald ripening mechanism dominates. In Ostwald ripening, small 

clusters lose monomers and becomes smaller, while large clusters gain the monomers and 

grow bigger. This is because molecules in the interior of particles are more stable than the 

molecules on the surface of particles. Also, as the size of particles increase, the surface 

energy becomes smaller while the bulk free energy becomes greater. The competition 

between the surface energy and the bulk energy is gradually dominated by the bulk energy 

as the particle size increases. As a result, the large particles have a smaller surface energy 

and a greater bulk energy and is more stable than the small particles. Larger particles are 

energetically more favorable than smaller particles and thus smaller particles tend to lose 

molecules on their surface. Those detached molecules dissolve in the solution again and 

diffuse in the surrounding area. So molecules tend to attach to the surface of larger particles 

because the process requires less energy than attaching to smaller particles and is more 

stable. In this mechanism, the last two terms in equation (32) which contribute to the 

coalescence of two clusters vanish. Thus, the kinetic master equation for Ostwald ripening 

mechanism becomes the following: 

 

P
P�
𝑍[ 𝑡 = 	𝑓[�j 𝑡 𝑍[�j 𝑡 − 𝑔[ 𝑡 𝑍[ 𝑡 −	𝑓[ 𝑡 𝑍[ 𝑡 +	𝑔[�j 𝑡 𝑍[�j 𝑡             (35) 
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This is essentially the same as equation (31), which describes the kinetics of clusters in 

nucleation stage. The consistency of these two equations indicates that equation (31) (or 

equation (35)) applies to all stages from nucleation to ageing when there is no coalescence 

of clusters. Lifshitz and Slezov solved the equation for Ostwald ripening regime with 

appropriate initial and boundary condition and approximation.30 They found that the 

particle size follows a power law dependence on time with exponent 1/3. Many other 

researchers further developed the theoretical work of ageing in Ostwald ripening 

mechanism. When n becomes a continuous variable, equation (35) and (34) can be written 

as a partial differential equation and an integral-differential equation instead. This applies 

to all the expressions discussed in this chapter.  

 

2.6 Thermodynamics in Phase Transition by the Spinodal Decomposition Mechanism 

 
In section 2.2, we briefly discussed the spinodal decomposition mechanism, which is 

another important mechanism occurring during phase separation. In contrast with 

nucleation, spinodal decomposition happens when the system is highly supersaturated and 

becomes unstable. The energy barrier, which plays an important role in the nucleation 

mechanism, no longer exists in spinodal decomposition. Due to the lack of an energy 

barrier in the process, particle formation in spinodal decomposition is governed by 

molecular diffusion. In fact, when the system is intrinsically unstable, any fluctuation in 

composition (concentration) will be amplified and lead to a phase separation. However, 

not all fluctuations are amplified at the same rate. The characteristic wavelength defines 

the length scale that is amplified most and grows fastest in spinodal decomposition. Near 

the critical point, the pattern formed by spinodal decomposition is random channel-like and 
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continuous, as shown below in Fig. 2.9(a) because random fluctuations are amplified as 

long as it is within spinodal region. Fig. 2.9(b) shows concentration fluctuations with short, 

long and intermediate wavelengths formed in spinodal decomposition. 

                                   

Figure 2.9 (a). Typical pattern formed in spinodal decomposition. (b). Concentration fluctuations with 
different wavelengths.35 

 

As discussed earlier in this chapter, in nanoprecipitation, as the sample in a good solvent 

is rapidly injected into a non-solvent, the solubility changes immediately and drastically, 

resulting in a rapid increase in the supersaturation. Assuming the mixing of the solvent and 

non-solvent is homogeneous and faster than the formation of particles, this sudden quench 

of solubility will bring the system to a highly supersaturated and unstable state, which is 

within the unstable region of the phase diagram. Thus, spinodal decomposition is 

considered the key mechanism that contributes to the particle formation and phase 

separation in our experiments. In the following chapter, we will focus on the 

thermodynamics in spinodal decomposition more quantitatively. We will also introduce 

the Cahn-Hilliard theory and the solution to the time evolution of the concentration 

fluctuations and thus the characteristic fluctuation length which is related to the initial sizes 

of nanoparticles formed in spinodal decomposition. 
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2.6.1 Quantitative Understanding of Spinodal Decomposition and the Phase Diagram  

 
Recall that we have discussed the free energy of mixing vs composition plot and the phase 

diagram at the beginning of this chapter. From the plots, we know that when the system is 

in a metastable region, a small amplitude fluctuation is not energetically favorable and will 

not grow larger while a large amplitude fluctuation may take place and result in a phase 

separation into the two local minimums of the free energy. In contrast, for a system that 

falls in the unstable spinodal region, any small amplitude fluctuation will lead to a phase 

separation. The small amplitude and large amplitude fluctuations are often called 

homophase and heterophase fluctuations. When the system is within the spinodal 

decomposition region, the study of dynamics of homophase fluctuation is necessary and 

critical.  

Quantitatively, we first take a look at the stability of a system after a quench against a small 

amplitude fluctuation. The free energy change of a small amplitude fluctuation of the 

concentration Δc can be expressed as below66: 

 

∆G = G 𝑐� + 	Δc + 𝐺 𝑐� − 	Δc − 2𝐺(𝑐�)                                                                  (36) 

 

For a small amplitude fluctuation, Δc is small. Thus, we can expand the free energy into 

Taylor series around 𝑐� and get: 

 

G 𝑐� + 	Δc = 𝐺 𝑐� + 𝐺� 𝑐� Δc +	
j
7
𝐺�� 𝑐� Δc7 + ⋯                                                (37) 

G 𝑐� − 	Δc = 𝐺 𝑐� − 𝐺� 𝑐� Δc +	
j
7
𝐺�� 𝑐� Δc7 + ⋯                                                (38) 
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Substituting equation (37) and (38) into (36), we have 

 

∆G = 	𝐺�� 𝑐� Δc7 + ⋯                                                                                                   (39) 

 

According to equation (39) and ignoring the higher order terms, the change of free energy 

due to a fluctuation ∆G is determined by the second derivative of the free energy curve 𝐺��.  

A positive 𝐺�� yields a positive ∆G, which means any change in free energy due to small 

fluctuations will increase the free energy and thus is energetically unfavorable. The system 

is stable to small amplitude fluctuations. This corresponds to the metastable region in 

which nucleation is the dominating mechanism for phase transformations, as discussed 

earlier. However, when 𝐺�� is negative, ∆G becomes negative. Any change in free energy 

by homophase fluctuation reduces the free energy and thus the system is unstable to small 

amplitude fluctuations. This occurs in the unstable region in the phase diagram, which is 

defined as the region in between the spinodal lines, and known as spinodal decomposition.  

 

2.6.2 Linearized Cahn-Hilliard Equation and Spinodal Decomposition 

 
In order to know more accurately how particles form and how the concentration 

fluctuations evolve with time in spinodal decomposition, we need more quantitative model 

to describe the process. Before going deeper into the explanation of spinodal 

decomposition, one thing we need to point out is that chemical potential is the physical 

parameter that has to be uniform when a system is at equilibrium, although concentration 
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gradient is always considered as the driving force of diffusion. Chemical potential µ	can 

be expressed as the first derivative of the free energy with respect to the concentration: 

 

µ = 	∂G/ ∂c                                                                                                                   (40) 

 

where G is the free energy and c is the local concentration. 

In most cases, diffusion happens from regions of high concentration to regions of low 

concentration. However, in spinodal decomposition, the molecules tend to diffuse from 

regions of low concentration to regions of high concentration, resulting in an amplification 

of any small fluctuation of the local concentration. From the previous discussion, we know 

that the second derivative of the free energy as a function of the composition is negative 

within the spinodal decomposition region (𝐺�� 𝑐�  < 0). Combining this with equation (40), 

we have ∂µ/ ∂c < 0. This indicates that the change of chemical potential and the change of 

concentration have opposite signs. Therefore, in order for the chemical potential to flow 

from high to low regions, the diffusion has to occur from regions of low concentration to 

regions of high concentration. This is also known as the “uphill diffusion”.  

    More quantitatively, we need to express the free energy in terms of the local composition 

(concentration). Recall that we have briefly discussed in the density functional theory that 

the free energy of an inhomogeneous system can be expressed in a Taylor expansion 

relative to a homogeneous system and integral over the radius r since the density is not 

homogeneously distributed: 

 

𝐺 = 𝐴 {𝑔� [𝑐 𝑟 ] + 	𝜅
Pf
Pd

7
}	𝑑𝑟                                                                                (41) 
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in which 𝑔�	is the free energy per unit volume of a homogeneous mixture of composition 

c; 𝜅 is the gradient energy coefficient. The second term in equation (41) is the square-

gradient of the free energy. This expression was first introduced by Van der Waals and 

later reproduced by Cahn and Hilliard in the explanation of spinodal decomposition in 

alloys. The inclusion of the square gradient term indicates that the free energy of the 

mixture in an inhomogeneous system not only depends on the local concentration c but 

also on the gradient of the concentration ∇𝑐. Equation (41) is known as the Cahn-Hilliard 

equation. If we substitute equation (41) into equation (40), we obtain the expression of the 

chemical potential in terms of the composition. (Here we consider the problem only in one 

dimension for simplicity): 

 

µ = �R
��
= 	 �

��
𝑔� 𝑐 𝑥 + 	𝜅 Pf

P;

7
= 	 �[i� f ]

��
+ 2𝜅 �Vf

�;V
                                              (42) 

 

In order to study the time evolution of the concentration fluctuations and the particle 

growth for an inhomogeneous system, we need to incorporate the expression of chemical 

potential and free energy with diffusion equations since fluctuations evolve by the diffusion 

of molecules. Recall the equations we often use to describe the diffusion of a material when 

there exists a concentration gradient – Fick’s first law71: 

 

𝐽 = 	−𝐷 Pf
P;

                                                                                                                     (43) 
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Again, we simplify the problem by considering one dimension only. In equation (43), J 

represents the flux of the material; D is the diffusion coefficient which indicates how fast 

one species diffuses into another. Fick’s first law relates the flux to the concentration 

gradient by the diffusion coefficient. It basically tells us that molecules of a material will 

flow from regions of high concentration to regions of low concentration when a 

concentration gradient is present. Moreover, we can express the concentration change with 

time based on the conservation of material: 

 

Pf
P�
= 	−	P 

P;
                                                                                                                      (44) 

 

By combining (43) and (44), we then obtain Fick’s second law71: 

 

�f
U�
= 	− U

U;
−𝐷 Uf

U;
= 𝐷 UVf

U;V
                                                                                           (45) 

 

Equation (45) describes how concentration changes with time due to diffusion. However, 

in spinodal decomposition, it is the chemical potential that needs to be uniform instead of 

the concentration. Therefore, in analogy with the Fick’s laws, we rewrite diffusion 

equations by changing the concentration to chemical potential: 

 

𝐽 = 	−𝑀 P¢
P;

                                                                                                                     (46) 

 

Where M is a positive transport coefficient and describes the atomic mobility, known as 

the Onsager coefficient.35 Combining equation (46) with (42), we have 
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𝐽 = 	−𝑀 P
P;

� i� f ;
��

+ 2𝜅 �Vf
�;V

= 	−𝑀［𝑔��� 𝑐
Pf
P;
+ 	2𝜅 �nf

�;n
］                               (47) 

 

In analogy with Fick’s second law, we have 

 

Uf
U�
= 	−	U 

U;
= 	− U

U;
−𝑀（𝑔��� 𝑐

Pf
P;
＋	2𝜅 �nf

�;n
） = 	𝑀𝑔��� 𝑐

UVf
U;V

+ 2𝜅𝑀 U£f
U;£

           (48) 

 

Equation (48) is the linearized Cahn-Hilliard equation.  In the above equation, M and 𝜅 are 

also dependent on the local concentration c. This makes the equation nonlinear and thus 

much more difficult to find a solution. As a result, we simplify the equation by assuming 

that M and 𝜅 are constant and not depend on the concentration. This assumption restricts 

the use of equation (48) to small-amplitude concentration fluctuations against the initial 

concentration only.  

If we consider long wavelength fluctuations only to further simplify the equation, the 

second term of square gradient can be ignored and we get 

 

Uf
U�
= 	𝑀𝑔��� 𝑐

UVf
U�V		                                                                                                        (49) 

 

This reminds us of the Fick’s second law, by defining an effective diffusion coefficient  

 

𝐷\ = 	𝑀𝑔��� 𝑐                                                                                                               (50) 
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As stated earlier, M is a positive constant and the sign of the effective diffusion coefficient 

is determined by 𝑔��� 𝑐  , the second derivative of the free energy in terms of the 

composition. Therefore, when the system is in the metastable region, 𝑔��� 𝑐  >0, wκhich 

yields a positive value of 𝐷\. This agrees with the fact that solute diffuses from regions of 

high concentration to regions of low concentration as it normally does. However, in the 

spinodal (unstable) region, 𝑔��� 𝑐  <0 and thus 𝐷\  is negative. The system follows the 

uphill diffusion that molecules diffuse from regions of low concentration to regions of high 

concentration in the spinodal region.  

The solution of Cahn-Hilliard equation is given by  

 

c x, t = 	 𝑐� +	 𝑎 𝑘, 0 exp 𝜔 𝑘 𝑡 + 𝑖𝑘𝑥 	                                                                (51) 

 

Where c (x, t) is the concentration at x at time t,	𝑎	(k, 0) are the Fourier coefficients of the 

initial state and k is the wave vector (fluctuation wavelength λ = 	 7l
@

). The summation of 

Fourier modes indicates the state composed of fluctuations with different wavelengths.  

𝜔 𝑘 𝑡 describes the time evolution of the concentration fluctuations after quenching. 𝜔 𝑘  

is expressed as follows: 

 

𝜔 𝑘 = 	−𝑀𝑘7[𝜅𝑘7 + UVi
UfV f�

]                                                                                    (52) 

 

Now we take another look at 𝜔 𝑘 . Suppose the system is within the metastable region, 

then 𝑔��� 𝑐  (= UVi
UfV f�

) >0 and this makes 𝜔 𝑘 <0. As a result, exp 𝜔 𝑘 𝑡 + 𝑖𝑘𝑥  
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approaches zero with increasing time and all Fourier terms decay in a metastable state. On 

the contrary, when the system is quenched into the unstable spinodal region, 𝑔��� 𝑐 <0. In 

this case, k can be either positive or negative with a critical point of 𝑘� which satisfies 

𝜔 𝑘� =0: 

 

𝑘� = [𝜅�j − UVi
UfV f�

]j/7                                                                                                (53) 

 

When 0 <	𝑘 < 𝑘�, 𝜔 𝑘 > 0, the exponential terms will grow with time; when 𝑘 > 𝑘�, 

𝜔 𝑘 < 0, which will result in decays of the exponential components and the Fourier terms 

will vanish eventually. The 𝜔 𝑘  function for two different cases of 𝑔��� 𝑐 	is plotted in Fig. 

2.10:  

 

                                          

Figure 2.10. 𝜔 𝑘  function for metastable and unstable regions. 

 

In Fig. 2.10, we notice there is a maximum value for 𝜔 𝑘 , the corresponding k value is 

noted as kmax. In spinodal decomposition, concentration fluctuations grow at different rates. 

For fluctuations that have a very long wavelength, the molecules have to diffuse a long 
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distance and thus the fluctuations are not likely to grow at a fast rate. In contrast, when a 

short-wavelength fluctuation grows, molecules diffuse across short distance, but the 

growth requires the creation of many interfaces, which cost too much energy. As a result, 

there is a wavelength of concentration fluctuations in between the long wavelength and 

very short wavelength that grows at the fastest rate. This corresponds to the wave vector 

kmax which gives the maximum value of the exponential time dependent factor 𝜔 𝑘 . At 

kmax, the concentration fluctuation is amplified most and thus grows fastest among all 

wavelengths. The corresponding wavelength λ:�;,	which is given by 7l
@EG

, is defined as 

the characteristic wavelength, or the critical fluctuation wavelength in spinodal 

decomposition.  

    To be more quantitative, we find the expression of 𝑘:�;  and λ:�;  in terms of the 

concentration. In order to find 𝑘:�;, we set the first derivative of 𝜔 𝑘  equals to zero: 

 

𝜔� 𝑘 = 	−4𝑀𝜅𝑘_ − 2𝑀 UVi
UfV f�

𝑘 = 0	                                                                      (54) 

Which yields   

𝑘:�; = (−
®V¯
®IV I�
7°

)
±
V                                                                                                       (55) 

 

For a mixture of a binary system, the free energy can be expressed as the landau free energy 

as the following, which is a symmetric double well free energy with two local minimums: 

 

𝑔 = (	1
7
𝑐7 + +

²
𝑐² + °

7
(∇𝑐)7)𝑑𝑥                                                                                  (56) 
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Therefore, we obtain the expression for U
Vi
UfV

 : 

UVi
UfV

= 𝐴 + 3𝐵𝑐�7                                                                                                            (57) 

Combine equation (55) and (57), we get 

𝑘:�; = (− 1�_+f�V

7°
)
±
V                                                                                                      (58) 

and the characteristic wavelength for the spinodal decomposition is given by  

λ:�; = 	
7l
@EG

= 2𝜋(− 7°
1�_+f�V

)
±
V                                                                                    (59) 

 

Where c0 is the initial concentration of the solute and 𝜅 is the coefficient of the energy 

gradient term. Equation (59) provides the quantitative expression of the characteristic 

wavelength in terms of the solution concentration.  

    Now we introduce the Fourier transform of the solution, called the structure factor, 

which is defined as 

 

𝑆 𝑘, 𝑡 = 𝑆 𝑘, 0 exp 2𝜔 𝑘 𝑡 	                                                                                    (60) 

 

In which S(k,0) is the structure factor of the original state, the exponential term accounts 

for the time evolution of the quenched state. When k=k0, then 𝜔 𝑘� =0, thus S (k0, t)= S(k0, 

0) for any t which means S(k0,t) is independent of time. S (k, t) can be measured directly 

from small angle scattering experimentally.72 This makes the observation of spinodal 

decomposition straightforward. From experiments, the structure factor has its peak at kmax, 

where the wave vector corresponds to the characteristic wavelength. However, the position 



	 54	

of kmax shifts to smaller values as time goes by, indicating that the characteristic length 

scale increase with time. This also agrees with our experimental findings.  

 

2.6.3 Limitations and Discussions on the Linearized Cahn-Hilliard Theory 

 
One major restriction for using the linearized Cahn-Hilliard equation is that the 

concentration fluctuations must be small-amplitude fluctuations with respect to the initial 

concentration c0. For this reason, the linearized Cahn-Hilliard equation is only valid for the 

very early stage of the nanoprecipitation process when the fluctuations of concentration are 

still small. As we rapidly inject the solute into the non-solvent, assuming the mixing is 

homogeneous, the solute concentration is quite low at the very beginning. With the 

immediate drop of the solubility, a very high supersaturation is produced and spinodal 

decomposition starts to take place. Initially, the small-amplitude fluctuations of the 

concentration are well-characterized by the linearized Cahn-Hilliard equation. However, 

as the diffusion process goes on, the amplitude of concentration is amplified further and 

domains of solute-rich and solvent/nonsolvent-rich phases are formed. At this point, the 

concentration fluctuations can no longer be considered as “small deviations” from the 

initial value and the linearized Cahn-Hilliard theory starts to break down. Once large 

domains of solute-rich phase are formed, those domains are pinched off at some point and 

form isolated nanoparticles. This process is followed by the diffusion of molecules onto 

these initially formed particles until the supersaturation drops to somewhere near the 

coexistence line. Therefore, particles grow to bigger size and the characteristic wavelength 

grows with time, which gives similar result as mentioned earlier about the small angle x-
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ray scattering experiments. However, this is not predicted by the linearized Cahn-Hilliard 

equation because the nonlinear terms are not considered.  

Another limit for the model is that due to the mean field approximation used in the 

assumption of the model, the Cahn-Hilliard theory is only good for system with infinite or 

long range interactions. Nevertheless, the Cahn-Hilliard equation is overall useful for 

quantitatively describing the typical features during the initial stages of spinodal 

decomposition occurring in nanoprecipitation. Moreover, the initially formed domain sizes 

might provide evidence and are related to the later growth and final particle sizes, which is 

of great interest in our study.  

 

2.7 Mixing Process in Nanoprecipitation 

 
The mixing process is critical in nanoprecipitation and can lead to distinct results in 

nanoparticle size and size distribution depending on the macro mixing and molecular scale 

mixing process. The mixing on the macro scale involves the stretching and folding of 

stream lines with a characteristic length scale or the successive cascade of smaller eddies 

depending on the Reynolds number of the flow, and is dependent on the injection rate, stir 

rate of the magnetic stir bar, geometry of the mixing chamber and the output needle size, 

etc.73 The geometry of the mixing chamber includes the types of mixing chamber (Y style 

or T style, etc.), the diameters of chamber’s inlet and outlet and the shape of outlet.64,74 The 

micro-mixing, which is essentially the counter diffusion of the solvent, non-solvent and 

solute, is thus determined by their diffusion coefficients.75 This again makes the study of 

the dependence of samples with different molecular weights on particle formation 

interesting. Several high-efficiency mixers are reported that can achieve rapid micro-
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mixing during nanoprecipitation, such as the multi-inlet vortex mixer76 and the confined 

impinging jet mixer.77 When nanoprecipitation takes place, the mixing time and the time 

required for particle formation are two characteristic time scales that affect the particle size 

and phase separation: if the time required for a complete mixing is faster than the particle 

formation time, the system becomes a homogeneous mixture and is equally supersaturated 

before particle formation starts. This produces a stable and reproducible result with a 

narrower size distribution of particle size. On the contrary, if the particle formation time is 

faster than the mixing time, the particles begin to form before the system is completely 

mixed. Locally different supersaturations can lead to a broader size distribution and larger 

particle size as well as poor reproducibility, depending on the particular mixing process. 

To avoid this, we built a mixing system composed of automatic syringe pumps and 

magnetic stirring plate to ensure a homogeneous and rapid mixing and accurate control of 

the mixing conditions such as the injection rate, injection needle position and stirring rate. 

The process of nanoprecipitation is quite simple and fast, while the analysis of the 

process can be extremely complicated as a lot of conditions such as supersaturation and 

mixing conditions are continuously changing. In this chapter, we will mainly discuss the 

basic concepts in mixing such as turbulent mixing, laminar mixing, diffusion and 

characteristic time and length scales in mixing as well as the influence that mixing has on 

the particle formation in nanoprecipitation.  

 

2.7.1 Reynolds Number—Turbulent Flow Versus Laminar Flow 

 
In fluid dynamics, a useful physical quantity which indicates the different patterns of fluid 

flows is the Reynolds number.78 The Reynolds number is defined as the ratio of the inertial 
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force to the viscous force. When the Reynolds number is relatively low, the inertial force 

is much smaller than the viscous force and thus the mixing process is dominated by the 

viscous force. Therefore, the fluid flows slowly and smoothly. This type of flow is defined 

as laminar flow. In contrast, when a very high Reynolds number is achieved, the viscous 

force is smaller than the inertial force so the inertial force determines the dynamics of the 

flow. As a result, a chaotic and turbulent flow which contains vortices and whirls is 

produced. This type of flow is called turbulent flow. More quantitatively, the Reynolds 

number can be expressed as the following: 

 

Re= µq¶
·
= 	 q¶

¸
                                                                                                                   (61) 

 

Where 𝜌 is the density of the fluid, 𝜈 is the velocity of the fluid, L is the characteristic 

linear dimension. 𝜇  and 𝜐 are the dynamic viscosity and kinetic viscosity of the fluid, 

respectively. The Reynolds number indicates the dynamics of the fluid flow, whether it is 

turbulent or laminar, stable or chaotic, and thus plays a pivotal role in the mixing of two 

flows. Laminar flows are often found in viscous fluids, such as polymer solutions while 

turbulent flows are most common in many industrial manufacturing processes.  

The mixing of two different types of flows is quite different and each has its own 

features. Laminar mixing is a relatively simple scenario compared to the turbulent mixing 

so it is sometimes used as a good model for the purpose of fundamental studies of mixing. 

In a laminar mixing, the fluid flows slowly, layers of parallel striation structure are 

repeatedly formed at smaller scales as the mixing process proceeds by continuously 

stretching and folding of the streamlines until the mixing is complete (shown in Fig. 2.11). 
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In this case, the mixing takes place very slowly, inter-diffusion happens only at the 

interface of layers. The characteristic mixing time is relatively large.73 

 

 

Figure 2.11. Laminar mixing: stretching and folding of the striations.73 

 

On the contrary, a turbulent mixing involves a large amount of different length and time 

scales and is much more complicated for theoretical analysis than the laminar mixing. It 

cannot be generalized as one fixed pattern. But overall, turbulent mixing involves the 

formations of eddies and vortices of different sizes, the transfer from large size eddy to 

small size eddy indicates the transfer and dissipation of kinetic energy. Eddies with 

different length scales have their corresponding time scales as well, which determines the 

characteristic mixing time scale for turbulent mixing. Generally, the mixing time for 

turbulent motions is much smaller than laminar mixing due to the chaotic eddies formed.   

In nanoprecipitation, the time required for particle formation, no matter what 

mechanism plays the role, is on the order of milliseconds or even shorter. As a result, the 

characteristic mixing time has to be as short as possible so that the nucleation or spinodal 

decomposition does not happen until the system is completely and homogenously mixed. 

So we prefer to produce a turbulent mixing with high Reynolds number in 

nanoprecipitation. In our experimental setups, in order to produce a turbulent mixing and 

shorten the mixing time as well as ensuring a complete mixing as fast as possible, we 
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control the injection rate and stir rate to achieve a relatively high Reynolds number. We 

will discuss further in later chapters. In the next section, we will talk about several different 

length scales and time scales occurred in turbulent mixing in more detail.  

 

2.7.2 Important Length Scales and Time Scales in Turbulent Mixing 

 
In turbulent mixing, there are a number of length scales that can form corresponding to 

eddies with different sizes. As the large size eddies break into eddies with smaller and 

smaller size until the eddy size is small enough that the eddy motion is stable, the kinetic 

energy and momentum is transferred to smaller scales. When the eddy size is sufficiently 

small, the viscous force is no longer negligible with respect to the inertial force, and kinetic 

energy will be dissipated into heat eventually when the eddy approaches its smallest size. 

The first length scale we introduce is the integral length scale l0. It is a length scale for 

largest eddies in turbulent mixing. The length scale for large eddies l0 is constrained by and 

comparable with the physical boundaries of the flow. When turbulent motion is generated 

at high Reynolds number, these large size eddies form and the inertial force becomes 

dramatically greater than the viscous force. Consequently, these large eddies are unstable 

and break up into smaller eddies. These smaller eddies experience similar process of 

breaking up into even smaller eddies. This break-up process continues until the Reynolds 

number of the eddy is small enough and the viscous force is comparable with the inertial 

force. Correspondingly, large eddies with a length scale of l0 also has a characteristic 

velocity u0 and time scale 𝜏� with 𝜏� = 	
Z�
»�

. It can be shown that l0 can be expressed as 
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𝑙� ∝ 	
@n/V

¼
                                                                                                                          (62) 

 

Where k is the kinetic energy of the system and can be calculated as j
7
(𝑢7 +	𝑣7 +	𝑤7). 

Here u, v, w are velocities in three dimensions. 𝜀 is the energy dissipation rate. The energy 

dissipation rate is defined as the ratio of the kinetic energy and the time. The energy is on 

the order of u0
2 so we have 

 

ε = 	 ÂÃ
Ä
	~	 »�

V

Z�/»�
= »�n

Z�
                                                                                                     (63) 

 

Therefore, the energy dissipation rate is proportional to the cube of the characteristic 

velocity and inversely proportional to the characteristic length. This indicates that the 

energy dissipation rate is independent of the viscosity ν, which makes sense for large size 

eddies in turbulent flows. Another length scale lEI separates large scale anisotropic eddies 

and small scale isotropic eddies. lEI ≈	 𝑙�/6, For l > lEI,  the eddy sizes are large and depend 

on the boundary conditions; when l < lEI, the eddies are small compared to l0 and are 

considered similar in all turbulent flows, the information about the directions and geometry 

of the eddies is lost in this range. Thus, the region where l < lEI is called the universal 

equilibrium range.  

    Besides the large eddies, we are also interested in the small scale turbulent motions. The 

smallest eddy size η	was first described by Kolmogorov in 1941 and is referred to as the 

Kolmogorov length scale. The smallest eddy size is useful in describing the energy 

dissipation in turbulent mixing. For the eddies with the smallest size possible, viscosity 
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becomes comparable with the inertial force and cannot be neglected. According to the 

Kolmogorov first similarity hypothesis, the features of the small scale motions are no 

longer dependent on the mean flow fluid or boundary conditions as the large scale eddies. 

The statistics of the small scale eddies are solely determined by the energy dissipation rate 

ε and the viscosity ν. Based on the fact that we only care about the scale of the length for 

smallest eddies, we only need to estimate the relationship by working with the units rather 

than rigorous numerical derivation. The length scale depends on the energy dissipation rate 

𝜀 and viscosity υ only.  According to equation (63), 𝜀 has a unit of 𝑚7/𝑠_, while the kinetic 

viscosity has a unit of of 𝑚7/𝑠. In order to reach a unit of m, the Kolmogorov length scale 

must satisfy79: 

 

η = ¸n

¼

±
£	                                                                                                                       (64) 

 

From this, we can derive the following relationships for the characteristic time scale of 

Kolmogorov length and corresponding Reynolds number: 

 

𝜏Í = 	 (
¸
¼
)
±
V                                                                                                                        (65) 

and 

𝑅𝑒Í = 	
Í»Ð
¸
= 1                                                                                                               (66) 
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This agrees with the statement we made earlier that the eddies continuously break up into 

smaller size until the Reynolds number is low enough that viscous force plays a role in 

dissipating the kinetic energy.  

Another commonly used length scale in turbulent mixing is the Taylor micro scale. This is 

a length scale that is small compared to the integral length scale but large compared to the 

Kolmogorov length scale. It is related to the turbulence fluctuations and is defined by80: 

 

(U»
Ñ

U;
)7 = »�V

ÒV
                                                                                                                     (67) 

 

in which u’ is the root mean square of the fluctuating velocity field and λ is the Taylor 

length scale, sometimes also called the turbulent length scale. This conveniently estimates 

the fluctuating strain rate field. The Taylor length scale separates the energy containing 

region within which viscosity does not affect the flow motions and the region that viscous 

force is effective in dissipating the kinetic energy into heat. As mentioned earlier, the 

region where viscosity is neglected has a length scale equal to the integral length scale and 

is called the energy containing range; the region in which viscosity becomes comparable 

with inertial force and dissipates the energy is generally referred to as the dissipation range, 

as shown in Fig. 2.12 below: 
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Figure 2.12. Length scales and energy ranges in turbulent flows. 

 

With the aid of these different length scales, we are able to roughly provide a description 

of turbulent motions. However, accurate numerical solutions of turbulent flows are still not 

possible due to the large amount of information that is involved in turbulent mixing. 

Fortunately, for our studies, we only need to know estimates for the length scales and 

corresponding motions of the fluid flows.  

 

2.7.3 Molecular Diffusion in Mixing 

 
In the previous section, we mainly discussed the concepts related to the mixing process on 

macro scales. Now we will focus on the mixing situation on micro scales. The mixing of 

two or more liquids on the micro scale occurs by the diffusion of molecules of different 

species. Molecular diffusion is a process in which molecules move from regions of high 

concentration to regions of low concentration to gradually reach a uniform mixture. The 

equation that describes the diffusion quantitatively is Fick’s law, which was mentioned 

earlier in the discussion of the spinodal decomposition mechanism. According to Fick, the 
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net flux of the molecules J goes from the regions of high concentration to low concentration 

and is proportional to the gradient of the concentration (equation (43)): 

 

𝐽 = 	−𝐷 Uf
U;

  

 

This is Fick’s first law in one dimension, in which c is the local concentration and D is the 

diffusion coefficient or diffusivity of the material. Furthermore, Fick’s second law 

(equation 45) predicts the change of concentration over time by diffusion processes (one 

dimension for simplicity):  

 

Uf
U�
= 𝐷 UVf

U;V
	                   

 

In nanoprecipitation, when turbulent mixing finally reaches its energy dissipation range 

and has a length scale comparable with the smallest eddy size, the mixing process is mostly 

controlled by the diffusion of molecules. Thus, assuming all other conditions are identical 

(concentration gradient for small scale eddies), the mixing process is determined by the 

diffusion coefficient D.  

The diffusion coefficient is a constant that indicates the mass of a material which diffuses 

through another species per unit surface in a unit time. The net flux is proportional to the 

concentration gradient by the diffusion coefficient. The higher the diffusion coefficient is, 

the faster the molecules of that species diffuse into the other species. The diffusion 

coefficient is determined by many conditions such as temperature, pressure (for gas), 



	 65	

viscosity and the molecule size of that species. The diffusion coefficient for a liquid can be 

described by the Stokes-Einstein equation81:  

 

𝐷 =	 @AB
klÍÓ

                                                                                                                         (68) 

 

Where 𝑘+ is the Boltzmann constant, T is the temperature, 𝜂 is the dynamic viscosity and 

R is the radius of the molecules, usually assumed as spheres in this model. Thus, complete 

mixing depends on the diffusion coefficient of the solute, solvent and non-solvent. In our 

experiments, we investigate a variety of solute molecules with different molecular weights 

and sizes. The effect on the diffusion coefficients and mixing times must be taken into 

account in analyzing particle formation in nanoprecipitation.  

 

2.8 Glass Transition in Polymer Nanoparticle Formation 

 
In the nanoprecipitation of polymers, we need to consider the additional possibility of the 

material going through a glass transition. The glass transition process and glass transition 

temperature might play an important role in the formation of polymer nanoparticles and 

thus provides insights to the mechanism in the phase separation process for polymer 

nanoparticles. 

 

2.8.1 Glass Transition and Glass Transition Temperature for Polymers 

 
Glass transition is a reversible process in which a polymer which is in a soft, flexible state 

transforms into a relatively hard and brittle state in response to a temperature quench or a 
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mechanical stress. The soft and elastic state is usually called the rubbery state while the 

stiff and brittle state is noted as the glassy state. The temperature at which glass transition 

happens is called the glass transition temperature Tg. When the polymer is well above the 

glass transition temperature, the polymer exhibits a soft rubbery behavior; when the 

polymer is cooled down below Tg, it transfers into the glassy state. In the case of the 

application of a load, when the applied frequency is high and the load varies too fast, the 

time required for deformation of the polymer in response to the load is much slower and 

cannot follow the load, the material will react as a glassy state. Similarly, when a 

temperature drop is applied, the continuous increase of the relaxation time as the polymer 

sample is cooling down will lead to the crystal state or a “frozen” state of the material. In 

general, the controlling parameter for a glass transition can be temperature, applied stress, 

or volume fraction of the solvent.54  

Some polymers are used under their glass transition temperature, such as polystyrene 

used as hard plastics; while some are used above their glass transition temperature such as 

rubber, where they stay in a soft and elastic state. To understand the behavior of glass 

transition from the point view of polymer features, we first think of the motions of polymer 

with long chains at relatively high temperature above Tg. In this case, due to the high 

temperature, the polymer chains can move around easily and quickly. When a stress is 

applied in this case, the polymer chains are able to move to new positions to satisfy the 

deformation. This corresponds to the soft and elastic rubbery state of polymers. However, 

when the temperature drops down below the glass transition temperature, due to the 

decrease of kinetic energy, the polymer chains move much more slowly and becomes 

immobile. As a result, when a stress is applied, the polymer chains are unable or take too 
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long time to move around to new positions to satisfy the deformation and relieve the stress. 

Therefore, the polymers are either strong enough to resist the stress, or they are unable to 

move around while not strong enough and break due to the applied force. This associates 

with the stiff and brittle glassy state of polymers. The glass transition depends on the type 

of the polymer and its molecular weight. Different glass transition temperatures for 

different polymers depends greatly on the structure of the polymer chains—if the polymer 

chain structure makes it easier to move and be more flexible, eg: fewer side chains, then it 

takes less energy for the polymer to go into the rubbery state. As a result, the glass transition 

temperature is lower. 

 

2.8.2 Glass Transition and Melting 

 
There are some similarities between the glass transition and the melting process such as 

they both happen at a certain temperature and the material goes through a transition in both 

cases. However, they are intrinsically different processes. Melting is a first order phase 

transition. Below the melting temperature, the temperature will increase linearly with 

added heat. The rate of the change of temperature ∆T  vs the change of heat ∆H	be 

expressed as the heat capacity of the material. After reaching the melting temperature, the 

temperature will remain the same until the melting process finishes while the heat is still 

transferred to the material during the process. The heat transferred into the system at this 

point is called the latent heat. Afterwards, the temperature will start to increase again. On 

the contrary, in the glass transition, the temperature starts off increasing at a constant rate 

which is related to the heat capacity as well. However, as it reaches the glass transition 

temperature, the temperature keeps increasing. This indicates that there is no latent heat 
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involved in the process of glass transition and so it is not a true phase transition. After the 

glass transition, the temperature increases at a higher rate than before. The difference of 

the melting and glass transition82 is represented in the figure below: 

 

Figure 2.13. Heat vs. temperature for melting and glass transition process.35 

 

From Fig. 2.13 we can easily see that the melting process is a discontinuous transition 

while the glass transition is a continuous transition. The glass transition temperature can 

be measured using a differential scanning calorimeter (DSC).83  

    Generally, in a polymer solution, glass transition happens when the solute concentration 

or solvent quality changes abruptly. Usually, a small amount of polymer can dissolve in 

the non-solvent depending on the solubility. As more solute is added into the solution, the 

room for polymer molecules to move around becomes less. At a certain concentration, the 

polymer will change from a rubbery state to a glassy state. Similarly, the transition to a 

glassy state happens in the case of a sudden drop of the solvent quality due to the decrease 

of solubility. For example, in the nanoprecipitation process by which the polymer 

nanoparticles are produced, as the non-solvent is injected into the system, the solvent 

quality drops dramatically. With this sudden quench, the solute concentration will increase 



	 69	

and reach the glass transition point of the polymer sample. As a result, the particles will be 

“frozen” at that concentration and thus, the growth of the particles, which is dominated by 

the “uphill diffusion” of the molecules, will be hindered. Therefore, the glass transition 

might play a role in the phase separation mechanism of polymer nanoparticles and 

contribute to the final particle size and morphology.  
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CHAPTER   3 

EXPERIMENTAL METHODS 

 
 
Various characterization methods for nanoparticles and polymers exist in laboratory 

researches and industrial applications. Sedimentation methods are used for particle 

classification and sizing for particles with a size of 0.05-100𝜇𝑚; chromatographic methods 

such as size exclusion chromatography and hydrodynamic chromatography are capable of 

characterizing particles with size down to 1nm to 50	𝜇𝑚; light scattering techniques such 

as dynamic light scattering and static light scattering are able to measure the particle size 

and distributions for samples in solution with sizes below microns. Small-angle x-ray 

scattering is usually used in the characterization of particle size and structure for 

macromolecules. Imaging techniques including fluorescence correlation spectroscopy, 

scanning electron microscopy, transmission electron microscopy and atomic force 

microscopy are used for the characterization of particle morphology and size. Streaming 

potential measurement is applied for the zeta potential determination and dielectric 

spectroscopy is used for the surface characterization and dielectric properties of a colloidal 

solution. Pulse-field gradient nuclear magnetic resonance is able to measure the diffusion 

coefficient for different species and therefore the size distributions.84 

In this chapter, we will mainly talk about the experimental technologies and methods we 

use for our experiments including small molecule and polymer nanoparticle formation, 

nanoparticle growth in its early stage as well as the study on calcium carbonate 

prenucleation clusters. We will introduce the instruments and experimental setups we use 

and the theories behind them. Dynamic light scattering and static light scattering are used 
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to characterize particle size and size distribution. An imaging system composed of a filter, 

a camera and a computer is also used to visualize mixing in the nanoparticle formation 

process. The nanoprecipitation process with fast mixing is achieved by a mixing system 

with automatic syringe pumps and magnetic stirs. A mixing system with a pH monitor and 

titration is used for the preparation of calcium carbonate prenucleation clusters. Since our 

primary interest is the particle formation and growth, the measurement of particle size and 

distributions is used throughout the experiments. We will begin with the introduction of 

theory and principle in light scattering and the two main branches- dynamic light scattering 

and static light scattering, which are both widely used in the characterization of polymer 

solutions and colloids.  

 

3.1 Sample Selection 

 
As mentioned in the introduction section, both small molecules and polymers are used as 

our sample solutes while DI water is used as the non-solvent. For sample of small organic 

molecules, aromatic molecules with planar structure are selected, such as anthracene, 

naphthalene and perylene. The structure of anthracene is shown below in Fig. 3.1. For 

polymer nanoparticles, polystyrenes with narrow distribution and molecular weights of 

several orders of difference are used in the experiments, Fig. 3.2 shows the structural 

formula of polystyrene. Nanoparticles are formed by rapidly injecting sample solution into 

a large amount of water undergoing rapid stirring from a magnetic mixer. 



	 72	

                                     

Figure 3.1. Structural formula of anthracene.                           Figure 3.2. Structural formula of polystyrene. 

 

3.2 Brief Introduction of Light Scattering Theory 

 
Light is electromagnetic radiation. During the propagation of the electromagnetic radiation, 

the physical process that the trajectory of the radiation is changed due to the local 

inhomogeneity of the matter it is passing through, is called scattering. The schematic plot 

in figure.3.3 illustrates what happens in scattering when an incident light encounters a 

particle. The incident light, which is an electromagnetic wave, when passing through a 

scattering object, induces the oscillations of dipoles in molecules and the oscillating dipoles 

radiate a secondary electromagnetic wave. The total scattered field at a fixed position is the 

superposition of all the waves with different phases generated by dipoles at different 

distances away from the position. Thus, the scattered field varies with the size and shape 

of the particles and the direction of the scattered light. As a result, the measurement of the 

scattered light intensity contains information on the particle size and shape. 
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Figure 3.3. Schematic plot of light scattering when the incident light passes through a particulate. 

 

There are two types of scattering when considering the energy conservation during the 

scattering process. In an inelastic scattering, the kinetic energy changes before and after 

the scattering and the scattered light wavelength shifts from the incident light wavelength. 

Raman scattering is an example of inelastic scattering. In contrast, in an elastic scattering, 

the kinetic energy is conserved before and after the scattering while the direction of 

propagation changes. This means the wavelength of the incident light and scattered light 

remains the same in elastic scattering.  

    Rayleigh scattering is a type of elastic scattering for particles that have a much smaller 

size than the wavelength of the incident light: generally, when the particle radius r≪ Ò
7l

, it 

can be considered as an isotropic point particle and is within the region of Rayleigh 

scattering. Each part of the particle experiences the same instant field and so the dipole 

oscillations induced by the incident field are all in phase. For particle sizes that are bigger 

but not as big as the wavelength of the incident light, the particles can no longer be 
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considered as point particles, and thus have angular dependence of the scattered light 

intensities. This type of scattering is called the Rayleigh-Gans scattering, which is a 

generalization of Rayleigh scattering. In Rayleigh-Gans theory, the scattering particle can 

be treated as a group of small scattering elements with sizes within the Rayleigh scattering 

region. The scattered light in a fixed direction is caused by the interference of the scattering 

elements due to their different distances to the measured point. However, the Rayleigh-

Gans theory is based on a few assumptions: the refractive index of the particle should be 

close to that of the surrounding medium, which indicates that the system has to satisfy 

1 −m ≪ 1 , where m is the refractive index relative to the surrounding medium; and 

there should be a vey small phase change of the incident light inside the scattering object, 

which satisfies  7l[Ú
Ò
𝑎	 1 − 𝑚 ≪ 1. Here 𝑛Û is the refractive index of the solvent, 𝑎 is the 

particle size and 𝜆  is the wavelength of the incident light in vacuum. Base on these 

assumptions, the refractive index of the solvent and the scattering object should be similar 

and the particle sizes are small compared to the wavelength of the incident light. Most of 

nanoparticles in our studies fall in this region. For particles with a size similar or larger 

than the wavelength, Mie scattering theory is necessary. Mie scattering describes the 

scattering of particles of all sizes with a spherical shape. Fig. 3.4 shows the difference in 

scattered light intensities for a Rayleigh scattering and Mie scattering. Apparently, in 

Rayleigh scattering, light is scattered isotropically in all directions in the plane 

perpendicular to the incident electric field; while in Mie scattering there is an angular 

dependence on the intensities of the scattered light. From the plot, we can also see the trend 

of angular dependence for spherical particles in general: the intensities are much stronger 

at smaller angles than at greater angles and the scattered intensities are symmetric for a 
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positive scattering angle and a negative scattering angle with the same absolute value. For 

particles with a size much bigger than the incident light wavelength, diffraction, reflection 

and refraction becomes more prominent.  

 

 

                     
Figure 3.4. Scattered light intensities for Rayleigh scattering and Mie scattering.101 

 

In light scattering, there are several physical quantities that are important and need to be 

defined before any further discussion can take place. The figure below shows basically 

how light scatters when it encounters a particle in terms of the electromagnetic waves. In 

the figure below, I0 is the incident light, Is is the scattered light and It is the transmitted 

light. k0 is the incident light wave vector and ks is the scattered light wave vector. Ev0 and 

Eh0 are the vertical and horizontal polarization of the wave vector k0 and Evs and Ehs are the 

vertical and horizontal polarization of the wave vector ks. The angle 𝜃  between the 

transmitted light and the scattered light is defined as the scattering angle. 𝜑 is the angle 

between the scattered light and the z axis. The plane determined by I0 and Is is called the 

scattering plane. Light is scattered all directions in the scattering plane and intensities vary 

with scattering angles. 
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Figure 3.5. Schematic diagram of the electromagnetic wave vectors for incident light and scattered light. 

 

Light scattering is a powerful analytical tool that provides information of size, shape, 

molecular weight and the particle dynamics.  Currently, there are generally two types of 

laser light scattering techniques that are used as size characterization for nanoparticles and 

colloidal solution: dynamic light scattering (DLS)48 and static light scattering (SLS).40,85 

We will discuss these two techniques as well as their advantages and differences in next 

sections.  

 

3.3 Dynamic Light Scattering—Theory and the Measurement 

 
3.3.1 Principle of Dynamic Light Scattering and the Intensity Correlation Function 

 
Nanoparticles in solution undergo Brownian motion due to collisions with solvent 

molecules and the trajectory of the motion is completely random. However, the rate at 

which the particles move depends on the size of the particles. Larger particles move more 

slowly and smaller particles move faster. By observing the dynamics of the nanoparticles, 
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the information of the particle size and size distribution can be obtained. When an incident 

light impinges on those particles, the movements of different particles can induce 

constructive interference or destructive interference and the scattered light intensity will 

fluctuate as a result of the movements. Particles with small sizes produce rapid intensity 

fluctuations while large particles have slower intensity fluctuations, as shown in Fig. 3.6. 

    In dynamic light scattering (also known as photon correlation spectroscopy), the rate of 

the fluctuations reveals the dynamics of the particles caused by the Brownian motion. The 

fluctuation of the scattered light intensities is detected by a photon multiplier that 

transforms the optical signals to electrical signals; and the electrical signals are analyzed 

so as to retrieve information of the speed at which the particles diffuse. In order to 

quantitatively measure the fluctuations of light intensities, an auto-correlation function of 

the intensity is computed, which decays at a certain time scale and the exponential decay 

coefficient contains information on the translational diffusion coefficient. The particle size, 

which relates to the diffusion coefficient by the Stokes-Einstein equation, is then calculated. 

In principle, dynamic light scattering is capable of measuring particles with sizes down to 

1nm and as big as a few microns. The sample solution for DLS measurement has to be 

diluted in order to avoid possible multiple scattering during the measurement. In multiple 

scattering, the light scattered by one particle will become the incident light for another 

particle, which will result in an inaccuracy in the measured particle size.   
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                   Figure 3.6. Fluctuation of scattered light intensity for large and small particles. 

 

The normalized intensity auto-correlation function is computed by comparing the change 

in scattered light intensity at time t and at a later time at t+ 𝜏:  

 

𝑔7 𝜏 = ßv � [ ��Ä à
ß[(�)àV

	                                                                                                      (69)                                                                                     

          

In which n(t) indicates the photon count number at time t and n(𝑡 + 𝜏) represents the 

photon count number at time 𝑡 + 𝜏. The brackets denote the average over time t. The 

photon count number directly relates to the light intensity detected by the photon counter. 

At very short time delays 𝜏, the particles only move a small distance from the original 

position and the corresponding scattered light intensity at t+ 𝜏 almost remains the same 

compared to the light intensity at time t; while at longer time delays, the particles move 

away from the initial position farther and the scattered light intensity changes significantly 

compared to the original intensity at t. The autocorrelation function drops exponentially 

indicating that there is no correlation between the light intensities at time t and t+ 𝜏. For 
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particles with different sizes, the delay time at which the autocorrelation function decays 

are different. Large particles require longer time while small particles require shorter time 

to decay, in other words, to be uncorrelated. Below in Fig. 3.7 is a typical auto-correlation 

function vs. delay time for a polystyrene nanoparticle sample with a hydrodynamic radius 

of 87nm and a pure solvent. There are no nanoparticles in the pure solvent so the correlation 

function does not show a plateau followed with a decay and is instead random fluctuations 

around 0, meaning that there is no correlation for the intensities at any time scales.  
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(b) 

Figure 3.7(a). Auto-correlation function by dynamic light scattering for polystyrene sample. (b). Auto-
correlation function for pure solvent. 

 
3.3.2 Experimental Setup for Dynamic Light Scattering 

 
Experimentally, the dynamic light scattering instrument is composed of a monochromatic 

light source (laser), a neutral density filter that adjusts the power of the incoming laser, a 

lens that focuses the light to the center of the sample, a sample holder, another two lenses 

which are used to refocus the laser into an optical fiber and a filter that filters out the 

background light, leaving only the light with the wavelength of the laser. The optical 

fiber is then connected to an avalanche photon counter that collects the light intensity at a 

fixed scattering angle of 90⋄, a hardware correlator and software that are used to analyze 

the data and compute the autocorrelation function from the photon count rate. For 

dynamic light scattering, the light source is a He-Ne laser, with a wavelength of 632nm. 

The experimental setup is shown in Fig. 3.8 below: 
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Figure 3.8. Experimental setup in dynamic light scattering. 

 

Besides the above dynamic light scattering instrument, we also use a 3D light scattering 

spectrometer by LS instruments for some of the measurements and to confirm our results. 

The 3D light scattering spectrometer consists of a regular dynamic light scattering with an 

adjustable detector so that the scattering angle can be adjusted from 8o to 155o. Dynamic 

light scattering at different scattering angles can thus be performed. Meanwhile, with the 

scattered intensity at different angles, static light scattering can also be performed and 

molecular weight information can be retrieved. Moreover, a cross-correlation technology 

is used to deal with light scattering by very concentrated samples in which multiple 

scattering can be suppressed. We specifically use this instrument for the detection of 

calcium carbonate prenucleation clusters. The sample solutions have bimodal size 

distribution with peaks around 1nm and 100nm, so CONTIN analysis is adopted, which 

will be discussed shortly. 
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3.3.3 Data Analysis Methods in Dynamic Light Scattering 
 
 
3.3.3.1 Cumulant Analysis 
 
 
From the previous section, we know the intensity autocorrelation function is given by 

 

𝑔7 𝜏 = ß[ � [ ��Ä à
ß[(�)àV

                      

 

The intensity correlation function is related to the electric field autocorrelation function 

𝑔j 𝜏 	by the Seigert relation: 

 

𝑔7 𝜏 = 1 +	𝛽 𝑔j 𝜏 7                                                                                                 (70) 

 

where  

 

𝑔j 𝜏 = ßÂ � Â∗ ��Ä à
ßÂ � Â∗ � à

                                                                                                      (71) 

 

 𝛽 is a coefficient which depends on the experimental geometry. E(t) and E(𝑡 + 𝜏) are the 

electric fields of the scattered light at time t and 𝑡 + 𝜏.  

For a system containing particles with more than a single size, 𝑔j 𝜏  can also be considered 

as the intensity-weighted sum of autocorrelation function for each size of particle in the 

system with different decay times. Thus, 𝑔j 𝜏  can be expressed as  
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𝑔j 𝜏 = 	 𝐺(Γ)𝑒�åÄæ
�  dΓ                                                                                               (72) 

 

where G(Γ) is the intensity-weighted coefficient for each size of particle with a decay rate 

Γ. Suppose the system consists of a group of particles with an average decay rate Γ and 

individual decay rate Γ . So we have 

 

𝑔j 𝜏 = 	 𝐺(Γ)𝑒�åÄæ
� 𝑒�(å�å)Ä dΓ                                                                                (73) 

 

The auto-correlation function 𝑔j 𝜏  can be fit into a decay curve found by doing a Taylor 

expansion at 𝜏 for 𝑒�(å�å)Ä and doing the integrals, which is expressed as the following86: 

 

𝑔j 𝜏 = exp −Γ𝜏 ∗ 1 + ·V
7!
𝜏7 − ·n

_!
𝜏_ + ⋯ 	                                                            (74) 

 

and 𝑔7 𝜏  is then given by 

 

𝑔7 𝜏 = 𝛽[𝑔j 𝜏 ]7 + 1 = 𝛽 ∗ exp −2Γ𝜏 ∗ 1 + ·V
7!
𝜏7 − ·n

_!
𝜏_ + ⋯

7
+ 𝐵	             (75)                      

 

Where Γ,	𝜇7,	𝜇_ are the moments of distribution of decay times. Γ is the average decay rate 

and 𝜇7 contains information about the polydispersity of the sample and the width of the 

distribution. B is a term associated with the background. This is the so-called cumulant 

method for analyzing the autocorrelation data, which was first proposed by Koppel.87  
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In our experiments, Γ and 𝜇7 are retrieved from the Matlab fitting with a least square fitting 

while 𝜇_ and higher order terms are set to zero. Assuming the particle is spherical or close 

to spherical, the diffusion coefficient of the particles is related to Γ in the form of 

 

Γ = D𝑞7                                                                                                                           (76) 

 

in which D is the translational diffusion coefficient of the scattering particle and q 

represents the scattering vector magnitude. The scattering vector is defined as the 

magnitude of the difference between incident wave vector and scattered wave vector. The 

magnitude of the scattering vector q can be expressed as a function of scattering angle θ as 

follows: 

                 

𝑞 = 4πnosin(θ/2)/λ                                                                                                           (77) 

 

Suppose the particles undergoing Brownian motion are spherical and in a Newtonian fluid, 

then the hydrodynamic radius is given by the Stokes-Einstein equation88: 

 

𝑅� =
@B

klÍê
                                                                                                                       (78) 

 

Where k is the Boltzmann constant, 𝜂 is the dynamic viscosity, T is the temperature and 

Rh is the hydrodynamic radius of the particle. The hydrodynamic radius of a particle in 

solution is defined as the size of a particle that diffuses in the solvent with the same speed 

as that of the sample particles being measured. The hydrodynamic radius is usually slightly 
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larger than the actual particle size. By fitting the autocorrelation function, the 

polydispersity of the sample can be achieved as well. The polydispersity index (PD. I) that 

represents the polydispersity of a system is calculated as follows: 

 

𝑃𝐷. 𝐼 = 	 ·V
åV

                                                                                                                      (79) 

 

Sample with a PD. I less than 0.1 is considered monodispersed and have a narrow size 

distribution while a PD. I greater than 0.7 indicates the sample is very polydispersed and 

may contain several size distribution peaks. For samples with a relatively high PDI, the 

result is no longer reliable. The cumulant analysis is suitable for measuring the particle size 

for monodispersed or low polydispersed sample and not suitable for a highly polydispersed 

systems.  

    For the experiments on polystyrene and anthracene, the nanoparticles produced have 

relatively narrow particle size distributions, and we are interested in the particle formation 

and growth by watching the time dependent particle size after nanoprecipitation. In order 

to do this, we run the DLS with each run 30 seconds and 0 second interval between runs. 

The total measurement lasts for 30 minutes. A Matlab code is used to fit the data using 

cumulant analysis and calculate the time-dependent hydrodynamic radius and 

polydispersity index.  
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3.3.3.2 Regularized Analysis (CONTIN Analysis) 

 
For a highly polydispersed system, a CONTIN analysis is necessary. In this case, we are 

still using the same model as described in last section, but with no simplification to lower 

orders of the Taylor expansion: 

 

(𝑔7 𝜏 − 1)j/7 = 𝐺 Γ 𝑒�åÄæ
� dΓ                                                                                (80)                                        

 

Where 𝐺 Γ  is the intensity-weighted distribution function. There are many numerical 

solutions satisfying the above expression, so various assumptions about the form and shape 

of  𝐺 Γ  as well as the minimization of variance and regularization are made to limit the 

solution. A non-linear statistical technique is used to reduce the numerous degrees of 

freedom and smooth the solution. By applying the Stokes-Einstein equation to 𝐺 Γ , a 

particle size distribution will be obtained. The CONTIN analysis works for samples with 

broad size distribution or multimodal distribution.  

In our experiments, most samples have low polydispersity and so cumulant analysis can 

be used. However, the experiments on the calcium carbonate prenucleation clusters require 

a regularized analysis because there exist at least two discrete peaks in the particle size 

distributions of 1nm and 100nm.  
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3.4 Static Light Scattering 

 
3.4.1 Theory Behind Static Light Scattering 

 
Static light scattering is also known as classical light scattering, or multi-angle light 

scattering. The basic procedure in static light scattering is to measure the intensities of 

scattered light at different scattering angles simultaneously. This is intrinsically different 

from the dynamic light scattering which measures the fluctuation of scattered light intensity 

at a fixed scattering angle. In static light scattering, a time-averaged intensity of the 

scattered light is measured. For particles with different sizes, the angular variance of 

scattered light intensities is different. As particle size grows, the forward intensity becomes 

stronger and the angular variance is greater. For particles in a certain size range, 

information on particle size can be obtained from the function of the scattered intensity 

versus scattering angle (or scattering vector) with a Guinier plot.89 In addition, SLS 

measurement may also provide information on particle molecular weight and the second 

virial coefficient using a Zimm plot.90,91  

    The limitation of SLS is the range of size it can measure: On the one hand, SLS is unable 

to provide the size information in the case that particle size is very small compared to the 

wavelength of incident light and thus light is scattered isotropically in all directions (which 

is within the region of Rayleigh scattering as shown in Fig. 3.4). Thus, with our 

experimental instruments, the incident laser has a wavelength of 632nm, then for particles 

with a radius smaller than 10nm, the scattering is considered isotropic and there is no 

angular dependence of scattered light intensities. On the other hand, the particles should 
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not be as big as the wavelength of the incident light in order to satisfy the Rayleigh-Gans 

limits.  

The Rayleigh-Gans-Debye approximation describes the angular dependence of the 

scattered light by particles in solution with sizes that follow r << Ò
7l[Ú|j�:|

. In the Rayleigh-

Gans-Debye model, the scattered light intensity can be expressed as the following:  

 

𝐼Û 𝑞 ∝ 	𝑀𝑐(P[
Pf
)7𝑃 𝑞 𝑆 𝑞                                                                                            (81) 

 

In which M is the molecular weight of the particles, c is the concentration of the sample, 

while P[
Pf

 is the refractive index increment with concentration and contains information of 

the polarization of the solute. P(q) is the form factor which accounts for the intraparticle 

interference and S(q) is the structure factor that accounts for the interparticle interference. 

The intraparticle interference P(q) reduces the scattered light intensity with increasing 

scattering angle. q represents the scattering vector magnitude we mentioned previously. In 

Fig. 3.9, q is the magnitude of the difference between incident wave vector ki and scattered 

wave vector ks and 𝜃 is the scattering angle: 

𝑞 = 4𝜋𝑛� sin
ò
7
/𝜆       
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Figure 3.9. Illustration of the scattering vector q. 

 
A common parameter used to describe the angle-dependent light scattering is the 

Rayleigh Ratio Rθ, which is defined as follows:  

  

 Rθ= Iθr2/(I0V).                                                                                                               (83)                         

 

Where Iθ is the scattering intensity as a function of scattering angle θ and I0 denotes the 

intensity of incident light. V is the volume of the scattering medium; r is the distance 

between the scattering volume and the detector. The Rayleigh ratio has the advantage of 

being independent of the incident light intensity I0, the scattering volume and the distance 

between the detectors and the scatterer r.92  In other words, it only depends on the sample 

being measured and not on the instrument.  

Given the fact that the scattered light intensity Iθ is proportional to the Rayleigh ratio Rθ, 

and according to equation (81), we have 

 

𝐼 𝜃 ∝ 𝑅 𝜃 ∝ 𝐾⋇𝑀]𝑐𝑃(𝜃)[1 − 2𝐴7𝑀]𝑐𝑃 𝜃 ]                                                         (84) 

 

The second term in the bracket is a correction of c due to intermolecular scattering. 𝐴7 is 

the second virial coefficient which depends on the pair interaction between particles. It 
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indicates the solvent-solute interaction in a solution and a positive value of 𝐴7 suggests a 

good solvent. With simple manipulation of equation (83), we obtain the Zimm equation,93 

which is further developed by Zimm: 

 

		 õ∗f
hÓ(ò,f)

= 	 j
�ö÷(ø)

+ 2𝐴7𝑐 + 𝑂(𝑐7)                                                                               (85)              

 

Where again c is the concentration of a sample solute, Δ𝑅	(𝜃, 𝑐) is the excess Rayleigh 

ratio as a function of scattering angle and the concentration. The excess Rayleigh ratio is 

defined as the difference between the Rayleigh ratio of the sample solution and the 

Rayleigh ratio of the solvent. 𝑀]  is the molecular weight, 𝑃	(θ) is the form factor and 

contains information of scattering angles and particle radius, 𝐴7  is the second virial 

coefficient and 𝐾∗ is a constant that depends on the refractive index increment and the 

incident light wavelength. For approximation, 𝑃	(θ) can be expressed as follows: 

 

 𝑃 θ ≈ 1 − jklV[�V

_ÒV
𝑅i7𝑠𝑖𝑛7

ò
7
+ 𝑜 𝑠𝑖𝑛² ò

7
− ⋯                                                           (86) 

 

Where 𝜆	is the wavelength of incident light, n0 is the refractive index of the solvent, Rg is 

the radius of gyration (also known as root mean square radius) of the particle, which is 

defined as the root mean square of mass-weighted distance from the center of mass: 

 

𝑅i = ( µ(d)dVPO
µ(d)PO

)j/7			                                                                                                    (87) 
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For a uniform sphere particle, Rg
2 = _

ü
 R2. The radius of gyration is different from the 

hydrodynamic radius measured in dynamic light scattering especially when the shape of 

the particles is non-spherical (Fig. 3.10). By comparing the ratio of hydrodynamic radius 

Rh and radius of gyration Rg of a sample, information about the shape and structure of the 

particles can be revealed. 

 

                                            

Figure 3.10. Hydrodynamic radius and radius of gyration for a triangle-shaped particle.102 

 

Equation (85) and (86) show the relationship of scattered light intensities and scattering 

angles as well as Rg. For small angles, the higher order terms in equation (86) can be ignored 

and we get 

 

𝑃 θ ≈ 1 − jklV[�V

_ÒV
𝑅i7𝑠𝑖𝑛7

ò
7
= 1 −	Ó¯

VýV

_
                                                                      (88) 

 

𝑃 θ  has a simpler form of expression in terms of the scattering angles. Also, if Rg is very 

small (Rg~0), 𝑃 θ  =1, and the intensity is independent of scattering angles. This is 

consistent with the previous discussion on particles in Rayleigh scattering region with sizes 
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much smaller than the incident light wavelength. By applying static light scattering and 

Zimm equation at a set of gradient concentrations, the information of molecular weight and 

second virial coefficient will be retrieved. 

 

3.4.2 Experimental Procedures for Static Light Scattering 

 
Below in Fig. 3.11 is a schematic diagram for a static light scattering apparatus. The light 

blue irregular shape represents the position of the cell where the sample is placed. The 

position of the detector is arbitrary in the diagram while in the experiments done here, there 

are 18 detectors with fixed scattering angle around the sample in the plane perpendicular 

to the incident light electric field. In the static light scattering method, the incident laser 

light impinges on the sample and light is scattered; the intensities of the scattered light as 

a function of scattering angles are measured. 

 

                    

                               

Figure 3.11. Schematic diagram for static light scattering. 
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Wyatt Technology multi-angle light scattering (MALS) apparatus 

The multi-angle light scattering machine (Dawn Heleos II, Wyatt Technology Corporation) 

used for our experiment is based on the static light scattering (SLS) technique. It is 

composed of one laser light source with a wavelength of 664.8 nm and 18 detectors which 

will detect intensities of scattered light at different fixed angles (0~180 degrees). Real-time 

information of scattered light intensities is collected and sent to the computer software. 

    Fig. 3.12 shows a schematic diagram of the positions of the 18 detectors and the incident 

laser light. In the center is the cell where the sample is placed. The 18 detectors measure 

the intensities of scattered light at fixed scattering angles.      

 

        

                  

Figure 3.12. Schematic diagram of static light scattering machine (Dawn). 

 

Table 3.1 is a table of the angles between the incident laser light and different detectors 

(the fixed scattering angles of the 18 detectors). Among them, detector 8 is used for 

dynamic light scattering and does not collect data for the static light scattering 

measurements.  
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Table 3.1. Scattering angles with corresponding detectors.		

 

 
Before taking any meaningful measurements, the instrument must first be calibrated with 

toluene (the Rayleigh ratio is already known for toluene) since we need to find out the 

relationship between scattered light intensity and the measured voltages. Only the detector 

at 90 degrees is calibrated. Then all 18 detectors are normalized to account for differences 

in their solid angles, scattering angle and sensitivities in one specific solvent, as shown in 

the figure below:  

 

Figure 3.13. Scattering volume for different scattering angles. 
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All detectors are normalized to the 90-degree detector for convenience. We use an isotropic 

scatterer which is dissolved in the same solvent as that for our sample, and then the 

difference between each detector is only caused by detector geometry and sensitivity rather 

than the intensity of light. Since we are normalizing all detectors to the 90-degree detector, 

the normalization coefficient for the 90-degree detector is 1. For all the other detectors, we 

compute the set of coefficients which will make the result of intensities given by each 

detector times the coefficient the same as the intensity given by 90-degree detector. After 

the calibration and normalization, the machine is ready to take measurements to determine 

the radius of gyration Rg. Information about the sample radius of gyration will be acquired 

using a Guinier plot of the angular dependent scattered light intensities, as will be discussed 

in the next section. 

In our experiments, the Wyatt static light scattering instrument is used for observing the 

particle growth at very early stage of the particle formation for polystyrene nanoparticles. 

The measurement starts before the sample is mixed. SLS is able to measure the scattered 

light intensities every 0.1 second so we take measurement of the particle size throughout 

the nanoprecipitation process and continue for 20mins after the injection with an interval 

of 0.1s. However, we are not able to see the exact particle growth in the first 4-5 seconds 

after the mixing because of the bubbles generated due to the mixing and the drastic change 

of refractive index of the solvent. Reliable measurement cannot be achieved until 

equilibrium is reached in the system. Nevertheless, SLS measurement still provides 

valuable information about the particle formation in the early stages and corroborate the 

results we obtain by DLS.  
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3.4.3 Data Analysis in SLS—Guinier Plot 

 
In our experiments, the molecular weights of the samples are already known and our 

primary concern is the particle size and particle growth. The Guinier plot, which is easier 

to deal with and requires less information from the experiments, is chosen as our data 

analysis method for static light scattering instead of the Zimm plot. It reveals the 

connection between the scattering angles, scattering intensities and particle size. It shows 

the relationship between the scattered light intensity and the scattering angles, which was 

first given by Guinier94: 

 

𝐼 𝑞 = 𝐼 0 𝑒�ýVÓ¯V/_                                                                                                                     (89) 

 

Where 𝐼(𝑞) is the measured scattering intensity as a function of scattering angle θ; 𝐼 0  is 

the scattered light intensity with scattering angle 0; Rg is the radius of gyration or root mean 

square radius of the molecule, and q represents the scattering vector magnitude.  

                 

 𝑞 = 4πnosin(θ/2)/λ                                                                                                          (90) 

 

 In which no is the index of refraction of the solution and λ is the wavelength of incident 

light in vacuum and θ is the scattering angle. For equation (89) to be valid, qRg <<1 should 

be satisfied.  

By taking the logarithm of equation (89), we have 
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ln	( 𝐼 𝑞 /𝐼(0)) = 	− ýVÓ¯V

_
                                                                                               (91) 

 

Thus, we can easily get 

 

ln(I(q)) = ln(I(0)) −ýVÓ¯V

_
                                                                                                 (92) 

                                          

In the experiment, there are 18 detectors with different angles around the sample. The q 

values are fixed for each detector. As a result, a plot of 	ln 𝐼(𝑞 )verses sin2(θ/2), called a 

Guinier plot, can be constructed (In some papers, a plot of 	ln 𝐼(𝑞 )  versus q2 is 

constructed and in this case k= - 𝑅g
2/3 instead). The slope of the plot after doing a simple 

linear fit, k, will be 

          k = -16π2no
2	𝑅g

2/(3 λ2)                                                                                                    (93) 

 

         In this way, information of radius of gyration will be obtained when the slope is calculated. 

The advantage of the Guinier plot is no information about I(0) or intercept of the linear 

fitted line is needed. Thus the radius of gyration is given by 

         𝑅g = (-3 λ2k/(16π2no
2))1/2                                                                                                 (94) 

 

Fig. 3.14 shows a typical Guinier plot of ln (I(q)) versus sin2(θ/2) from our experiment. 

The sample is anthracene/isopropanol solution mixed with water; the slope of the fitted 

straight line gives a value of Rg=89nm. 
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Figure 3.14. Guinier plot for ln(I(q)) vs sin2(θ/2). 

 

In Fig. 3.14, the data is not perfectly linear. This could be due to the approximation limit 

of Guinier plot. As Rg increases, the Guinier plot is no longer the best analysis tool, since 

the Rayleigh-Gans approximation starts to break down. Mie scattering is an exact analytical 

solution for scattering from spherical particles, and can be used to describe the scattering 

of spherical particles with all sizes. Below is a plot of Mie scattering with a particle radius 

of 100 nm plotted as a Guinier plot, where the x axis is sin2 (θ/2) and y axis is ln (I(q)):  
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Figure 3.15. Mie scattering of particle with a radius of 100nm. 

 

The shape of the curves in Fig. 3.14 and Fig. 3.15 are similar: neither of them is a perfect 

straight line. A linear fit is also done to the curved Mie plot in Fig. 3.15. The slope gives a 

value of Rg= 85nm while the original radius used to calculate the Mie plot is 100nm.Thus, 

the Guinier analysis gives an approximate result even if the plot is not complete linear. 

 

3.5 Other Commonly-Used Light Scattering Technologies 

 
Besides dynamic light scattering, static light scattering and cross correlation light scattering 

methods we have discussed in the previous sections, there are some other technologies 

based on light scattering theory for the use of particle characterization. Laser diffraction 

technology is applied to particle size distribution and shape measurement for particles with 

size ranging from nanometers to millimeters by measuring the angular scattering intensity 

pattern. Sometimes white light is used instead of a monochromatic laser source to gain 

information about the polarization and wavelength dependence on the scattering intensities. 
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A back scattering measurement is used for samples that are so highly concentrated that the 

measurement for scattering intensity at small angles are not accessible. Optical particle 

counting is used in the size distribution characterization and counting by measuring the 

scattered light is widely applied in the atmospheric analysis and contamination analysis. 

The electropheric light scattering technology is used in the characterization of surface 

charge for particles in solution with sizes of nanometers to micrometers and information 

about zeta potential can be obtained from the measurement.  
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CHAPTER   4 

PARTICLE FORMATION AT EARLY TIMES IN UNDERSATURATED 

SOLUTIONS 

 

4.1 Background and Overview 

In recent years, a newly developed idea – the concept of prenucleation clusters (PNCs) has 

shed light on an alternative pathway of particle formation, which contradicts the classical 

nucleation theory. Prenucleation clusters are clusters formed before nucleation occurs. 

There is evidence of the existence of stable prenucleation clusters37 in undersaturated 

solution, where the system is still in its thermodynamically stable state, which was not 

expected to happen in a classical nucleation picture. So far, prenucleation clusters have 

been found in nucleation of inorganic salts and some organic amino acids.95 In-situ TEM 

images of calcium carbonate nucleation via both direct and indirect pathways96 were 

reported, which also confirms the formation of prenucleation clusters. There are several 

distinct characteristics of the PNCs that are different from the precursor or critical clusters 

in classical nucleation: the PNCs are considered solutes that do not have a phase interface 

with the surrounding solution; they are thermodynamically stable species which exist in 

undersaturated systems, which would not occur in classical nucleation due to the lack of 

driving force for forming clusters in a thermodynamically stable system; they are small in 

size, normally around 1-2 nm in undersaturated solutions and were found with a 4nm size 

in supersaturated solutions. The existence of PNCs in undersaturated and supersaturated 

solutions as well as the failure of detection of PNCs in post nucleation stages suggests that 

nucleation might occur via cluster-cluster aggregation, in contrast to the single molecule 
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aggregation in the classical nucleation pathway. The detection of prenucleation clusters is 

considered difficult because of their small sizes and low concentration in the solution. As 

was first reported in 2008 by Gebauer, prenucleation clusters sizes were measured with 

analytical ultracentrifugation (AUG) and calcium ion potential electrode. Later on, 

electrospray ionization mass spectrometry (ESI-MS), cryo-transmission electron 

microscopy (cryo-TEM) and in-situ TEM were all used as the technique for detection of 

prenucleation clusters. However, most of these methods for detection are time consuming, 

expensive and complicated in the preparation of the sample. In our experiment, we measure 

the PNCs using dynamic light scattering with a high power argon laser of 514nm 

wavelength. Although a precise measurement of the size and a direct observation of the 

prenucleation cluster species cannot be obtained via this method, still, it has the advantage 

of fast measurement and convenience in preparing the sample compared to the techniques 

discussed above.  

The formation of PNCs provides another possible pathway for nucleation and phase 

separation, and in this way sheds light on the mechanism of early particle formation in 

undersaturated solutions and some phenomenon that cannot be explained and understood 

from a classical point of view. 

 

4.2 Experimental Methods 

4.2.1 Sample Selection  

Calcium carbonate was used as the sample for our experiment. The crystallization of 

calcium carbonate is of enormous relevance in biological and geoscience. Formation of 
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calcium carbonate is also of great importance in human daily life and industry -- it is one 

major source of water hardness. The crystallization process of calcium carbonate also 

forms thousands of minerals such as ocean sediments. Furthermore, Gebauer and other 

researchers have confirmed the existence of calcium carbonate prenucleation clusters in 

recent years, which is the foundation of our work. 

 

4.2.2 Experimental Setup       

The calcium carbonate clusters were prepared using titration under constant pH level to 

ensure desired products. Fig.4.1 is a schematic diagram of the experimental setup and 

Fig.4.2 is a picture taken from the on-going experiments: a home-built automatic system 

for injection and mixing of solutions, which is comprised of a Hamilton 500 series syringe 

pump with tubing and needles with gauge 18, is utilized to titrate calcium chloride into 

carbonate buffer with a set pH value. The pH level should be kept within the range of 9-

10. A pH value under 9 gives a low concentration of carbonate ions in the solution and thus 

prevents the formation of calcium carbonate clusters while a pH level above 10 will 

possibly induce the concurrent precipitation of calcium hydroxide as well as calcium 

carbonate. A fisher scientific pH meter is used in the experiments to monitor the pH value 

of the mixture by immersing the electrode in the mixed solution. The rate of titration is set 

to be 10𝜇𝑙/min by the syringe pump and a timer. Dynamic light scattering is used as the 

main characterization method for determining particle size distribution. A high power 

argon laser with a wavelength of 514nm is used as the light source for dynamic light 

scattering. A Helium-Neon laser, which is common for DLS measurement, is not used in 
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this experiment because the power is not strong enough to detect the prenucleation clusters, 

which are small in size and dilute in concentration. 

 
Figure 4.1. Schematic diagram of the experimental setup. 

 

                                       
Figure 4.2. Picture of the experimental setup. 

 
4.2.3 Experiment Procedure        

Samples of calcium carbonate were prepared with diluted sodium carbonate, sodium 

bicarbonate and calcium chloride with a concentration of 10mM each. Carbonate buffer 

was prepared with the mixture of sodium carbonate and sodium bicarbonate to obtain the 

desired pH level. In the experiment, we kept the pH value at 9.8, which gave a relatively 
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stable and high concentration of calcium carbonate clusters. All the samples were purged 

with nitrogen for at least 30 minutes and filtered with nylon filters (0.1um cutoff) before 

use. In the experiments, calcium chloride is titrated into the carbonate mixture with a 

constant flow rate of 10 𝜇l/min using a Hamilton 500 series syringe pump (with a syringe 

size of 0.25ml) and a timer. A higher flow rate might result in local supersaturation in the 

system and thus induce the nucleation of large nanoparticles.  The pH level was monitored 

using an Accumet pH meter. A magnetic stir bar was used for stirring throughout the 

process of titration to facilitate a homogeneous mixing. The sample was taken out and 

measured with DLS at the addition of calcium chloride with 50	𝜇l, 100	𝜇l, 200	𝜇l, 300	𝜇l, 

400	𝜇l and 500	𝜇l. 

 

4.3 Results and Discussions 

The detection and measurement of prenucleation clusters using dynamic light scattering 

has been very challenging because the size is small and the concentration is extremely 

diluted. Ideally, DLS is able to detect particles with a size of 1nm. However, due to the 

small number concentration of the clusters with a size below 10nm, the scattered light 

intensity is much weaker than that of a distribution of clusters with a size of 100nm. As a 

result, direct observation of decay in the autocorrelation function that is due to the 1nm 

clusters alone, would not be easy.  Several trials and modifications of experimental 

conditions were done in order to achieve a satisfactory result of the measurement using 

DLS.  
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4.3.1 First Trial 

Initially, we chose an injection rate of 1 𝜇l/s as the titration speed while keeping the pH 

level at 9.80. Real-time pH value was monitored by a pH electrode as mentioned earlier. 

The 1	𝜇l/s flow rate was achieved by setting the injection time to 250s and changing the 

syringe volume to 250 𝜇l. After 250ul of calcium chloride was titrated into the carbonate 

buffer, we took the sample out of the beaker and measured the particle size with DLS. 

However, a fairly high count rate with a correlation function indicating a cluster of particles 

of around 100nm was observed. This should not happen, since the system was still far 

below saturation and has not reached the threshold of nucleation yet. A reason that could 

explain the unusual phenomenon is that the system was locally supersaturated in the 

regions where the calcium chloride sample was injected. This might be because the 

injection rate is not slow enough and leads to a local supersaturation in some regions of the 

system. As a result, large particles of 100nm form before the system reaches the saturation 

limit.  

Therefore, we slowed down the titration rate further to 10 𝜇l/min to avoid the problem 

of locally high supersaturation. Samples from the titration of calcium chloride with 

different volumes from 70𝜇𝑙	up to 500𝜇𝑙	(above the solubility limit) were collected and 

measured. However, at small volume additions of calcium chloride, most of the samples 

did not have signals that were strong enough to achieve a good correlation function with 

DLS. Sometimes samples prepared with the addition of 400𝜇l calcium chloride or more 

gave a particle size around 100nm, with a few spikes in the count rate, indicating the 

existence of a few large particles in the system. A high polydispersity index number (PDI) 
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also showed the broad distribution of clusters with different sizes. At the addition of 400𝜇l, 

the system is already approaching the saturation limit and nucleation should follow with 

further titration due to the inevitable inhomogeneity of the mixing in some regions. At this 

point, a combination of clusters with sizes of 1nm (prenucleation clusters), 100nm and a 

small amount of large particles should be expected. However, after filtering the sample 

with 0.1𝜇m cut-off filter, which should result in a solution containing only prenucleation 

clusters, we didn’t see any sign of small clusters in the DLS results.   

A few possible reasons that might contribute to the failure of detection are:  

a. The prenucleation clusters have a cluster concentration that is too low to be measured. 

The signal or decay of correlation function due to the Brownian motion of large 

nanoparticles (around 100nm) is so strong that it overwhelms the scattered light fluctuation 

of the small prenucleation clusters. b. After filtering out the large particles, DLS is not 

sensitive enough or the laser light source is not strong enough to detect the diluted clusters 

with such a small size alone.  

 

4.3.2 Improved Experimental Setup and Results 

As a result, a higher power argon laser with a wavelength of 514nm was used as the 

excitation source for DLS to improve the measurement sensitivity. In order to achieve an 

extremely clean condition and avoid any dust particles in the solutions, we filter the 

carbonate buffer and calcium chloride sample with 100nm cutoff filter before each titration. 

All the other procedures followed are the same as described previously. Particles with a 

size of around 100nm as well as small particles below 10nm could be found in 

undersaturated and supersaturated samples using DLS. A good autocorrelation function for 
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particle size around 100nm with a slightly tilted slope (decay) at short times was found. 

This indicates the existence of small particles with a size below 10nm. However, the 

cumulant fitting model used before is no longer suitable for a system with more than one 

distribution of clusters. In this case, a regularized fitting is more reasonable and makes the 

detection of particle sizes with different distributions possible. After doing the regularized 

fitting (which was described in the section on experimental methods), two peaks appear in 

the distribution at 1nm and 100nm. This verifies our prediction of the existence of stable 

small clusters prior to the onset of nucleation. Fig. 4.3 shows the correlation function of a 

calcium carbonate sample prepared by the addition of 100𝜇l calcium chloride:  

 

 

Figure 4.3. Autocorrelation function for a sample to which 100	𝜇l calcium chloride was added. 

 

The two plots in Fig.4.4 shows the two peaks of the sample size distribution with both 

unweighted and mass weighted regularized fitting. 
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(a) 

 

(b) 

Figure 4.4(a). Particle size distribution by unweighted regularized fitting. (b). Particle size distribution by 
mass weighted fitting.  

 

From the plots in Fig. 4.4, we can see the two distinct peaks of distributions at 1nm and 

100-200nm, respectively. The unweighted fitting plot presents the distribution based on the 

relative light intensity while the mass weighted fitting takes into account of the mass of 

that particular distribution. This explains the much lower peak at 1nm in the unweighted 

fitting, compared to the mass weighted fitting: the intensity of the scattered light is 
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proportional to the mass of a particle. The clusters of 1nm size have a much smaller mass 

than the particles with a size of 100nm and therefore the scattered light intensity is much 

weaker. In this case, the 1nm particle size distribution is lower than the 100nm size 

distribution. When the mass of clusters is taken into account in the fitting model, it turns 

out that the distribution of small clusters with 1nm size has a higher concentration than that 

of the bigger particles with 100nm size.  

    Fig. 4.5 shows the mass weighted distribution of particle sizes with three different peaks 

at 1nm, 100nm and above 1000nm for the calcium carbonate sample prepared by the 

addition of 70𝜇l calcium chloride into the carbonate buffer. The peak at 1nm once again 

verifies the existence of prenucleation clusters in undersaturated solution. 

 

Figure 4.5. Size distribution for calcium carbonate sample prepared by addition of 70 𝜇l calcium chloride. 

 

In order to rule out the possibility that the small clusters are from the carbonate buffer 

system before the addition of calcium chloride, we also measured the carbonate buffer with 

DLS, below is the correlation function of the pure buffer:  
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                                          Figure 4.6.  Correlation function of carbonate buffer solution. 

 

From the correlation function above, we do not see a decay of the intensity fluctuation, the 

points indicating random fluctuations distribute in both positive and negative area of the 

function. This shows evidence that there are no particles in the system and confirms the 

existence of small clusters after the addition of calcium chloride into the buffer.  

    However, the formation of large particles (around 100nm and above 1000nm) in 

undersaturated solution is not expected to happen. The amorphous calcium carbonate 

(ACC) species, which can have a size of 100nm, are supposed to form when the system is 

reaching or exceeding the saturation limit. As a result, the appearance of those large 

particles could be due to the contamination of the carbonate buffer or calcium carbonate 

sample, or insufficient mixing process, or inhomogeneous nucleation that results in a local 

supersaturation at some domains.  

    We improved the experiment further by purging the samples with filtered nitrogen for 

at least half an hour after fresh sample is made, filling the flask with nitrogen and sealing 

it overnight. The purpose is to avoid the possible existence of carbon dioxide in solution, 
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which inhibits the precipitation of calcium carbonate clusters. Surprisingly, we were not 

able to see any big particles around 100nm forming until the addition of calcium chloride 

exceeded the saturation limit; in other words, until the system was supersaturated but still 

below the nucleation threshold. In this case of approaching saturation, we could detect two 

distributions of particles with sizes around 100nm and below 10nm. The large particles 

with a size around 100nm might possibly be the amorphous calcium carbonate (ACC) 

clusters, which we will discuss in more detail in later chapters. After filtering with a 100nm 

cutoff filter, a correlation function with a very weak signal could be obtained. Regularized 

fitting indicates that the particles have a size around 1nm. This again verifies the formation 

of small clusters before nucleation, while the magnitude of 1nm is not quite precise or 

reliable. The weak scattered light intensity is probably due to the small size of the 

clusters—scattered light intensity is proportional to the mass of the particle being measured. 

In this case, even if a high concentration of clusters of size around 1nm exist in the system, 

the light that is being scattered might still be much weaker than a lower concentration of 

particles with radii of 100nm.  

    Fig. 4.7 shows the particle size distribution of sample prepared by the addition of 200𝜇l 

calcium chloride, which is still in undersaturated state, after purging with filtered nitrogen 

for 30mins and let sit overnight. We do not detect any particles of 100nm size in this 

condition: 
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Figure 4.7. Particle size and distribution for sample prepared by adding 200 𝜇l calcium chloride after 
purging with filtered nitrogen. 

 

With regularized fitting, we can see two peaks of particle size at 1nm and 10000nm. The 

large particles over 1000nm in the solution could be due to dust particles or contamination 

in any stage of the preparation process of the sample. Although the correlation function is 

greatly affected by the existence of large particles, we can still see a distribution of cluster 

size at 1nm. To get rid of the impurities and obtain a good correlation function that only 

contains small clusters of 1nm size, we filtered the sample with a 200nm cutoff filter and 

the result is shown in Fig.4.8: 
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Figure 4.8. Particle size for sample prepared by adding 200 𝜇l calcium chloride and purging with filtered 
nitrogen and filtered with 200nm filter. 

 
A correlation function with very weak signal was found. Unweighted regularized fitting 

shows a peak at 1nm, which indicates that only particles with a size around 1nm exist in 

the system. Large particles with a size in micrometer and 100nm ranges do not appear in 

the sample solution after purging with nitrogen and filtering. Despite the weak and noisy 

autocorrelation function, the peak of particle size distribution at 1nm still provides evidence 

for the formation of stable prenucleation clusters in underseaturated solution even though 

the actual value of 1nm may not be very accurate. 

 

4.3.3 Experiments and Results Detecting PNCs Using 3D Light Scattering Spectrometer 

The detection of the small clusters, which merely relies on the regularized fitting of the 

correlation function generated from the high power laser DLS, needs further supporting 

evidence. Additional measurements of sample particle size were carried out using another 

advanced dynamic light scattering instrument—the LS 3D light scattering spectrometer, 
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which is a powerful and sensitive instrument for particle size characterization. However, 

the measurement of small clusters alone is still challenging due to the weak scattered light 

intensity arising from the small and diluted clusters. As a result, the measurement of large 

ACC particles near saturation, which also contains a distribution of prenucleation clusters 

in the sample, is more prominent to detect and characterize. Fig. 4.9 is an autocorrelation 

function from a sample prepared by titrating 400𝜇𝑙𝑙 calcium chloride into the carbonate 

buffer, with and the system now close to the saturation limit: 

 

 

Figure 4.9. Autocorrelation function for calcium carbonate sample prepared by adding 400 𝜇l calcium 
chloride measured with 3D light scattering spectrometer. 

 

From the correlation function above, we notice an obvious decay at a lag time of 0.01s, 

which corresponds to a particle size of approximately 130nm. These should be the large 

ACC particles formed near the saturation limit. However, the signal at early times is too 

noisy. Further analysis is required to reveal the hidden information from the correlation 

function. We then apply the CONTIN algorithm embedded in the spectrometer software, 

which is similar as the regularized analysis model discussed previously and commonly 
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used for the analysis of heterodisperse and polydisperse systems, and the result is shown 

in Fig.4. 10: 

  

Figure 4.10. Particle size distribution analyzed with CONTIN algorithm. 

 

In Fig. 4.10, two peaks at roughly 2nm and 100nm indicate there are two populations of 

particles of size 2nm and 100nm in the sample solution. This result further confirms 

previous experiments and the existence of prenucleation clusters with a size of 1or 2nm 

before the system reaches the threshold of nucleation. 

 

4.3.4 Discussion 

The existence of stable small clusters suggests the possible alternative pathway of the 

formation of calcium carbonate besides the classical mechanism. There are a number of 

features that are intrinsically different in the classical nucleation and non-classical 

prenucleation cluster pathway: The PNCs are small (below 5nm) and thermodynamically 

stable species which exist in the undersaturated state. They are considered solutes in the 
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solution and thus there is no phase interface between the clusters and the surrounding 

solution. That is to say, the formation of PNCs does not require extra interfacial energy. 

This in turn explains the reason why the PNCs are able to exist in undersaturated conditions. 

In a non-classical prenucleation cluster pathway, the nucleation can happen through 

cluster-cluster aggregation rather than single molecule aggregation. In other words, clusters 

grow via the aggregation of one cluster onto another cluster, compared to the growth 

dominated by the attachment of single molecules onto clusters in classical nucleation.38,97 

A failure in detection of the increased size of the small PNC clusters of calcium carbonate 

verifies this pathway of particle formation.97  

    In addition, the appearance of particles with a 100nm size when approaching saturation 

and supersaturation in the experiments requires attention and further explanation. 

Researchers have reported similar phenomena in a number of articles. According to 

Gebauer, who first found evidence of PNCs, those particles with a size around 100nm 

might be amorphous calcium carbonate (ACC), which was found previously in solutions 

with very low supersaturation levels at which nucleation could not possibly happen.97 This 

agrees with our findings of particles with 100nm size when the system is close to saturation. 

At this point, local supersaturation can be expected due to any locally inhomogeneous 

mixing. The supersaturation level would be low because the system at equilibrium is only 

at the saturation limit. The ACC particles, with sizes ranging from 20nm to around 100nm, 

are larger than prenucleation clusters, which mostly have sizes from 1 to 4 nm.98 (Fig. 4.11) 

The ACCs are formed through cluster-cluster aggregation of PNC clusters and are 

considered an intermediate state in the crystallization process of calcium carbonate. 

Generally, there are two possible pathways for particle formation in nucleation associated 
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with amorphous bulk phase—direct and indirect pathways. In the direct pathway 

mechanism, atoms and molecules at a certain level of supersaturation form stable 

crystalline phase directly with no intermediate phases. In an indirect pathway of particle 

formation, in contrast to classical nucleation or spinodal decomposition, atoms or 

molecules first aggregate to form prenucleation clusters as the precursors in undersaturated 

solution, followed by the formation of amorphous bulk phase, which in our particular case 

refers to ACC particles, and then leads to the formation of the final crystalline phase.97 

Multiple pathways of particle formation may happen simultaneously. However, the 

structures of ACCs can be varied depending on the process of cluster aggregation from 

PNCs and the pH levels. In fact, some structures such as calcite have not so far been 

observed to form via an indirect pathway.96 

 

 

                         Figure 4.11. Crystal development in different size ranges for calcium carbonate.98 

 

We are also interested in the formation of calcium carbonate at different pH levels. At 

pH=9.21, a larger amount of calcium chloride is required to be titrated into the carbonate 

buffer to achieve a supersaturated system due to the different calcium ion bonding rate at 

different pH levels. Before approaching the saturation limit, there was no obvious 

evidence of particle formation either around 100nm or below 10nm. However, when the 
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system was supersaturated and still below nucleation, a combination of small particles 

below 10nm and particles around 100nm was detected. Similarly, after filtering the 

sample with a 0.2𝜇𝑚 filter, a weak-signal correlation function implied the formation of 

clusters at around 1nm. However, in the case of pH=9.8, a smaller amount of calcium 

chloride is needed to titrate into the same carbonate buffer in order to reach the point at 

which both prenucleation clusters and amorphous calcium carbonate are found. This 

suggests the existence of prenucleation clusters at different pH levels and the distinct 

conditions of forming prenucleation clusters depending on different pH values in the 

system. As mentioned earlier, the structure of ACCs is dependent on the pH level of the 

solution. In addition, the prenucleation clusters are more stable at lower pH than at higher 

pH values. This is because the ACCs are less soluble and thus more stable at lower pH 

than at higher pH levels.37 As a result, these differences in solubility lead to the different 

structures of ACCs at different pH levels. 
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CHAPTER 5 

KINETICS OF PARTICLE FORMATION BY NANOPRECIPITATION: MIXING 

 

Previously, we investigated the particle formation at very initial stage when the system is 

still in thermodynamic stable state. In the next chapters, we will focus on the particle 

formation during nanoprecipitation when the system falls in a metastable or unstable state. 

First of all, we will be mainly talking about the mixing process and mixing conditions that 

play a key role in nanoprecipitation, which greatly affect the particle formation and growth 

process. The achievement of a rapid and complete mixing is essential for producing 

nanoparticles with a reliable and reproducible result in nanoprecipitation and is the premise 

for all future experiments on particle size and particle growth. Samples of small molecules 

(anthracene) and polymers (polystyrene) are both studied for the above purpose. The 

mixing process for anthracene during nanoprecipitation is observed and recorded with a 

spectrally specific imaging system. A mixing system composing of automatic syringe 

pumps and magnetic stirs is built for controlling the mixing process and achieve a rapid 

mixing. The effect of different mixing conditions such as injection needle positions, 

injection speed and stir rate on the particle size is studied and an optimum mixing condition 

is identified for both anthracene and polystyrene. An experiment of examining the particle 

size when exchanging the injection order (solvent into non-solvent or non-solvent into 

solvent) is also carried out for both anthracene and polystyrene. By comparison the results 
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between small molecules and polymers, we find out the important role that diffusion 

coefficient plays in mixing process.  

 

5.1 Observing Mixing Process During the Formation of Anthracene Nanoparticles With 

Imaging System 

 
5.1.1 Experimental Overview and Sample Selection 

As discussed earlier, the method for preparing nanoparticles is simple and fast. However, 

it is a complicated system, since mixing at different length scales and particle formation 

are all occurring simultaneously. In order to observe the phase separation and particle 

formation process directly, we apply an imaging system incorporating a filter that can only 

“see” nanoparticles and does not show molecules in the solution. Then we visually study 

the process by recording the injection, mixing and particle formation/growth process. 

Usually, aromatic molecules with planar structure are used as our samples, such as 

anthracene, perylene and naphthalene due to their tendency to stack up and form 

nanoparticles with simple structures. Anthracene is used as the sample in the experiments 

for studying small molecule nanoparticle formation. It is used in the production of dyes 

and has a molecular weight of 178.23 g/mol and a structure as shown previously in Fig. 

3.1. Acetone is used as the organic solvent and distilled water is used as the miscible non-

solvent. Anthracene nanoparticles are prepared by injecting anthracene in acetone sample 

into DI water, the ratio of the non-solvent and solvent is 9:1. A syringe pump and a needle 

is used to control the accurate injection volume and ensure fast injection. 
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5.1.2 Experimental Setup 

The imaging system for observing the mixing process consists of a white light, which is 

used as the incident light source, the nanoparticles sample prepared by syringe pumps, a 

lens with a focus of 3mm, a camera that captures the image and a computer that records 

the real-time video (Fig. 5.1).  

 

     

Figure 5.1. Experimental setup of the imaging system. 

 

When white light illuminates the sample, the transmitted light goes through the sample and 

the lens. The lens is positioned at the focus so that the image is magnified and sent to a 

CCD camera, which is connected to a computer. A software called “Debut” is used to 

capture the image and record the whole process. The lens and camera are mounted together 

on one stand so that the height and position in the lateral direction can be adjusted. The 

distance between the lens and the sample can be adjusted as well to find the clearest image. 

An automatic syringe pump is used to precisely control the injection rate for the 
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nanoprecipitation process. The injection rate is set at the maximum of 1ml/s. The 

concentration of the sample is controlled at low levels because sample that is highly 

concentrated will induce a denser nanoparticle solution, which will become more difficult 

to be observed by the camera.  

    Initially, we use a glass square cuvette as the sample holder. But it turns out to be only 

suitable for viewing the particles on larger scales and only with naked eyes because the 

depth of the field of the lens is smaller than the thickness of the square cuvette. Therefore, 

the images we get are blur and there are not a lot of information we can retrieve from those 

images. The actual nanoparticles and the growth process can not be seen clearly. As a result, 

a thin cuvette which contains nanoparticle sample with a thickness close to the depth of the 

field is used in the future experiments. The picture below (Fig. 5.2) is the thin cuvette that 

we use in the experiments. The thickness of the thin cuvette is 0.3cm from the outside and 

the inner thickness is 0.1cm, with a cross section of 1cm *4cm. The inner diameter of the 

gauge 22 needle is 0.413mm. The total volume of the cuvette is 0.1cm*1cm*4cm= 0.4 

(cm3) = 0.4 ml. For a solvent/non-solvent ratio of 1 to 9, the volume of water in the cuvette 

is 0.36 ml while the volume of anthracene/acetone injected into the cuvette is 0.04 ml.  
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Figure 5.2. Experimental setup details for the imaging system. 

 

5.1.3 Images of the Mixing Process Occurred in Nanoprecipitation 

As stated before, the mixing process is crucial to the particle formation process during 

nanoprecipitation. The competition of time scales for mixing and particle formation greatly 

affects the particle size and size distributions, and sometimes, the morphology. Therefore, 

the first thing we do with the imaging system is to observe the mixing process at a slow 

rate and a relatively high resolution. For this purpose, we use naphthalene as the sample. 

The particle formation for naphthalene nanoparticles is prominent—the nanoparticles 

appear white and grow to sizes of microns immediately after the mixing. So we are able to 

see the mixing of the sample and the non-solvent when nanoparticles are growing and form 

the white trajectory that can be easily seen with a camera. The needle tip is on the right of 

the pictures. The streams are injected in the solution from the right side to the left side of 

the pictures. The trajectory of formed nanoparticles (white part in the images) indicates the 

dynamics of fluid flows during the mixing. The experimental setup is shown in Fig. 5.2: 
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we view the images by directly looking at the sample in the cuvette with a lens and camera. 

A software is used to record the mixing process. Snapshots are taken at very slow play 

speed so that clear images can be captured. The images for the mixing process are shown 

below in Fig. 5.3(a)-(g): 

 

 

                                 (a)                                                                                 (b) 

  

                                          (c)                                                                                  (d) 
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                                          (e)                                                                                    (f) 

 

(g) 

Figure 5.3(a)-(g). Mixing process during naphthalene nanoparticle formation. 

 

Images (a) to (g) shows the process in time series: sample before the injection, during the 

injection and the mixing process after injection. Fig. (a) shows the non-solvent (water) in 

a thin cuvette before the injection. We can see the needle tip on the right side of the image 

and a clear solution. Fig. (b) shows the image right after injecting the naphthalene sample 

into water. We can see white streamlines coming out of the needle tip and going down to 

the bottom of the cuvette. The white streamlines suggest that nanoparticles have already 

formed during the mixing so the solution gets turbid. The regions that are still clear 
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indicates regions where the mixing has not occurred.  There is no stirring to facilitate the 

mixing process so it happens slowly and the tiny volume of the thin cuvette further 

constrains the mixing process. From fig.(c), (d), (e) and (f), we can see clearly the stretching 

and folding of the streamlines that happens repeatedly in a mixing process with a 

characteristic length that is controlled by the dimension of the mixing volume until the 

mixing is complete. In fig. (g), the mixing is almost complete, the cuvette is filled with 

nanoparticles. There might still be diffusion of the solvent molecules, solute molecules and 

non-solvent molecules. The aggregation of smaller sized nanoparticles onto bigger sized 

nanoparticles might also occur. The particles have already grown to micron and larger size 

in some regions in fig. (g). In comparison with fig (b), large chunks of particles can be seen 

in fig. (g) while the solution only turns cloudy in fig. (b).  

 

5.2 Mixing Conditions and Their Effect on Particle Formation and Growth for Anthracene 

 
5.2.1 Overview of Nanoparticle Formation by Nanoprecipitation 

As stated in earlier chapters, the mixing of two liquids involves two main stages—a 

macroscopic mixing and a microscopic mixing on the molecular scale. The macroscopic 

mixing includes the stretching and folding of fluid flows with a characteristic length scale 

determined by the shape of the mixer; or successive cascades of swirls into smaller sizes; 

while the micro mixing is intrinsically the diffusion of different species on the molecular 

scale. Thus, there is a time scale for a complete mixing to be reached. In nanoprecipitation, 

when the solute sample is injected into the non-solvent, the solute concentration drops 

rapidly as the mixing takes place, which then leads to an immediate increase of the 

supersaturation in the solvent/non-solvent mixture due to the low solubility of the sample 
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in the non-solvent. Meanwhile, as the high supersaturation is achieved, the system is no 

longer stable and phase separation is initiated. When nanoparticles start to form, the free 

solute molecules in the mixture are quickly consumed and so supersaturation begins to 

decrease until most solute molecules are consumed and the supersaturation drops below 

the threshold where particles start to form. This is followed by the particle growth of the 

solute molecules left in the system.  

    During this process, there are two time scales that are important and that determine the 

particle formation and growth. One is the time scale for a homogeneous and complete 

mixing of the solute, solvent and non-solvent. The other is the time scale for particle 

formation to take place. The particle formation process, particle size and size distribution 

largely depend on the competition between these two time scales. When the mixing time 

is greater than the particle formation time, particles already start to form before a complete 

mixing is achieved. There are regions with a high supersaturation and regions with a low 

supersaturation and even regions with flows of solute and non-solvent that are not yet 

mixed. In this case, particles form rapidly at regions with high local supersaturation, by 

nucleation and growth or spinodal decomposition, when the supersaturation is extremely 

high locally; particles might also form at regions that are not fully mixed but are still 

supersaturated, but with a different nucleation rate from that in the highly supersaturated 

regions and thus different particle size. At the same time, the free solute molecules in the 

solution have a tendency to attach to the existing particles instead of forming nuclei by 

themselves. Therefore, particles with large sizes and broad distribution will be formed. 

Also, the formation of particles will be quite random, which could lead to experimental 

results that are not reproducible. On the contrary, when the mixing time is less than the 
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particle formation time, it takes longer for the particles to form than a complete and 

homogeneous mixing in the solution is reached. In other words, the system has reached its 

highest possible supersaturation everywhere and the supersaturation is the same in all 

region before particle formation happens. As a result, particles form at the same 

supersaturation, with the same nucleation rate or characteristic length, depending on the 

mechanism. And because most solute molecules are used to form initial nuclei or particles, 

there are not many free solute molecules left in the solution for future particle growth. Thus, 

nanoparticles with smaller particle size and narrow size distribution are produced.  

    Therefore, the mixing process is a crucial step in nanoprecipitation. However, an 

absolutely complete and homogeneous mixing before the particle formation starts as 

described above is ideal and hard to achieve. Practically, we try to ensure a mixing as fast 

and turbulent as possible by adjusting the mixing conditions so that a smaller mixing time 

can be obtained. In this case, there might still be some regions that are not fully mixed in 

the system, but most regions have already reached a complete mixing. A mixing time 

comparable or even smaller than the particle formation time yields a smaller particle size. 

Furthermore, with a fast and complete mixing, the mixing process will be better controlled 

and so the experimental results will be quite reproducible and reliable, which is essential 

to the subsequent studies on the effect of different initial conditions on the particle 

formation process in nanoprecipitation. 

In summary, a study on the mixing conditions such as setup for the mixing system to 

achieve rapid and homogeneous mixing, injection speed, stirring rate, and their influence 

on particle formation is necessary and the premise of the following experiments on 

nanoparticle formation for both anthracene and polystyrene. 
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5.2.2 Experimental Setup 

The experimental setup for mixing and preparing the nanoparticles is composed of an 

automatic syringe pump with two syringes, a magnetic stir plate, sample solutions and 

tubing. The injection speed of the syringes can be accurately controlled by the syringe 

pump; the magnetic stir plate is capable of controlling the stir rate of the magnetic stir bar 

placed at the bottom of the mixing beaker, which enhances the mixing process. Fig. 5.4 

below shows the schematic diagram of our experimental setup for mixing and sample 

preparation:  

 
Figure 5.4. Schematic diagram of the mixing system for sample preparation. 

 
 
As illustrated in the figure above, the sample and non-solvent solutions are extracted by 

the syringe pumps and separately dispensed into a mixing beaker via injection needles. The 

mixing of sample and non-solvent takes place in the beaker, which leads to the production 

of anthracene nanoparticles as a result. The injection rate of the needles can be precisely 

controlled within a range of 1s/syringe to 250s/syringe depending on the volume of the 
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syringes. The volume ratio of the sample and non-solvent can be accurately controlled 

using the syringe pumps as well. A magnetic stir bar, whose stir rate can be adjusted by the 

magnetic stir plate, is also used to generate vortex in the mixture and therefore facilitate 

mixing. The non-solvent is pre-injected in the mixing beaker before the sample solution is 

injected and mixed. The diameter of the beaker is 3cm, the magnetic stir bar has a length 

of 1.1cm and is placed at the center.  

     During this process, there are several factors that might affect mixing and thus the 

resulting particle formation process. On one hand, the height of the injection needle and 

the lateral position with respect to the magnetic stir bar could lead to distinctively different 

mixing efficiencies: different heights of the needle position might result in different initial 

speed of the sample flow when encountering with the non-solvent, which then leads to a 

different Reynolds number and change the mixing process. The lateral position of the 

needle with respect to the center of the magnetic stir bar could also make a difference in 

the mixing process because the velocity of fluid flow generated by the rotating stir bar 

increases with increasing radius from the center of the vortex, which is defined as the 

distance from the center of the stir bar. Therefore, the two fluids meet at different lateral 

speed when the injection happens at the center of the beaker compared to a certain distance 

away from the center. On the other hand, the injection speed of the needle and stirring rate 

of the magnetic stir bar also influence the Reynolds number and input mixing energy and 

so might significantly affect the mixing process. In the next chapter, we will investigate 

the effect of the mixing conditions on particle formation from the above two main aspects. 
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5.2.3 Mixing Conditions—Injection Needle Positions 

Based on previous discussions, the position in which the needle is placed during injection 

is critical to the mixing process and therefore is our primary concern. As a result, we 

choose 8 different needle positions by varying the injection height and the horizontal 

distance away from the center of the beaker (where the magnetic stir bar is placed) while 

keeping all the other conditions identical. For all needle positions, the stir rate and 

injection rate remained the same, at the maximum injection rate of 1ml/s and a stir rate of 

1000 rpm. The solvent/non-solvent ratio was kept at 1 to 9 with an anthracene 

concentration of 0.5 mg/ml. The 8 positions we choose for study are listed as below in 

Fig. 5.5:  

1) Position 1 and 2 

For both positions, the magnetic stir bar was placed at the center of the beaker bottom. For 

position 1, the needle was just immersed into the non-solvent level, which was 1.2 cm 

above the magnetic platform and right at the center of the beaker above the magnetic stir 

bar. For position 2, the needle was placed at the same height as position 1, but 0.75 cm 

away(left) from the center of the magnetic stir bar, as shown in fig. 5.5(a) and 5.5(b).  

2) Position 3 and 4 

For both positions, the magnetic stir bar was placed at the center of the bottom of the beaker. 

For position 3, the needle was placed at a distance of 2.8 cm above the water level and 4 

cm above the platform and right at the center above the magnetic stir bar. For position 4, 

the needle was kept at the same height as position 3, while at a distance of 0.75 cm away 

to the left of the magnetic stir bar, as shown in fig. 5.5(c) and 5.5(d).  
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3) Position 5 and 6 

For both positions, the magnetic stir bar was placed at the center of the bottom of the beaker. 

For position 5, the needle was fixed in the bottom of the solution with a height 0.7 cm 

above the platform and at the center right above the magnetic stir bar; for position 6, the 

needle was still positioned at the bottom of the solution, but 0.75 cm away from the center, 

as shown in fig. 5.5(e) and 5.5(f).  

4) Position 7 and 8 

As before, the magnetic stir bar was placed at the center bottom. The needles for both 

positions were both kept right above the water level, at a height 1.1 cm above the platform. 

For position 7, the needle was at the center above the magnetic stir bar; while for position 

8, the needle was 0.75cm away to the left of the center, as shown in Fig.5.5(g) and 5.5(h).  

 

                           

Figure 5.5(a)-(h). Different needle positions tested in experiments. 
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For each condition of needle position, we carried out nanoprecipitation and measured the 

resulting nanoparticle size and size distribution with dynamic light scattering for 30 

minutes after the mixing. For anthracene samples, the nanoparticle size increased 

substantially in the initial 10 seconds or so and then the growth rate slowed down. The final 

particle size at 30 minutes after mixing was taken by averaging over last ten data points 

that have relatively similar values. The result for different needle positions are shown 

below in table 5.1:  

 
Table 5.1. Needle positions and corresponding particle size for anthracene. 

 
Needle 
position 1 2 3 4 5 6 7 8 

Final 
particle 
size (nm) 

168 167 160 170 176 150 160 163 

 

From table 5.1, we can see that the nanoparticle size produced at all eight needle positions 

ranges from 150nm to 170nm, with an average size of 164.25nm and a deviation within 

10% (+-15nm). This indicates that different needle positions that might result in different 

initial fluid velocity do not have an obvious impact on the final nanoparticle size and the 

particle formation/mixing process at the maximum injection speed of 1 ml/s and a stir rate 

of 1000 rpm. A different Reynolds number should produce different mixing condition and 

mixing time, leading to different particle sizes. However, when the mixing time is already 

shorter than the particle formation time at the condition of a fast injection speed and a high 

stir rate, the system has reached a homogeneous mixing state before the nanoparticles form 

or just start to form. Any improvement of the mixing conditions will no longer affect the 

particle formation process and particle size. Therefore, at these injection and stirring rates, 
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the mixing process is independent of needle injection positions. Therefore, we choose a 

needle position that provides the optimum mixing condition for convenience, i.e., gives the 

smallest particle size, which is needle position 7, and use it for all future experiments.  

 

5.2.4 Mixing Conditions—Injection Rate and Stir Rate 

From the previous section, we know that different needle positions do not have a huge 

influence on the mixing process and the resulting particle sizes, under the conditions of a 

fixed high injection speed and stir rate, which ensures a homogeneous and complete 

mixing. In this section, we will investigate on the effect of other mixing conditions on the 

particle formation of anthracene nanoparticles by varying the injection rate and stirring 

rate while keeping the injection needle at one fixed position (position 7 as shown in Fig. 

5.5g).  

When there are more than 2 or 3 variables in the experiments, we need some strategy to 

design the method of investigating the effect of all variables with the least trials. Here, we 

seek for the help of design of experiment99 (DOE), which is a common and useful method 

in engineering and scientific experimental design. In DOE, there are two types of 

experimental designs to choose: full factorial experiment and fractional factorial 

experiment. In our particular case, we choose full factorial design, which is more accurate 

than fractional factorial design but requires more experimental trials. In DOE, the most 

popular experimental design is the “two-level” designs. Each variable is assigned two 

levels, a high level setting and a low level setting, depending on the experimental range of 

that variable. The high and low levels are denoted as “+1”and “-1”, respectively. For each 

single test run, every variable is set at either a high or a low level. Therefore, for an 
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experiment with n variables, the total number of test experiments is the nth power of 2, 2[. 

This type of experimental design is called the full factorial experiments. In this way, the 

impact of different variables and the combined effect of the variables on the output can be 

studied and quantified. Therefore, for a two-variable full factorial experiment, we have the 

matrix as below     

Table 5.2. Example of a two-variable full factorial experiment. 

 Variable 1(X1) Variable 2(X2) X1*X2 
Trial 1 -1 -1 +1 
Trial 2 -1 +1 -1 
Trial 3 +1 -1 -1 
Trial 4 +1 +1 +1 

 

The column X1*X2 represents the combined effect of factor 1 and factor 2 to the output. 

We only use the last column for data analysis.  

    In particular, for our experiments on the mixing conditions, we have two variables—the 

injection speed which is controlled by the syringe pump, and the stir rate of the magnetic 

stir bar. The output is the final particle size of anthracene nanoparticles. So the total number 

of a full factorial experiment set is 4. For each condition of an injection rate and a stir rate 

level, we repeat the experiment twice to ensure the reproducibility and stability of 

experiments. We get an average of the data and some information on the dispersion of the 

data. Therefore, the total number of trial runs is 8. In addition, we are also interested in two 

other important factors and their effects on the particle formation—the solute concentration 

and the solvent/non-solvent ratio in nanoprecipitation. Thus, we will also apply full 

factorial experiments on these variables separately in later experiments.  

In practice, the maximum injection speed for a syringe with a volume of 1ml is 1ml/s, 

thus, the high level setting of the injection rate ri is 1 ml/s and represents as “+1” for 
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simplicity; while the low setting of ri is set to be 0.2 ml/s, which is one fifth of the high 

level value, and is represented as “-1”. For the stir rate rs, we choose 1000 rpm as the high 

level value and denotes as “+1”; and 100 rpm is set as the low setting and denotes as “-1” 

so that the stirring is still helpful but not generating vortex in the low setting value. The 

order of the eight runs is completely random to rule out any possibility of systematic error 

and make the results more reliable and credible. The order of trial experiments and the 

specific mixing conditions for each trial experiment are listed in the table below:  

 

Table 5.3. DOE experiments design. 

Order of the trial test ri (+: 1ml/s; -: 0.2 ml/s) rs (+: 1000rpm; -: 100 rpm) 
5 -1 -1 
3 -1 +1 
1 +1 -1 
6 +1 +1 
2 -1 -1 
7 -1 +1 
4 +1 -1 
8 +1 +1 

 

For all the conditions listed above, the anthracene samples are remained at a concentration 

of 0.5 mg/ml and the solvent/non-solvent ratio is fixed at 1 to 9. For each specific mixing 

condition, we do the nanoprecipitation, take out the sample immediately after the mixing 

and measure the nanoparticle size with dynamic light scattering. The time-dependent 

particle growth is monitored with DLS for a duration of 30mins, with each run lasting for 

30s and 50 runs altogether. As mentioned in chapter 3, the diffusion coefficient can be 

extracted from the decay rate of the autocorrelation function, which then contains 

information of the hydrodynamic radius of the nanoparticles. A Matlab program is used to 

routinely fit the decay curve and calculate the particle size from the correlation function 
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for each run. Therefore, the nanoparticle size as a function of time can be obtained. Below 

in Fig.5.6 shows the particle size change in 30 minutes after the nanoprecipitation for 

anthracene sample at a condition of a maximum injection rate of 1 ml/s and a high stir rate 

of 1000 rpm:  

 

 

Figure 5.6. Particle growth over time for anthracene nanoparticles. 

 

   As mentioned earlier, the dynamic light scattering measurement is done by comparing 

the scattered light intensity at a time t and a later time t + τ due to the Brownian motion of 

the sample particles. Therefore, the particle size measured by dynamic light scattering is 

not identical for each run of the same sample due to the principle of DLS measurement and 

the curve shows the growth of the particle radius, which changes over time. When repeating 

the experiment at the same condition, the particle size is measured approximately 3s after 

the mixing. But the time when the measurement starts after the injection is not precisely 

the same when each experiment is carried out. This makes it impractical and statistically 
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meaningless to include error bars in the graphs of particle size versus time. This holds for 

all plots associated with the DLS measurement of particle size. However, the plots on the 

final particle size is obtained by averaging over last ten data points of each run, and error 

bars are added to these graphs by repeating the experiments at the same conditions.  

   At different mixing conditions, the growth curves all have similar shape and trend: 

initially, the particle size increases rapidly for the first few seconds and the rate slows down, 

eventually reaching a plateau after which the particle size roughly remains constant. As a 

result, we calculate the final particle size at each particular mixing condition by averaging 

over the last ten data points. The result for all mixing conditions is shown below: 

 

Table 5.4. Experimental conditions and results for anthracene mixing conditions. 

Order of the trial test ri (+: 1ml/s; -: 0.2 
ml/s) 

rs (+: 1000rpm; -: 
100 rpm) 

Final nanoparticle size 
(nm) (PDI) 

5 -1 -1 285(0.21) 
3 -1 +1 201(0.21) 
1 +1 -1 197(0.25) 
6 +1 +1 171(0.2) 
2 -1 -1 280(0.05) 
7 -1 +1 193(0.19) 
4 +1 -1 185(0.2) 
8 +1 +1 180(0.2) 

 

The particle sizes and polydispersity index are presented in the last column of the table 

above. From the table, we can see that particle sizes vary greatly at different mixing 

conditions. At the low injection rate level (0.2 ml/s) and low stir rate level (100 rpm), the 

resulting nanoparticles have a quite large size, around 280nm, while when the mixing 

condition changes to the combination of a low injection rate (0.2 ml/s) and a high stir rate 

(1000 rpm), the mixing time is shortened prominently, leading to a much smaller particle 

size of roughly 200nm. Similarly, at a high injection rate (1 ml/s) and a low stir rate (100 
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rpm), the resulting nanoparticles have sizes that are much smaller than the low injection 

rate –low stir rate setting, while a little smaller than the low injection rate - high stir rate 

setting, with a particle size of approximately 190nm. When the mixing condition is further 

enhanced to the optimum--a high level of injection rate (1 ml/s) and a high level of stir rate 

(1000 rpm), the mixing is more turbulent and the nanoparticles give the smallest average 

particle size of 175.5nm. To sum up, at a fixed stir rate, a higher injection rate will lead to 

a decrease in particle size; similarly, at a fixed injection rate, a higher stir rate will result in 

a smaller particle size. These results indicate that both a high injection rate and a high stir 

rate will result in a more efficient and turbulent mixing, which corresponds to a smaller 

mixing time. This ensures a complete and homogeneous mixing as fast as possible, 

compared to the particle formation time scale. Furthermore, at different levels of injection 

rates, the change of particle size at the two different stir rates are not to the same extent; 

also, at two different levels of stir rates, the change of particle size at two injection rates 

are not to the same extent, either. In other words, the effect of the injection rate is affected 

by the level of stir rate, and vice versa. This can be easily seen from the plot below:  
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Figure 5.7. Particle size versus injection rate at different stir rate levels. 

 

In the plot, the red dots and blue dots indicate two repeated trials measuring the particle 

size change when increasing the injection speed at the low stir rate level (100 rpm); while 

the gray dots and yellow dots represent the particle size change when increasing the 

injection speed from 0.2 ml/s to 1 ml/s at a high stir rate (1000rpm). On one hand, the two 

red dots and two blue dots have similar slopes, and the two gray dots and two yellow dots 

have similar slopes, which suggests that the experimental results are quite reliable and 

reproducible. On the other hand, the two lines at a low stir rate and two lines at a high stir 

rate have slopes that are significantly different. At a lower stir rate, the slope is much 

steeper than that at a higher stir rate, so the effect of the injection rate is much more 

significant at a lower stir rate than that at a higher stir rate. This happens in the situation of 

increasing the stir rate at different injection rate levels as well. Therefore, the particle 

formation and particle size depend on both the injection rate and the magnetic stir rate, as 

well as the combined interaction of these two variables. This can be further confirmed by 
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running an analysis of variance (ANOVA) using a statistical software called STATA. The 

raw data and result are shown as below: 

Table 5.5. Raw data for hydrodynamic radius at different experimental conditions. 

Stir rate Injection rate 
Interaction 
(stir rate*injection 
rate) 

Rh(nm) 

100 0.2 20 285 
100 1 100 197 
1000 0.2 200 201 
1000 1 1000 171 
100 0.2 20 280 
100 1 100 185 
1000 0.2 200 193 
1000 1 1000 180 
1200 1 1200 166 
1200 1 1200 180 

 

 

Table 5.6. Analysis of variance for anthracene mixing conditions. 

 

 

The analysis of variance method helps examine whether a variable has effect on the 

dependent variable. In our case, we analyze three factors—the injection rate and stir rate 

as two main factors, and injection rate * stir rate as the interaction of these two variables 
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to study the combined effect. The Prob >F column represents the probability that a factor 

does not have any effect on the output. Therefore, a smaller number indicates the particular 

factor has more effect on the dependent variable. In the table, we can see all three factors 

have a Prob >F value that is very small (close to zero), which implies that both stir rate and 

injection rate have significant effect on the final particle size, and that the effect of stir rate 

is also dependent on the level of the injection rate and vice versa. The injection rate has 

slightly greater effect on the particle size than the stir rate, due to a smaller value of Prob>F 

than that of the stir rate.  

In addition, we have also done a linear regression analysis on the mixing conditions with 

STATA. We also consider the contribution from three variables: the injection rate Ri, the 

stir rate Rs and the interaction between these two factors, which is represented as the 

product of the injection rate and stir rate, Ri*Rs. The result is shown as below:  

 

Table 5.7. Linear regression analysis for the anthracene mixing conditions. 
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Based on the three coefficients provided in the table, we have the linear expression for 

particle size as a function of the stir rate, injection rate and the product of them: 

 

Rh= -124.2749Ri – 0.1145934Rs + 0.0979672Ri*Rs + 316.855                                   (94) 

 

Meanwhile, the two trial tests for each mixing condition both give particle sizes that are 

close (with a percentage error of +- 4%), which suggests that the experiments are 

controllable and reproducible. The polydispersity index in all conditions are within the 

range of 0.19-0.25, with one exception of 0.05 at the low injection rate and low stir rate 

condition. This indicates that the mixing conditions have a significant effect on the 

nanoparticle size, but not on the size distribution.  

    From the previous discussion, we know that a higher injection rate and a higher stir rate 

will result in a more complete mixing and shorter mixing time, with a more homogeneous 

and maximum supersaturation possible, and thus smaller particle sizes. In fact, we have 

run experiments at a fixed maximum injection speed (1ml/s) that can be achieved by the 

syringe pump while varying the stir rate at 100 rpm, 500 rpm, 1000 rpm and 1200 rpm. 

The result shows a gradual particle size decrease from 100 rpm to 1200 rpm. 
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Figure 5.8. Nanoparticle size vs stir rate at maximum injection speed of 1 ml/s. 

 

In this case, at an injection speed of 1 ml/s and high stir rate regions (1000 rpm and above), 

the dependence of particle size on the stir rate is not as large as that at lower stir rates. In 

addition, the difference in particle size at a stir rate of 1000 rpm and 1200 rpm and an 

injection rate of 1 ml/s is only 2nm (175nm and 173nm), which suggests that the particle 

size produced at these two conditions are almost the same. This further verifies that the 

mixing condition at an injection rate of 1 ml/s and a stir rate of 1000 rpm has already 

ensures a complete and homogeneous mixing that dominates the particle formation process. 

Therefore, we choose this mixing condition as the one that produces the optimum result 

and use it for future studies on the concentration and solvent volume fraction dependence 

on nanoparticle formation.  
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5.2.5 Reynolds Number  

In fact, the Reynolds number of the stream being injected into the non-solvent can be 

calculated theoretically according to the experimental data. In our experiment, with a 

needle diameter of 0.413mm, an injection rate of 1 ml/s and a viscosity close to that of 

acetone (most of the sample solution can be considered as acetone), the Reynolds number 

is calculated as 7750. For a typical flow in pipe, a Reynolds number greater than 4000 

yields a turbulent flow. Moreover, when the solute is injected into the non-solvent, a 

magnetic stir bar stirs to facilitate the mixing. The Reynolds number of the stirred vial 

can also be calculated according to the stir rate and diameter of the magnetic stir bar. In 

our case, the Reynolds number after calculation is 2.62 * 10² while a Reynolds number 

greater than 10000 is considered fully turbulent in this case. This is also the reason why 

different needle positions do not affect the mixing and particle growth as long as the 

injection rate and stir rate are kept at the maximum—when the injection rate and stir rate 

are remained at the maximum, the mixing flow is fully turbulent, the mixing no longer 

depends on where the injection happens when the two streams meet.  
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5.3 Mixing Conditions and Their Effect on Particle Formation and Growth for Polystyrene 

As discussed in earlier chapters, nanoprecipitation method is a complicated process in 

which the mixing of the solvent and the particle formation take place simultaneously. 

Mixing process is critical in nanoprecipitation and can lead to distinct results in 

nanoparticle size and size distribution depending on the macro mixing and molecular scale 

mixing process that is mainly controlled by the diffusion of small molecules or polymers. 

Therefore, a stable mixing system that can form nanoparticles with reproducible and 

reliable results is essential for all other experiments regarding varying different factors in 

nanoprecipitation method. In this chapter, we will study the mixing conditions and their 

effect on the particle formation and size for polymers. The same mixing system that was 

used for anthracene mixing process is used here. Due to the dramatic difference in diffusion 

coefficients between anthracene and polystyrene, the investigation on mixing conditions 

for polystyrene including the injection rate, stir rate and needle positions need to be carried 

out once again.  

 

5.3.1 Mixing System and Experimental Setup 

Base on the previous discussion on the mixing conditions for anthracene nanoparticles, we 

study the mixing conditions for polystyrene samples with the same mixing system and 

methodology. The sample solution (polystyrene in Tetrahydrofuran (THF)) and non-

solvent (water in our experiment) are separately loaded by two syringe pumps and injected 

through two syringe needles into a small beaker with a total volume of 5ml at a certain 

solvent/non-solvent ratio; a magnetic stir bar is stirring vigorously as the two fluids mix to 

facilitate homogeneous and complete mixing. Similar as the study on anthracene 
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nanoparticles, several parameters in the mixing system are varied in order to study the 

effect of mixing conditions on final particle size. Flow rate is adjustable within the range 

of 0.004ml/s to 1ml/s for a syringe with a total volume of 1ml. Different injection needle 

positions are also taken into consideration. Besides, different stir rate of the magnetic stir 

bar and the position of the stir bar with respect to the injection position are precisely 

controlled by the magnetic plate underneath.  

  

5.3.2 Mixing Conditions—Injection Needle Positions 

Similar as the experiments for anthracene, on the one hand, the velocity of the sample 

fluid before it reaches the non-solvent fluid might strongly depend on the height of the 

injection needle. Thus, different needle position heights are selected and particle size will 

be measured and compared at those positions. On the other hand, the position of the 

injection with respect to the position of the magnetic stir bar might also lead to difference 

in the mixing process. The velocity of the sample fluid will be different when it is 

injected right above the magnetic stir bar and on the side of the stir bar since the linear 

velocity is determined by the stirring radius when the stir rate remains constant. 

    Based on the reasons stated above, we focused on 11 different mixing positions and 

measured the time-dependent particle size and size distribution while keeping other 

conditions the same, as shown in the figures below: 
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Figure 5.9.  Schematic diagram for 11 different needle positions. 

 

1) Position 1, 2 and 3 

For position 1, the injection needle is fixed at the center of the beaker and right underneath 

the non-solvent solution (1.2 cm above the magnetic platform) (Fig. 5.9, position 1). For 

position 2, the injection needle is at a distance of 1.1cm away to the left of the center of the 

beaker and at the same height underneath the non-solvent solution (Fig. 5.9, position 2). 

For position 3, the injection needle is at a distance of 0.75 cm away to the right of the center 

of the beaker and at the same height underneath the non-solvent solution (Fig. 5.9, position 

3). The magnetic bar is at the center of the beaker bottom in all three cases.  

2) Position 4 and 5 

For position 4, the injection needle is fixed at the center of the beaker and at a certain height 

(6.3cm from the magnetic platform) above the non-solvent solution (Fig. 5.9, position 4).  

For position 5, the injection needle is at a distance of 1.1cm away to the left of the center 
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of the beaker and at the same height above the non-solvent solution (Fig. 5.9, position 5). 

The magnetic bar is at the center of the beaker bottom in all three cases. 

 3) Position 6 and 7 

For position 6, the injection needle is fixed at the center of the beaker and at a certain height 

(0.7cm from the magnetic platform) right above the bottom of the non-solvent solution 

(Fig. 5.9, position 6).  For position 7, the injection needle is fixed at a distance of 0.75 cm 

away to the left of the beaker and at the same height above the bottom of the non-solvent 

solution (Fig. 5.9, position 7).  The magnetic bar is at the center of the beaker bottom for 

all three cases. 

4) Position 8 and 9 

For position 8, the injection needle is fixed at the center of the beaker and at a certain height 

(0.9 cm above the magnetic platform) right above the bottom of the non-solvent solution 

(Fig. 5.9, position 8). For position 9, the injection needle is fixed at a distance of 0.75cm 

away to the left of the beaker and at a certain height (0.9 cm above the magnetic platform) 

right above the bottom of the non-solvent solution (Fig. 5.9, position 9). The magnetic bar 

is at the center of the beaker bottom for all three cases. 

5) Position 10 and 11 

For position 10, the injection needle is fixed at the center of the beaker and at a certain 

height (1.8 cm above the magnetic platform) right above the non-solvent solution (Fig.5.9, 

position 10). For position 11, the injection needle is fixed at a distance of 0.75cm away to 

the center of the beaker on the left and at the same height above the solution (Fig.5.9, 

position 11).                                                                
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The polystyrene sample we use in these experiments has a molecular weight of 151,500 

g/mol. The concentration of the sample is 0.5 mg/ml. The solvent/non-solvent ratio is kept 

as a constant of 1:9. Time-dependent particle size and size distribution at each needle 

position is measured by DLS (dynamic light scattering). At least two repeat experiments 

are done at each position to ensure the reliability and reproducibility of the experiments. 

The result is shown in the table below (the particle size is the average of the two 

experimental results for each position):  

 

Table 5.8. Needle positions and corresponding particle size for polystyrene 

        

From the table above, we can see that among the 11 results, the particle size does not vary 

to a large extend.  The average particle size is (125.1nm +- 12.5nm). The standard deviation 

is within 10% of the average value.  This indicates that the final particle size after 30min 

of the nanoprecipitation does not show a big difference at different needle positions and 

heights while the stir rate and injection rate are kept constant (injection rate = 1ml/s, stir 

rate= 500 rpm). The particle size does not show a strong dependence on whether the 

injection needle is in the solution or above the solution and whether it is injected at the 

center or the edge of the magnetic stir bar, which could lead to distinct results due to the 

different Reynolds number and different stirring radius. This might suggest that the mixing 

process under these conditions is already complete. The combination of the injection rate 

and stir rate we choose in the experiments makes the mixing process fast and turbulent 

enough to overwhelm the nucleation process. The time required for micro mixing between 

Position 1 2 3 4 5 6 7 8 9 10 11 
Particle 
size (nm) 

119 141 117 127 127 145 135 131 119 110 105 



	 152	

the solvent, solute and non-solvent that is dominant by molecular diffusion is faster than 

the particle formation time required for polystyrene molecules.  This conclusion ensures 

the stability and reproducibility of our experiments. As done previously, we will also be 

discussing the factors of stir rate, injection rate and mixing time scale in the chapters 

followed. For convenience, we choose position 10 as the optimum needle position in the 

future experiments.  

 

5.3.3 Mixing Conditions—Stir Rate and Injection Rate for Polystyrene Samples With 

Different Molecular Weights 

 
In our experiment, we focus on the effect of stir rate and injection rate on the mixing 

conditions and thus particle formation as well as the final particle size. Here, “final particle 

size “indicates the particle size at 30mins after nanoprecipitation, which is already quite 

stable and can be considered as a constant. We are using Hamilton 500 Series syringe pump 

in the lab. The lowest injection rate can be obtained is 0.2ml/s, while the highest injection 

rate is 1ml/s. The magnetic stir plate we use has an operating range of 0 rpm to 1200 rpms. 

To avoid extreme values, we choose 100rpm as the low setting and 1000 rpm as the high 

setting for factor stir rate. Thus we have the DOE matrix for factor “stir rate” and factor 

“injection rate”: 

Table 5.9. DOE experimental design for the mixing conditions of polystyrene. 

Trials Stir rate Injection rate 
1 -1 (100) -1 (0.2) 
2 -1 (100) +1 (1) 
3 +1 (1000) -1 (0.2) 
4 +1(1000) +1 (1) 
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In the bracket shows the actual values of each level of the factor. Each combination of the 

settings is replicated twice so that we can get an average value and get some idea of the 

dispersion of the data at that setting. The orders of the trials should be randomized as much 

as possible to avoid any extraneous factors possibly affecting the results. We run the 

experiments according to the random order in the table above. As discussed before, we 

prepare samples using polystyrene with different molecular weights while keeping the 

initial solute concentration and the solvent/water ratio constant.  

 
5.3.3.1 Polystyrene With Molecular Weight of 151,500g/mol 

The initial solute concentration is 0.5mg/ml. Sample at this concentration is not too diluted 

to make it hard to observe nanoparticles in DLS and not so concentrated that multiple 

scattering might occur and ruin the result. The solvent/non-solvent ratio is kept at 1:9. The 

experimental setup is shown in Fig. 5.4 and the needle position is fixed at position10 

(Fig.5.9, position 10). DLS is used as the characterization of particle size and size 

distribution. The nanoparticle sample is transferred into a cuvette right after the injection 

and measured in DLS. The duration of the measurement is 30mins. The hydrodynamic 

particle size is measured every 35s. Here is a plot showing the polystyrene nanoparticle 

size growth curve (particle size versus time) for 30mins after the mixing: 
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Figure 5.10. Nanoparticle growth over time for polystyrene. 

 
From the plot, we can see that the particle size grows to 108nm after 3-5 seconds of the 

nanoprecipitation, increases to 125nm after 1000 seconds, and then remains stable and 

relatively constant with small fluctuations around 125nm, which could be considered as 

the “final” particle size after 30mins of measurement. Polystyrene nanoparticle samples 

formed at different conditions all follow similar particle growth curve, with different actual 

values of size: the size keeps increasing at the first few minutes, followed by a plateau 

which indicates a constant particle size after the relatively steep growth in the first few 

minutes.  

The result of all eight trials at different setting combinations is shown in the table below:                                                                                                                                                  

Table 5.10. Particle size at different mixing conditions for polystyrene with a molecular weight of 151,500 
g/mol.    
                                                                                                                                          
Stir rate 
(-1: 100rmp; +1:1000rpm) 

Injection rate 
(-1: 0.2 ml/s; +1: 1ml/s) 

Particle size (nm) 
Trial 1 Trial 2 

-1 -1 184 188 
-1 +1 121 118 
+1 -1 135 125 
+1 +1 108 106 
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According to the table, the particle size at stir rate of 100rpm and injection rate of 1ml/s 

gives an average of 119.5nm; a stir rate of 1000rpm and injection rate of 0.2ml/s gives an 

average particle size of 130nm; while at stir rate of 1000rpm and injection rate of 1ml/s, 

the particles size has a much lower value of 107nm; when it comes to the setting of stir rate 

of 100rpm and injection rate of 0.2ml/s, the particle size has a tremendous increase to an 

average of 186nm, compared to the other three scenarios. This indicates that there is some 

dependence of particle size on the stir rate and the injection rate. A higher stir rate 

(1000rpm) results in a smaller particle size (135nm compared to 184nm at 0.2ml/s; 108nm 

compared to 121nm at 1ml/s) when the injection rate is the same; similarly, a higher 

injection rate gives a smaller particle size at the same stir rate (121nm compared to 184nm 

at 100rpm; 108nm compared to 135nm at 1000rpm). A high stir rate and a high injection 

rate both give a higher Reynolds number and generate more mixing energy in the mixing 

process, which make it more chaotic and turbulent than the case of a lower stir rate or 

injection rate. Thus, the time required for the micro mixing of the solute, solvent and water 

is decreased. The mixing process is more homogeneous and effective, resulting in a 

decrease in nanoparticle size. When the injection rate and stir rate are both set to high level 

(injection rate at 1ml/s, stir rate at 1000rpm), the mixing is fully turbulent and 

homogeneous and the particle size no longer depends on the increase of the injection rate 
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or the stir rate. As shown in Fig.5.11, the nanoparticles formed at different stir rates 

(100rpm to 1000rpm) and same injection rate of 1ml/s are measured. There is no strong 

dependence of stir rate on the radius: particle size varies from 104nm to 117nm. In 

particular, when the stir rate goes up to 600rpm and above, the particle size is no longer 

sensitive to the increase of the stir rate and the radius almost keeps constant at around 

108nm. This indicates that the mixing is fully homogeneous and turbulent at those 

conditions and the nanoparticle size does not depend on Reynolds number or other mixing 

conditions any longer.  

 

Figure 5.11. Particle size versus stir rate at an injection rate of 1 ml/s. 

 

In nanoprecipitation method, the mixing process of the solvents and the formation of 

nanoparticles happen simultaneously. When the homogeneous mixing time is shorter than 

the time required for particle formation of the solute, a homogeneous micro mixing 
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happens before the formation and growth of polystyrene starts. A homogeneously mixed 

solvent and non-solvent allow the system to achieve a homogeneous and maximum 

supersaturation possible. A higher supersaturation gives a higher nucleation rate and result 

in more available nuclei, which leads to smaller nanoparticle sizes and a narrower size 

distribution. On the contrary, at low stir rate and injection rate, the mixing is less 

homogeneous and chaotic. The solute, solvent and non-solvent are not well mixed, and the 

local supersaturation in the system is not homogeneous and sufficient. Therefore, fewer 

nuclei are formed and a larger particle size with broader size distribution is obtained. This 

explains the dependence of stir rate/injection rate on the final particle size (Fig. 5.12): 

 

Figure 5.12. Particle size versus injection rate at different stir rate levels. 

 

Mixing efficiency: We are looking for some expression in which the particle size could be 

expressed as the linear combination of the stir rate, the injection rate and the product of stir 

rate and injection rate. Therefore, we will be able to represent the effect of stir rate, 

injection rate and the interaction of them on the final particle size and predict the particle 
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size dependence under different mixing conditions. We also try to come up with a factor 

similar as the Reynolds number or Damköhler number that represents the mixing efficiency 

based on the results: a high mixing efficiency number indicates a more turbulent and better-

mixed system which leads to smaller particle size and narrower size distribution; while a 

low mixing efficiency number denotes a poorer mixed system and thus larger particle size 

and broader size distribution.  

STATA statistical software is used as the tool for linear combination analysis. The result 

is shown below in the table: 

Table 5.11. Linear regression analysis for the mixing conditions for polystyrene sample with Mw of 
151,500 g/mol. 

 

 

From the table above, the nanoparticle radius is given by: 

Rh=-0.073Rs - 85.84Ri + 0.060Rs*Ri + 206.09                                                               (95) 

In which Rs represents the stir rate and Ri denotes the injection rate. Rh indicates the 

hydrodynamic particle radius measured by DLS. The plot below is the fitted radius value 

by the expression compared with the experimental radius. 

. 

                                                                                               
                        _cons     206.0873   7.437246    27.71   0.000     186.9693    225.2054
interactionstirrateinjectionr     .0596933   .0150293     3.97   0.011     .0210593    .0983274
                injectionrate    -85.83926   10.54977    -8.14   0.000    -112.9583   -58.72022
                     stirrate    -.0734429   .0108322    -6.78   0.001    -.1012879   -.0455978
                                                                                               
                       radius        Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval]
                                                                                               

       Total    7363.55556     8  920.444444           Root MSE      =  7.6539
                                                       Adj R-squared =  0.9364
    Residual    292.914456     5  58.5828913           R-squared     =  0.9602
       Model     7070.6411     3  2356.88037           Prob > F      =  0.0006
                                                       F(  3,     5) =   40.23
      Source         SS       df       MS              Number of obs =       9
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Figure 5.13 Comparison between the fitted radius and experimental radius. 

 

From the plot, we can see that the deviation between the experimental value and the fitted 

value is within 10% error, which implies that the linear fitting model is suitable for the 

system and predicts the particle size within an acceptable range. 

 

5.3.3.2 Polystyrene With Molecular Weight of 1,571,000g/mol 

All the conditions are the same except the molecular weight of the polystyrene sample.  

The result is shown in the table below: 

 

Table 5.12. Mixing conditions and results for polystyrene with a molecular weight of 1,571,000 g/mol. 

Stir rate 
(-1: 100rmp; +1:1000rpm) 

Injection rate 
(-1: 0.2 ml/s; +1: 1ml/s) 

Particle size (nm) 
Trial 1 Trial 2 

-1 -1 173 180 
-1 +1 112 114 
+1 -1 119 121 
+1 +1 98 94 
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Similarly, we do a linear fitting to the particle size with three variables: the stir rate, 

injection rate and the product of stir rate and injection rate. The radius can be expressed as 

following: 

Rh=-0.072Rs – 79.81Ri + 0.053Rs*Ri + 193.72                                                               (96) 

Compared with expression (94), the coefficients are quite similar. The mixing conditions 

almost keep the same and have similar effect on particle size for polystyrene with two 

molecular weights of 10 times difference.  

 

5.3.3.3 Polystyrene With Molecular Weight of 13,100g/mol 

We prepare another sample of polystyrene with a much lower molecular weight. All the 

conditions are kept the same except for the molecular weight of the polystyrene sample. 

We get the result as below: 

 
Table 5.13. Mixing conditions and particle size for polystyrene with a molecular weight of 13,100 g/mol. 

Stir rate 
(-1: 100rmp; +1:1000rpm) 

Injection rate 
(-1: 0.2 ml/s; +1: 1ml/s) 

Particle size (nm) 
Trial 1 Trial 2 

-1 -1 182 180 
-1 +1 112 114 
+1 -1 117 129 
+1 +1 85 87 

 

The linear regression analysis gives: 

Rh=-0.075Rs – 85.41Ri + 0.046Rs*Ri + 199.72                                                               (97) 

Looking at all three expressions together, there is no big difference in all the coefficients 

as the change of molecular weights in polystyrene samples. No hints of clear and obvious 
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trend of the change of coefficients in the linear combination as the molecular weight 

increases/decreases. However, there is some slight decrease in the absolute value of the 

coefficients of Rs and Ri terms as the molecular weight increases. This might indicate that 

the polystyrene nanoparticles are slightly less sensitive to the mixing conditions for sample 

with a higher molecular weight than those with lower molecular weights. Polystyrene with 

a higher molecular weight means the sample molecules are bigger and move slower and 

thus have a smaller diffusion coefficient D.  

 

5.3.4 Discussion on Diffusivity and Mixing Time 

 
From the results obtained in the previous sections, we can see that there is a slight decrease 

in the effect of mixing conditions and flow field as the molecular weight of polystyrene 

goes higher. This could be associated with the different diffusivity of polymer solution 

samples and the relationship of the mixing time and eddy length scale with the diffusivity. 

Since the characteristic mixing time and the nucleation time are comparable with the 

characteristic time for diffusion, molecular diffusion is important in the mixing process. 

Thus, the characteristic mixing time for a turbulent flow can be expressed as the time for 

diffusion： 

 

	𝜏:-;-[i = 𝜏P-!! =
ÛV

ê
                                                                                                      (98) 

 

In which s represents the striation thickness in mixing and D is the diffusion coefficient of 

the molecules/polymers. In a turbulent flow, s can be chosen to be the Kolmogorov length 
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scale 𝜂, which is the smallest eddy size formed in turbulence. Mixing on micro scale is in 

fact the diffusion of molecules/polymers across the Kolmogorov length scale. 𝜂	can further 

be expressed in terms of the kinetic viscosity and the energy dissipation rate of the system: 

	𝜂 = (q
n

∈
)j/²                                                                                                                     (99) 

Here 𝜈	is the kinetic viscosity and ∈ is the energy dissipation rate. In our mixing system, 

the energy dissipation rate is expressed as below: 

∈= ÷
Oµ

                                                                                                                             (100) 

P is the energy input into the system per second; V𝜌 is the amount of mass the energy is 

dissipated with V being the volume and 𝜌  the density. For polymers with different 

molecular weights, the energy input is the same every time as long as the injection rate, 

injection volume and stir rate are the same. The volume of the mixing fluid is the same and 

the density of the mixture is only slightly different. For simplicity, energy dissipation rate 

can be considered a constant number under the same mixing condition (same stir rate and 

injection rate). 

Combining expressions (98), (99) and (100), we have 

	𝜏:-;-[i ∝ ( q
n

∈êV
)j/7 ∝ q

n/V

ê
                     

According to Stokes-Einstein equation, diffusion coefficient D has the expression in terms 

of the kinetic viscosity 𝜈, the density 𝜌 and the hydrodynamic radius R: 

𝐷 =	 @B
klqµÓ

                                                                                                                     (101) 
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Which then gives 

	𝜏:-;-[i ∝ q
n/V

ê
 ∝ 𝜈ü/7𝑅                                                                                                 (102) 

From the expression above, we can see that the characteristic mixing time is dependent on 

the kinetic viscosity and the size of the solute polymers. Polymer samples with higher 

molecular weights have a bigger kinetic viscosity and size and thus lead to a greater mixing 

time. In this case, even if the mixing condition is adjusted to the optimum, the mixing time 

is still limited by the intrinsic character of the polymer samples. The mixing time is not 

dramatically improved by changing the injection rate and stir rate to the same extend, or 

the energy increase input into the system by improving the mixing conditions is not enough 

compared to the viscosity and does not change the mixing time pronouncedly.  Therefore, 

the resulting particle size is less sensitive to the change of mixing conditions. 

     Based on the experimental results from the three polystyrene samples with molecular 

weights of orders of magnitudes’ difference, we want to find some factor composed of the 

injection rate and stir rate, which is able to indicate the mixing condition and mixing 

efficiency. We find that the product of stir rate and injection rate P= Rs*Ri has some 

correlation with the final particle size: when P has a value of 1000 or above, the mixing is 

turbulent and efficient, which then leads to a smaller particle size and narrower size 

distribution. This has something to do with the energy input into the system when mixing 

happens. 
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5.4 Comparison of mixing and nanoprecipitation for small molecules and polymers 

 
5.4.1 Experimental Overview 

In previous sections, we investigated on the mixing conditions and particle formation in 

aqueous phase by nanoprecipitation for small molecules and polymers separately. It is 

observed that the mixing process involved in nanoprecipitation plays a critical role in the 

particle formation and particle size. Therefore, molecular diffusion, which is determined 

by the diffusion coefficient and concentration gradient, greatly affect the mixing process. 

The diffusion coefficient for small molecules and polymers are quite different, due to their 

variance in size and molecular weight. For small molecules as the solute, the diffusion 

coefficient for solute molecules are similar compared to the solvent molecules (organic 

solvent) and non-solvent molecules (water), both of which are small molecules. In contrast, 

for polymers as the solute, the diffusion coefficient of the solute molecules is much greater 

than that of the solvent molecules and non-solvent molecules. Therefore, the time scale for 

mixing of the solvent and non-solvent is on a much faster time scale than the diffusion of 

the polymer molecules. As a result, exchanging the order of injection in nanoprecipitation 

(sample to non-solvent or non-solvent to sample) might make a difference in mixing and 

thus particle formation for polymers, while it might not make a significant difference in 

small molecules as the solute.  In this chapter, we will study the factor of injection order in 

nanoprecipitation for small molecules and polymers and compare the result.  
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5.4.2 Experimental Procedure and Results 

 
In the experiments, we swap the injection order when doing nanoprecipitation at various 

solvent/non-solvent ratios for both small molecules and polymers. The samples we choose 

are the same as before--anthracene and polystyrene. For anthracene/acetone sample, the 

concentration is c= 0.15 mg/ml. Mixtures with different solvent/non-solvent ratios of 1:9, 

1:5 and 1:1 are investigated so that we can also see the difference at different quench depths. 

The mixing is achieved by rapidly injecting the sample solution into the non-solvent 

manually with a syringe while the injection time is controlled roughly the same and as fast 

as possible. 

 

5.4.2.1 Anthracene Nanoparticles Produced by Exchanging the Injection Order 

 
For anthracene/acetone sample, the concentration is c= 0.15 mg/ml. Mixtures with different 

solvent/non-solvent ratios of 1:9, 1:5 and 1:1 are investigated so that we can also see the 

difference at different quench depths. The mixing is achieved by rapidly injecting the 

sample solution into the non-solvent manually with a syringe while the injection time is 

controlled roughly the same and as fast as possible. The time-dependent particle size is 

measured with dynamic light scattering for 30 minutes after injection. The results are 

discussed below:  
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1) Sample /non-solvent ratio of 1:9 

The time dependent plot of radius is shown below in Fig. 5.14: 

 

 

Figure 5.14. Growth of nanoparticles prepared by switching the injection order at a solvent/non-solvent 
ratio of 1 to 9. 

 

In the plot, the blue dotted line Rh (1:9) represents the nanoparticle solution of injecting 

anthracene/acetone sample into water with a ratio of 1 to 9; the red dots Rh (9:1) represents 

the solution of injecting water into the sample. From the plot, we can clearly see that most 

of the data points overlap for the two curves, which indicates that the two experiments give 

very similar results. Both samples start off at 150-170nm and grow to around 220nm after 

30 minutes of mixing, although the samples prepared by injecting the solute into the non-

solvent yields slightly smaller size than the sample prepared by injecting the non-solvent 

into the solute.  
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2) Sample/non-solvent ratio of 1:5 and 1:1 

Now we repeat the experiment at a lower solvent/non-solvent ratio of 1 to 5 and 1 to 1. All 

the other conditions are kept the same. The particle growth curves are plotted in Fig. 5.15 

and Fig. 5.16 below:  

 

 

Figure 5.15. Nanoparticle growth by switching the injection order at a solvent/non-solvent ratio of 1 to 5. 

 

 

Figure 5.16. Particle growth by switching the injection order at a solvent/non-solvent ratio of 1 to 1. 
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In the graphs, the blue line indicates nanoparticles produced by injecting the 

anthracene/acetone sample into the water.  The red line represents the solution produced 

by adding water into the anthracene sample. From the two plots above, we can see that at 

both solvent/non-solvent ratios, the particle sizes give similar results again when 

exchanging the order of injection in nanoprecipitation. In particular, for the ratio of 1 to 5, 

the two radii plots do not agree as much as the one with a ratio of 1 to 9, but still have 

similar growth curve and values of particle sizes. While for the ratio of 1 to 1, the particles 

grow to very big in size (600nm) later on and the PDI is very high, but the two growth 

curves overlap to a large extent. Nevertheless, anthracene nanoparticles formed by two 

procedures of switching the injection order for all three supersaturations do not have much 

difference in size or growth curves. We do not see an obvious change in the particle growth 

when changing the injection order.  

 

5.4.2.2 Polystyrene Nanoparticles Produced by Exchanging the Injection Order 

 
In comparison with anthracene, we also repeat the experiment for the sample of polystyrene, 

which has a molecular weight much higher than that of small molecules. The diffusion 

coefficient is much smaller in this case. We are interested in the effect of a lower diffusion 

coefficient when switching the order of injection in nanoprecipitation. In experiments, the 

molecular weight of the polystyrene is 4000-5000 g/mol, the concentration of polystyrene 

is 1mg/ml. Again, the mixing is achieved with a manually controlled syringe and the 

injection rate is roughly kept identical each time. Nanoparticle sizes by exchanging the 

injection order are investigated. The time-dependent particle sizes are measured for 30 min 

using DLS right after the mixing. The results are as below-- the blue line represents the 
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solution of injecting polystyrene/THF into water; the red line indicates the solution 

produced by injecting water into PS/THF, as shown in Fig. 5.17, 5.18 and 5.19: 

 

1) Solvent/non-solvent ratio of 1 to 9 

 

 

Figure 5.17. Polystyrene nanoparticle formation by exchanging the injection order at a solvent/non-solvent 
ratio of 1 to 9. 

 

In Fig. 5.17, the nanoparticles prepared by injecting polystyrene into water (blue) has a 

particle size of 90nm right after injection and keeps relatively stable at 110nm afterwards. 

However, the sample prepared by injecting water into polystyrene/THF solution (red) gives 

a particle size of 164nm after injection and grows to 190nm after 30minutes. A huge 

difference in particle sized is observed during this process, although the trend of growth 

curves looks similar—initially a steeper growth curve is followed with a plateau at later 

stages.  
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2) Solvent/non-solvent ratio of 1 to 5 

 

 

Figure 5.18. Nanoparticle formation by exchanging the injection order at a solvent/non-solvent ratio of 1 to 
5. 

 

At a solvent/non-solvent ratio of 1 to 5, we also see two distinct growth curves. When 

adding the solute into non-solvent, we obtain nanoparticles with a size of 144nm and grow 

to 200nm after half an hour; when injecting water into the solute solution, nanoparticles 

with a size of 193nm at first and final particle size of 240nm at the end of the measurement 

is obtained. At this condition, swapping the injection order again leads to distinctive 

particle sizes but similar growth curves. However, the difference in size between the two 

procedures is smaller than that for the ratio of 1 to 9.  
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3) Solvent/non-solvent ratio of 1 to 1 

 

 

Figure 5.19. Polystyrene nanoparticle growth by switching the injection order at a solvent/non-solvent ratio 
of 1 to 1. 

 

For a lower supersaturation of 1 to 1, exchanging the injection order leads to discrepancy 

in particle size again: the sample prepared by adding polystyrene/THF solution into water 

gives a particle size of 220nm at first and then the nanoparticles grow to roughly 554nm 

after 30 minutes of measurement. In contrast, for the nanoparticles produced by injecting 

water directly into polystyrene solution at a ratio of 1 to 1, the resulting particle size starts 

at 235nm, which is close to the previous procedure, but then goes up to around 700nm at 

the end of the measurement.  

    From the plots at three different solvent/non-solvent ratios, we can see that for 

polystyrene, the sizes of nanoparticles produced by injecting the non-solvent into the solute 

solution is always greater than the nanoparticle size produced by injecting the solute into 

the non-solvent. This is quite different from the conclusion we got previously for the 

anthracene samples, for which we do not see any substantial difference by exchanging the 
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injection order. This could be due to the different diffusion coefficient of anthracene and 

polystyrene. For anthracene, the diffusion coefficient of the solute, solvent and non-solvent 

molecules are similar, so when we change the injection order, the micro mixing is still 

controlled by the inter diffusion of the three species, which makes no difference when 

changing the way we inject the sample and non-solvent; however, for polystyrene sample, 

the diffusion coefficient of solute molecules is much smaller than the surrounding solvent 

and non-solvent molecules, indicating that the polymer molecules move much slower than 

the solvent and non-solvent molecules. In this case, the micro mixing process is dominated 

by the polystyrene molecules, so the time scale for mixing is different when injecting the 

solute into the non-solvent and injecting the non-solvent into the well-dispersed solute 

solution. Therefore, we see a divergence in particle size when swapping the injection order. 

This further implies the critical role that mixing process plays in nanoprecipitation. In fact, 

the diffusion coefficient of anthracene in acetonitrile and at room temperature is on the 

order of 10-5 /cm2s-1,103 while the diffusion coefficient of polystyrene with a molecular 

weight of 179,000 g/mol in THF at room temperature is on the order of 10-7 /cm2s-1,104 

which is of orders of magnitudes smaller in comparison with the diffusion coefficient of 

anthracene molecules.  

    In summary, we investigated the mixing process and various mixing conditions during 

nanoprecipitation for both small molecules and polymers, and compared the results and 

differences in mixing conditions for them. The result shows that mixing process is critical 

in nanoprecipitation and particle formation, and also affects the later on growth process, 

while diffusion coefficient and how turbulent the fluid flows are mixed are the key factors 

in achieving a complete and rapid mixing.  

 



	 173	

CHAPTER 6 

PARTICLE FORMATION AND GROWTH AT EARLY TIMES IN 

NANOPRECIPITATION 

 

 

Previously, we studied on the mixing process and optimum conditions to obtain a rapid 

mixing, which is essential in nanoprecipitation and nanoparticle formation. In the next two 

chapters, we will discuss on the particle formation and growth at early times right after the 

homogeneous mixing, which is, immediately after the sudden quench, for both anthracene 

and polystyrene. These information is usually difficult to retrieve due to the short time 

scale that particle formation happens compared to the characterization methods. For 

anthracene, we observe the particle formation with a spectrally selective imaging system. 

With the magnification of the lens, we are only able to see large particles in solution. But 

these observations and images can help identify regions of space where particles are 

forming. An estimated calculation of particle formation time scale is performed according 

to the images. For polystyrene, we observe the early stage particle formation using static 

light scattering, which is able to take measurement with a data collection interval that is 

comparable with the particle formation time scale.  
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6.1 Imaging the Nanoparticle Formation Process for Anthracene Nanoparticles 

 
6.1.1 Observing the Particle Formation Process at Different Initial Concentrations 

After looking at the mixing process during nanoprecipitation, we will be making 

observations of the anthracene nanoparticle formation and growth. The nanoprecipitation 

is carried out by the automatic syringe pump with an injection rate of 1ml/s at its maximum. 

The process is observed with the same imaging system for observing the mixing process 

except that a filter is added into the system so that only nanoparticles absorb strongly at the 

wavelength that is selected by the filter. The filter is picked carefully according to the 

absorption spectrum of anthracene nanoparticles and anthracene molecules. With this 

spectrally selective imaging system, anthracene nanoparticles will be differentiated from 

the molecules. The experimental setup and absorption spectrum are shown below in Fig. 

6.1:  
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Figure 6.1. Top: Experimental setup for the imaging system to observe the anthracene nanoparticles. 
Bottom: Absorption spectrum of anthracene nanoparticles and molecules. 

 

The sample concentration is varied so that the optimum concentration for observation can 

be found. There will be a rapid formation of dense nanoparticles for a sample that has a 

very high concentration and so the observation of particle formation and growth will be 

difficult due to the fast emergence of large population of nanoparticles. On the contrary, 

for a sample that is too diluted, the supersaturation is barely achieved and does not reach 

the threshold of either nucleation or spinodal decomposition and therefore nothing will 

happen after the injection, or the nanoparticles are formed but the density is so sparse that 

they do not grow to big enough size to be observed by the imaging system. As a result, we 

choose anthracene samples at four different initial concentrations of 0.15 mg/ml, 0.11 
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mg/ml, 0.09 mg/ml and 0.07 mg/ml. The two images below show the nanoparticle 

formation for anthracene sample with a concentration of 0.11 mg/ml before the injection 

and 6 s after the injection:   

                                            

                   

                   

Figure 6.2. Images for the formation process of anthracene nanoparticles. 

 

In Fig. 6.2, the pink triangle on the right side of the image is the needle tip. The pink color 

is due to the filter we add in front of the camera. The image on top is the system before 

injection when the needle is in distilled water; the bottom image shows the mixed solution 
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at 6 s after the injection. By comparing the two images, we can apparently see the difference: 

the regions of left side and right bottom corner of the second image turn pink. If we look 

at those regions more carefully, there appear some light pink lines and tiny spots. These 

are the anthracene nanoparticles formed by nanoprecipitation. The darker the region, the 

denser the nanoparticles are. The big pink dots appearing in both images are stains or dust 

on the cuvette because there is almost no change for these dots before and after the injection. 

For this sample, the formation of nanoparticles is clearly observed. However, the process 

happens extremely fast and leads to high concentration of nanoparticles with a high growth 

rate and yields a bigger size. This fast and chaotic process increases the difficulty of 

observing nanoparticle growth process, especially the initial stages. Similar result is also 

found for the samples with a concentration of 0.15 mg/ml.  

    Therefore, the samples with concentrations of 0.15 mg/ml and 0.11 mg/ml are too 

concentrated for our imaging system and observations. We then reduce the sample 

concentration to 0.09 mg/ml. The injection rate remains at 1 ml/s. We start recording the 

process before the injection and continue for 2 minutes. The results are shown in the images 

below in Fig. 6.3:  
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                                                                                       (a) 

         

                                                                                     (b) 
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                                                                     (c)                                                                                              

                     

         

                                                                                      (d) 

Figure 6.3(a)-(d). Images for anthracene particles produced by nanoprecipitation with a solute 
concentration of 0.09 mg/ml. 

 
Image 6.3(a) is the system before the injection. The pink speckles are stains or dust on the 

cuvette and does not affect the particle formation process. Figure 6.3(b) shows the image 

of the system at 6 seconds after the injection. Figure 6.3(c) and 6.3(d) represents the 
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solution at 18 seconds and 1 minute after the injection of the sample, respectively. The red 

circle in fig. 6.3(b) indicates the region where pink spots appear after the injection, 

compared to 6.3(a).  This proves the formation of particles at the indicated regions. We can 

also conclude that a more concentrated sample (Fig. 6.2 by anthracene sample with a 

concentration of 0.11 mg/ml) leads to a particle formation process that is more dramatic 

and results in a denser population of nanoparticles in comparison with the sample of 0.09 

mg/ml in Fig. 6.3(b).   

In fig. 6.3(c), at 18 seconds after the injection, the green circle marks a newly formed 

bigger cluster of anthracene nanoparticles that keeps growing in the next few images. The 

size of the bigger particle increases and the color gets dramatically darker in fig. 6.3(d). 

All of these show the growth and aggregation process of anthracene nanoparticles onto an 

existing particle with a bigger size than average. There is also some possibility that this 

“huge” particle is actually an air bubble in the solution due to the mixing process. However, 

by zooming in the image for later stage of growth process at 1 minute, we can see tiny dots 

on the outer shell of the large particle, which suggests that small nanoparticles attach to the 

surface of the large particle and the particle grows to a bigger size. 

 

6.1.2 Estimation of the Particle Formation Time Scale 

 
Coming back to the region marked as the red circle in fig. 6.3(b), we can still see those 

nanoparticles in fig. 6.3(c) and (d), but not significantly grow to bigger size or denser 

population. However, in fig. 6.3(d) which is 1 minute after the injection, we do see that 

there are more pink dots that are bigger and become discrete individual spots, rather than 

the tiny pink spots that are hard to distinguish in 6.3(b). Moreover, the region containing 
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the pink dots expands in area. Those indicates that nanoparticles are growing bigger and 

growing in more regions of the system as the mixing process takes place and more regions 

become supersaturated. The regions that are still in white indicates that no nanoparticles 

are found in these regions. This suggests that the formation of nanoparticles has not 

occurred until reaching the regions where pink spots appear. The time it takes for the 

nanoparticle formation is greater than the time it takes for the anthracene sample to travel 

to the regions in between the needle tip and the region marked in red circle. The earliest 

time that nanoparticles may form is when they arrive in the regions of the red circle. The 

trajectory of the sample injected is shown in the mixing process in fig.5.3(b) and it goes 

from the needle tip to the bottom of the cuvette, which is, from the needle tip on the right 

side of the image to the left side of the image. Then the fluid flow experiences stretching 

and folding, a similar process as shown in fig.5.3 with naphthalene. Therefore, we can 

estimate the time scale of nanoparticle formation by measuring the distance from the needle 

tip to the regions of pink spots where nanoparticles begin to form. The velocity of the fluid 

flow can be calculated according to the injection rate and the inner diameter of the needle. 

The cuvette is mounted together with the camera; the position of the camera can be finely 

adjusted in three dimensions. The distance adjusted can be read off from the scale on the 

nob. In this way, we measure the distance by adjusting the relative position of the needle 

in the cuvette from its initial position to the regions of red circle. The distance between the 

tip of the needle and the region of red circle is noted as l, the nob moved 9 small grids and 

there are 25 grids for 0.125cm. Therefore, we get 

 

 l = 	 "
7ü
∗ 0.125 = 0.045	 𝑐𝑚                                                                                        (103) 
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For a needle with a gauge 22, the inner diameter is 0.413mm. The area of the cross 

section of the needle tip is 

 

A= π𝑅7= 0.134 ∗ 	10�7(𝑐𝑚7)                                                                                      (104) 

 

The injection rate is 1ml/s, which means there is 1ml volume sample travelling per second. 

Thus, the distance that the fluid flow travels per second L, which is actually the speed of 

the fluid flow at the needle tip is is equal to 

 

υ = L = &
'
=

±IEn

Ú
�.j_²∗j�(Vf:V = 7.46	 ∗ 107 f:

Û
= 7.46*

+
	                                              (105) 

 

Therefore, the time it takes for the nanoparticles to travel from the needle tip to the region 

where nanoparticles appear is 

 

t = l/υ = (0.045*10-2 m)/ (7.46 m/s) = 6.03 *10-5 (s)                                                  (106) 

 

This is the ideal condition where the stream does not slow down after being injected into 

the cuvette. In fact, due to the viscosity between the liquid, the fluid flow will not remain 

at the maximum velocity after the injection. The time scale above is only the estimation of 

the minimum time it takes for the fluid flow to reach the specific region. This is also the 

time scale that particle formation can happen at earliest time. Although this number is not 

accurate due to the method for measurement of the distance and definition of the location 
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where nanoparticles form, it still provides a rough time scale for the nanoparticle formation 

process.  

 

6.2 Polystyrene Nanoparticle Formation and Growth at Early Times  

 
6.2.1 Experimental Overview 

As addressed in last section, information on the initial particle formation and growth 

immediately after mixing happens is still lacking. The imaging system only provides an 

estimation of particle formation time scale based on the regions of emergence of the 

nanoparticles. For DLS, the time period required for obtaining a stable and reliable 

autocorrelation function is approximately 20 seconds. Therefore, the information of 

particle formation at early stages cannot be detected with this method. Alternatively, we 

can use static light scattering (SLS) as the characterization method for particle size. As 

introduced previously in chapter 3, SLS measures the scattered light intensity at multiple 

scattering angles. For small particle sizes, the scattered light intensity and scattering angles 

have a linear relationship, in which the slope contains information on the root-mean-square 

radius of the particles. The advantage of SLS to DLS is that it is capable of taking real-

time measurement of the average intensity and the time interval for data collection can be 

manually adjusted. The minimum time interval for data collection is 0.01s, which is at a 

time scale that is comparable with the particle formation time. By incorporating SLS with 

the mixing system that we built up for studying the nanoprecipitation process, we will be 

able to study the particle growth at early times after mixing.  
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6.2.2 Experimental Setup and Methods 

 
The Wyatt technology Dawn Heleos multi-angle light scattering instrument was used in 

our experiments. The nanoparticles produced by the mixing system was directly placed in 

a scintillating vial in the batch mode sample cell of the Wyatt instrument before mixing. 

We started the measurement before the injection of the sample and continued for 30 

minutes after the mixing. Therefore, we are able to measure the particle size through the 

whole process of mixing and particle growth from the beginning. The time interval for data 

collection was set to 0.01s, which means we acquire information of particle size every 

0.01s.  The experimental setup is shown in Fig.6.4 below:  

    

Figure 6.4. Schematic diagram of experimental setup for measurement of anthracene at early stages after 
nanoprecipitation. 

 
As indicated in the figure above, polystyrene in tetrahydrofuran (THF) solution is injected 

into the non-solvent solution by a Hamilton 500 series syringe pump with an injection rate 

of 1 mg/ml. The polystyrene sample had a molecular weight of 151,500 g/mol, in between 
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the higher molecular weight and the lower molecular weight samples that were described 

previously. The nanoparticle solution was placed in the sample cell of Wyatt SLS 

instrument, with a laser of 632nm wavelength as the light source, and 18 photo detectors 

all around the sample cell in the scattering plane to detect the scattered light intensity at 

different angles ranging from 22.5o to 147o. Detector 8 is used in the dynamic light 

scattering so there are 17 detectors for static light scattering. A forward monitor is used to 

detect the transmitted light intensity through the cell and sample—a forward monitor signal 

dropping to zero means there are bubbles or large particles generated in the system. Since 

these will scatter light much more strongly than the nanoparticles. We would not be able 

to obtain any information about the nanoparticles from the scattered light intensity. In 

contrast, a forward monitor intensity greater than zero indicates the system is working well 

and nanoparticles size can be measured. Information on scattering angles and 

corresponding detectors can be found in chapter 3. The angular dependence of scattered 

intensity varies with the particle size and shape, so we are able to retrieve information of 

the particle size from the angular dependent intensity profile, assuming the shape of the 

particles is spherical. The lower limit of particle size that SLS can measure is 

approximately 10nm with a laser wavelength of 632nm, since any particles with a size 

smaller than 10nm can be considered to be isotropic and so do not have any angular 

variance of the intensities.  Below in Figure. 6.5 shows the interior setup of the batch mode 

sample cell for the Wyatt SLS instrument.  
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Figure 6.5 Left: Interior setup for sample cell of Wyatt Static light scattering instrument. Right: A picture of 
the experimental setup while taking the measurement. 

 

    In the figure above, the sample cell is composed of an ambient spacer plate, a ball 

plunger, a batch manifold and a batch vial spacer. The scintillation vial is inserted into the 

batch manifold and the laser goes through the center of the sample vial. Above on the right 

is a picture of the actual experimental setup during the measurement. We can see that the 

sample in the vial is under measurement in SLS.  

As mentioned in chapter 3, a normalization experiment need to be carried out initially to 

make sure the effect of sensitivities and geometry of all detectors at different angles is 

considered. The isotropic scatterer we choose is polyethylene oxide (PEO) with a 

molecular weight of 3000 g/mol. The same solvent as in the actual experiments should be 

used in the normalization, which in our case, is distilled water. The sample concentration 

is kept at 10 mg/ml. After the normalization experiment is performed, we obtain the 

normalization coefficients for all 17 detectors for future use.  
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6.2.3 Experimental Results and Discussions 

 
Polystyrene with a molecular weight of 151,500 g/mol and a concentration of 0.1 mg/ml 

in THF was prepared. The detectors of the Wyatt SLS machine are very sensitive and able 

to measure very diluted samples. If the sample concentration is too high, the scattered 

intensities will exceed the threshold of the detectors and the intensities at all angles will 

appear the same maximum value of 11 volts. No information of angular dependent 

intensities will be revealed in this case. In our experiments, the solvent/nonsolvent ratio in 

nanoprecipitation is kept at 1 to 20 so that the final concentration of the mixture will be 

very diluted and the scattered intensities will not exceed the maximum limit of the detectors. 

We start the measurement before the mixing and run for 10-20 seconds for information on 

the baseline (with only the appearance of water in the vial) and then inject the sample into 

the nonsolvent while the measurement is running and the run continues for 20 minutes after 

the mixing with an interval of 0.027s between each data collection. The scattered intensities 

versus a function of corresponding scattering angles sin2(θ/2) (Guinier plot) are plotted at 

a certain time after the mixing, as shown in Fig. 6.6 below:  
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Figure 6.6. Guinier plot of polystyrene sample with a concentration of 0.1 mg/ml and a solvent/non-solvent 
ratio of 1 to 20. 

 
From the plot, we can see a quasi- linear relationship between the scattered intensity and 

sin2(θ/2). The first few points deviate somewhat from the fitted line. This could be because 

the scattering at small angles is quite strong and is greatly affected by any large particles 

in the system and sometimes also the geometry of the scintillation vial if the vial is not 

manufactured as a perfect smooth round shape. The data is fit to equation (91) in chapter 

3, we are able to retrieve the root-mean-square radius of the particles. The slope of the 

fitted line in figure 6.6 is -0.1953, yielding a nanoparticle size of roughly 40nm. However, 

each Guinier plot only provides size information of one particular moment when the data 

is collected. For a picture of the particle growth over time, we need to create a Guinier plot, 

find the slope and then calculate the particle size at each moment. We repeat the same 

procedure throughout the period of measurement. Therefore, a Matlab code was written for 

routinely finding the slope and radius with a time interval 0.027s for 20 minutes of 
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measurement. The plot below in Fig. 6.7 shows the particle growth over time for 120s after 

injection:   

 
Figure 6.7. Polystyrene particle size vs time for 120s after the injection. 

 

The data points from just before injection until 120s after injection are selected and shown 

in the plot. The blue circles represent the particle size at each moment. Some are arranged 

in a manner of a straight line; this is due to the fact that the time interval for data points is 

very small compared to the time scale of the layout of the plot. The noisy data at the first a 

few seconds is due to the injection and the mixing process. The injection itself takes about 

0.5 s at a maximum injection rate of 1ml/s and a total injection volume of 0.5 ml. During 

this time, the drastic change in the refractive index of the mixture and the bubbles generated 

from the mixing both contribute to the difficulty in obtaining valid data. This explains the 

initial rapid jumps between zeros and unusual high value of 100nm and above. 
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Figure 6.8. Forward monitor signal for the first 15 minutes of measurement. 

 

A forward monitor dropping to zero (Fig.6.8) also confirms the existence of bubbles during 

the injection and mixing. Therefore, we lose information for the first few seconds of 

particle formation. However, as soon as the system reaches its equilibrium, we can observe 

a rapid increase of particle size from 20nm to 40nm. Then the particles remain at around 

40nm with quite a few spikes until the end of the measurement. The fluctuations might 

result from any possible gas that was dissolved in the solution before mixing but comes out 

when the solvent and non-solvent mix. It could also be due to the existence of large 

particles in the system. In order to get rid of the bubbles during injection and mixing and 

get a much cleaner curve at the start, we tried to degas the samples with Helium before 

mixing, which is an inert gas and thus has a very low solubility in most solvents. Both the 

polystyrene sample/THF and distilled water were filtered with a 200nm cutoff filter to 

remove any large particles and then purged with Helium for 10 minutes each to get rid of 
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possible gas dissolved in the solutions. Then the sample was injected into the non-solvent 

with a syringe pump as before and the measurement was taken for 20 minutes with an 

interval of 0.027s. The growth curve for the polystyrene nanoparticles is shown in Fig. 6.9 

below:                    

 

Figure 6.9. Polystyrene nanoparticle growth after degasing for 120s after the injection. 

 

From the plot above, we still see fluctuations at the initial stages when injection and mixing 

take place, but the spikes at later stages of particle growth disappear, as compared to Figure 

6.7. Similarly, the particles have a rapid growth at the very early stage after mixing to about 

40nm, during which process we are missing some information due to the change of 

refractive index and bubbles generated from the mixing. But we can observe a particle size 

of 20nm or even smaller during the late period of mixing process, although the smaller 

sizes(<=10nm) are not quite reliable because anything smaller than 10nm is not detectable 

by SLS. These data points are generated solely by the way the fitting works and are not 
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necessarily meaningful. Nevertheless, we do observe an increase of particle size from 

25~30nm to 40nm in a very short time at the early stages. Afterwards, the particle size 

remains at 40nm with only slight fluctuations. A measurement with DLS after 30minutes 

of mixing gives a particle size of 43nm, which is in good agreement with the result we 

obtained from SLS. Recall that in the experiments on varying solvent/nonsolvent ratios 

that we discussed in previous chapters, in polystyrene with a concentration of 0.1 mg/ml 

and a solvent/non-solvent ratio of 1/20, the particle size was 40nm, which again confirms 

our result with SLS here. The growth curve of polystyrene, which is almost a straight line, 

indicates that the solution of polystyrene nanoparticles is very stable, with no significant 

growth or aggregation over time. This is possibly due to the surface charge of polystyrene 

which stabilizes the nanoparticles in solution. 

    In order to further verify that the growth curve is not due to over fitting of the data, but 

from the measurement of actual nanoparticles that exist in the system, we carried out 

another measurement by mixing only the solvent THF with distilled water at a ratio of 1 to 

20. All other conditions were kept identical as before and the fitted particle size vs time is 

plotted below in Fig. 6.10: 
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Figure 6.10. Particle size vs time for 100s after injection for the mixture of THF and water. 

 

In the plot, the fitted data yield the blue line starting at 0 and remaining throughout the 

process except for a few extraneous points at the initial stage due to mixing and slight 

fluctuations at later stages. For a mixture of pure solvent and non-solvent, THF and water 

are miscible so there is no supersaturation for the system after mixing and thus no 

particle/droplet formation. This agrees with the result we obtained from SLS and the plot 

above, although we do get a few spurious data points due to over fitting and unusual 

intensities during injection and the mixing process followed. This happens mainly in the 

initial 10s especially the first 5s when the injection occurs until the system reaches 

equilibrium, where most of the extraneous points are distributed. This suggests that most 

of data points generated 5s after the injection are meaningful and reliable in previous 

experiments. 
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    In addition, we are interested in the change of forward monitor intensity when the mixing 

of pure solvent and non-solvent happens. Below in Fig. 6.11 is a plot of the forward laser 

monitor signal during the mixing of THF with water at a ratio of 1 to 20:  

 

Figure 6.11. Forward monitor vs time for a mixture of THF and water at 1 to 20 ratio. 

 

In the plot, we still see the dramatic drop in forward monitor intensity to approximately 

zero at 1 minute after the measurement is started, which indicates the injection of THF into 

water. The initial plateau corresponds to the time period before the injection when only 

water is in the vial. After the sudden drop of forward monitor intensity, the signal goes up 

with fluctuations and finally stays at approximately the same level as before the mixing for 

the rest of time as the system approaches equilibrium. This tells us that during the mixing 

process of THF and water, there are bubbles generated due to the heat of mixing and/or 

dissolved gas coming out of solution, and also the change of refractive index when the two 

solvents mix. The increase of intensity happens immediately after the drop, meaning that 
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the bubbles disappear or move out of the range of the laser beam path. It implies that the 

fluctuations in the initial stages even with the existence of polystyrene in the system is 

actually due to the mixing of the solvent and non-solvent, while the nanoparticle formation 

and growth takes place at the same time. Most of the data points after the sudden drop of 

the forward monitor signal, in other words, after the injection process (which takes 1s and 

equilibrium might take 5s or longer), should still be reliable and meaningful. 
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CHAPTER 7 

THERMODYNAMICS AND PARTICLE GROWTH AT LATER STAGES IN 

NANOPRECIPITATION 

 

Previously, we studied the particle formation at early stages after nanoprecipitation for both 

small molecules and polymers. In this chapter, we will focus on the later stages of particle 

growth and the factors that affect the final particle size, as well as the thermodynamics 

during the phase separation. First, a rough phase diagram in terms of the solute 

concentration and solvent volume fraction is composed based on experimental results for 

anthracene samples, which provides insights to future experiments and the understanding 

of the anthracene nanoparticle formation process. Also, the effect of different conditions 

such as the solute concentration, solvent/non-solvent ratios and molecular weight on the 

particle size and size distribution of anthracene and polystyrene nanoparticles, which 

makes a difference in the region that the system falls in the phase diagram, is studied. The 

results shed light on the mechanism of nanoparticle formation by nanoprecipitation, and 

by comparing the results between anthracene and polystyrene, the difference in the 

mechanism for particle formation and growth by small molecules and polymers is clarified.  

 

7.1 Phase Transition and Conditions That Affect the Phase Separation and Particle Size for 

Anthracene 

 
In this section, we will investigate the phase transition in the formation of anthracene 

nanoparticles in terms of the difference in the sample concentration and solvent/non-
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solvent ratio. A phase diagram is constructed according to the experiments. In addition, we 

will work on various factors that might affect the phase separation and thus the resulting 

particle size, such as the solute concentration, which varies the starting point on the phase 

diagram, and the solvent/non-solvent ratio, which corresponds to the quench depth in the 

phase diagram. Both of these factors will make the system in a different region in the phase 

diagram and affect the particle growth and size, although not necessarily to the same extent. 

This will possibly affect the mechanism of particle formation as well.  

 

7.1.1 Experiments on Anthracene Phase Diagram 

 
7.1.1.1 Experimental Overview 

The phase diagram is an important tool for understanding the particle formation and phase 

separation of a system, as mentioned in the background section. By varying the solute 

concentration from very diluted to very concentrated (reaching the solubility limit), 

distinctive results will be obtained: at very low concentration, there are no particles formed 

and a clear solution is obtained; as the concentration increases, nanoparticles start to form, 

but with different sizes at different concentrations; at very high sample concentration, large 

micron-sized particles will appear instead of nanoparticles. Similarly, as we change the 

solvent/nonsolvent ratio from low to high, at different volume fractions, the solute 

concentration at which the sample starts to form nanoparticles and at which the sample 

starts to form large chunks differs as well.  
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7.1.1.2 Phase Transitions in Anthracene Particle Formation 

 
In a theoretical phase diagram of a binary system, a binodal line, which is defined by the 

solubility of the solute in the mixture, and a spinodal line, which indicates the boundary of 

a metastable state and an unstable state are constructed. Usually, phase diagrams in terms 

of the solute composition (x axis) and the temperature T (y axis) are constructed when the 

system undergoes a temperature quench.34,36  For our experiments where the system 

experiences a quench of supersaturation by changing the solvent/non-solvent ratio, the y 

axis of the phase diagram is the solvent mole fraction in the mixture instead. Figure 7.1 

shows the phase diagram in terms of the solute composition and the solvent/nonsolvent 

ratio for a binary system: 

                       

Figure 7.1. Schematic phase diagram in terms of the solute composition and solvent volume fraction for a 
binary system. 
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However, this is only a schematic diagram. The system in real cases is usually not 

symmetric at 50% of the solute mixture. For some samples in organic solvent, the solubility 

is quite low, and the left portion of the phase diagram is more complex than what is 

indicated in the plot above. Therefore, the experimental study of the phase diagram for 

anthracene is necessary. From our experiments, the solubility limit at different solvent/non-

solvent ratio is measured by increasing the concentration from low to high at each 

solvent/non-solvent ratio. The experimental results also show the threshold where the 

nanoparticles start to form, which corresponds to the area where the binodal line is just 

crossed.  

 

7.1.1.3 Experimental Setup and Sample Preparation 

 
As before, anthracene is used as the solute and acetone is the organic solvent. Numerous 

trial experiments were carried out in which solution concentrations and solvent volume 

fractions were varied in order to obtain a map of the phase transitions for anthracene 

nanoparticle formation. We are also interested in whether a dispersion of nanoparticles or 

large particles were formed. For this purpose, the rapid manual injection is identical to the 

rapid syringe pump injection. So in these experiments, there is no precise control on 

injection rates. As a result, we prepare the nanoparticle sample by manually injecting the 

solute solution into DI water instead of using the automatic syringe pump system. The 

resulting mixture is observed with naked eye and by the imaging system while the particle 

size and size distribution are measured with dynamic light scattering. 
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7.1.1.4 Experiment Results and Discussions 

As discussed earlier, a set of experiments was carried out with the two following variables 

-- the initial solute concentration and the solvent/non-solvent ratio during nanoprecipitation. 

The solute concentration ranges from a very diluted solution of 0.02 mg/ml, to 5.8 mg/ml, 

which is the saturation concentration of anthracene in acetone, with 14 different 

concentrations in all. Similarly, the non-solvent to solvent ratio varied from a highly 

supersaturated solution with a ratio of 18 to 1, to a less supersaturated system with a ratio 

of 1.5 to 1, with 7 different solvent/non-solvent ratios all together. Meanwhile, we 

measured the time development of particle size after the mixing with dynamic light 

scattering. A phase diagram of anthracene is also generated regarding the particle formation 

situation at different conditions. The results are shown in the two tables below:  

 
Table 7.1. Concentration and solvent volume fraction variance and particle formation of anthracene 
(0.6425mg/ml-5.8 mg/ml). 

Concen
tration 
(mg/ml) 

5.8 
(saturated) 2 1.5 1.285 1.1 0.8 0.6425 

Non-
solvent 

to 
solvent 
ratio  

18 to 1 

large 
particles 

final c= 
0.105, large 

particles 

final c= 
0.0789,c=12
2nm(0.36),

mostly 
nanoparticle

s 

final 
c=0.0676,na
noparticles 
137nm(0.17

5) 

final 
c=0.0578. 

nanoparticles 
146nm(0.146

) 

final 
c=0.042,n
anoparticl

es 
130nm(0.

13) 

final 
c=0.0338,n
anoparticle
s, 130nm 

(0.09) 

9 to 1  

final 
c=0.2.large 
particles+ 

nanoparticl
es 

final 
c=0.15,128n
m(0.01,most

ly 
nanoparticle

s) 

final 
c=0.1285,na
noparticles 
119nm(0.10

7) 

final c= 0.11. 
nanoparticles 
132nm(0.14) 
monodisperse

d 

final c 
=0.08,nan
oparticles 
146nm(0.

07) 

final c 
=0.06425,n
anoparticle

s 
140nm(0.1

0) 

7 to 1  
final c= 

0.25,large 
chunks 

final c= 
0.1875,nano

aprticles+ 
large 

particles,118
nm 

final 
c=0.161,nan

oparticles 
131nm(0.11

8) 

final c 
=0.1375,nano

particles 
139nm(0.135

), mostly 
nanoparticles, 
distribution 

broader 

final c 
=0.1,nano
particles 
150nm(0.

1) 

final c 
=0.0803,na
noparticles 
159nm(0.0

04) 
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Table 7.1. (cont.) 
 

Concen
tration 
(mg/ml) 
(cont.) 

5.8 
(saturated) 2 1.5 1.285 1.1 0.8 0.6425 

Non-
solvent 

to 
solvent 
ratio  
5 to 1 

 

final c 
=0.3333, 

large 
particles 

final c 
=0.25,large 

particles 

final c 
=0.214,start 

to form 
large 

particles 

final c= 
0.1833,nanop

articles 
129nm(0.04) 

final c 
=0.133,na
noparticle

s 
145nm(0.

6) 

final c 
=0.107,nan
oparticles 
146nm(0.1

85) 

3 to 1  
final c= 

0.5， large 
chunks 

final c 
=0.375,large 

particles 

final c 
=0.321,large

particles 

final c= 
0.275,start to 

form large 
white 

particles 

final c 
=0.2,mostl

y 
nanopartic
les, a little 

bit of 
flakes on 

top 

final c 
=0.161,mos

tly 
nanoparticl

es, too 
concentrate

d 

2 to 1  
final 

c=0.6667,la
rge chunks 

final c 
=0.5,large 
particles 

final c 
=0.428,large 

particles 

final c 
=0.367,large 

particles 

final c 
=0.267,lar

ge 
particles 

final c 
=0.213,mos

tly 
nanoparticl

es 

1.5 to 1  
final c= 
0.8,large 
particles 

final c 
=0.6,large 
particles 

final c 
=0.514,large 

particles 

final c 
=0.44,large 

particles 

final c 
=0.32,larg
e particles 

final c 
=0.257,larg
e particles 

 
Table 7.2. Concentration and solvent volume fraction variance and particle formation of anthracene 
(0.02mg/ml – 0.55 mg/ml). 

Concen
tration 
(mg/ml) 

0.55 0.45 0.14 0.11 0.09 0.07 0.02 

Non-
solvent 

to 
solvent 
ratio  

18 to 1 

final 
c=0.0289 

final 
c=0.0237, 

122nm(0.15
1) 

final 
c=0.00737, 
nanoparticle

s 
171nm(0.46) 

final c= 
0.00579, 

nanoparticl
es, 167nm 

(0.342) 

final c = 
0.00474, 

nanoparticle
s 215nm 

(0.48) 

final c = 
0.00368, 
almost 

nothing, 
only a few 

large 
particles 

under 
camera 

final 
c=0.00105,
no particles 

9 to 1 

final 
c=0.055, 
148nm 
(0.175) 

final 
c=0.045, 

nanoparticle,
157nm(0.01) 

final 
c=0.014, 

nanoparticle
s 

220nm(0.49) 

final c= 
0.011, 

nanoparticl
es, 186nm 

(0.42) 

final c = 
0.009, 

nanoparticle
s 

306nm(0.52) 

final c= 
0.007, 
almost 
nothing 

final 
c=0.002,no 

particles 
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Table 7.2. (cont.) 
 

Concen
tration 
(mg/ml) 
(cont.) 

0.55 0.45 0.14 0.11 0.09 0.07 0.02 

Non-
solvent 

to 
solvent 
ratio    
7 to 1 

final 
c=0.069, 
139nm 
(0.07) 

final 
c=0.0563,na
noparticles 
148nm(0.13

1) 

final 
c=0.0175, 

490nm(0.9) 

final c= 
0.0138, 

nanoparticl
es,216nm 

(0.49) 

final c = 
0.01125, 

nanoparticle
s, 360nm 
(0.939) 

final c= 
0.00875, 
almost 

nothing,  a 
little 

cloudy 

nothing 

5 to 1 

final 
c=0.092, 
136nm 
(0.194), 
might be 
smaller 
than the 

actual size 
due to 
multi 

scattering 

final 
c=0.075,nan
oparticles, 

165nm(0.48) 

final 
c=0.023, 

nanoparticle
s 

373nm(0.21) 

final c= 
0.0183, 

nanoparticl
es, 209nm 

(0.378) 

final c = 
0.015, 

nanoparticle
s, 416nm 

(0.9) 

final c = 
0.01167, 
almost 
nothing 

nothing 

3 to 1 

final 
c=0.1375,n
anoparticle

s,too 
concentrate

d 

final 
c=0.1125nan

oparticles, 
180nm(0.3) 

final 
c=0.035,nan

oparticles 
309nm(0.9) 

final c = 
0.0275, 

nanoparticl
es, 234nm 

(0.631) 

final c = 
0.0225, 

nanoparticle
s 550nm 

(0.7), DLS 
not good. 

Gets 
inhomogene

ous, large 
particles 

final c = 
0.0175, 
almost 
nothing 

nothing 

2 to 1 

final 
c=0.1833,

mostly 
nanoparticl

es/a few 
flakes on 

top 

final 
c=0.15,nano
particles,too 
concentrated 
to measure 

final 
c=0.046,nan

opartcles 
316nm(0.62) 

final c= 
0.0367, 

nanoparticl
es, 200nm 

(0.922) 

final c = 
0.03, similar 

as above 

final c = 
0.0233, 
almost 

nothing, 
big 

particles 
under 

camera 

nothing 

1.5 to 1 

final 
c=0.22, 

large white 
particles 

final c=0.18, 
nanoparticle

s, too 
concentrated 

final 
c=0.056, 

294nm(1.33) 
DLS not 

good 

nanoparticl
es 257nm 
(0.02),but 

gets cloudy 
and 

inhomogen
eous, large 
particles 

exist 

final c = 
0.036, 

inhomogene
ous, DLS 
~600nm 

(1.1) 

final c = 
0.028, 

nothing 
nothing 

 

 



	 203	

Concentrations of 5.8mg/ml, 2mg/ml, 1.5mg/ml, 1,285mg/ml, 1.1mg/ml, 0.8mg/ml and 

0.6425mg/ml are listed in table 7.1 and concentrations 0.55mg/ml, 0.45mg/ml, 0.14mg/ml, 

0.11mg/ml, 0.09mg/ml, 0.07mg/ml and 0.02mg/ml are listed in table 7.2. The experiments 

are first done with a gradient of higher concentrations from the saturated sample solution 

and then decreases gradually according to the experimental results. For each selection of 

concentration level, the nanoprecipitation is done at 7 solvent/nonsolvent ratios from 1/18 

to 1/1.5. The details of observations are recorded in the tables. The final concentration after 

the nanoprecipitation is calculated for each sample and noted as final c in the table because 

the phase diagram shows the actual solute concentration after the mixing. For samples that 

produces a dispersion of stable nanoparticles, the particle size is measured with DLS and 

marked in the tables. The number in the bracket next to the particle size shows the 

polydispersity index (PDI), indicating the size distribution. A PDI greater than 0.5 means 

the particles are so broadly distributed that the result for particle size is no longer reliable.  

    For the saturated sample (5.8mg/ml) and 2mg/ml sample, at all solvent/non-solvent 

ratios, large chunks of white particles immediately form after the injection, as shown in the 

picture below: 

                                                       

Figure 7.2. Large white particles formed in the solution at certain concentrations. 
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This indicates the concentration is too high to form nanoparticle solution. When we reduce 

the sample concentration to 1.5mg/ml, we start to see nanoparticles forming at solvent/non-

solvent ratio of 1/18 and 1/9, while we still find a little bit white flakes on top of the 

nanoparticle solutions. At higher solvent volume fractions (1/7, 1/5…), we see large white 

particles again. We reduce the sample concentration further to 1.285 mg/ml, and find stable 

nanoparticle solution at ratio 1/18, 1/9 and 1/7. This means the system start to transform 

from a precipitation of large particles to a dispersion of nanoparticles between 1.285 mg/ml 

and 1.5mg/ml for solvent/non-solvent ratio of 1/18, 1/9 and 1/7. The large particles and 

nanoparticles represent two regions in the phase diagram although they both result from 

the phase transition of a single phase to two phases. At a lower concentration of 1.1 mg/ml, 

nanoparticles are observed at a ratio of 1/5, 1/7,1/9 and 1/18; at a concentration of 0.8 

mg/ml, stable nanoparticles with a bit of large particles on top start to form at a ratio of 1/3. 

Similarly, the boundary between large particles and nanoparticles for ratios of 1/2 and 1/1.5 

are found by decreasing the concentration gradually. For the ratio of 1/2, stable 

nanoparticles are obtained somewhere between 0.6425 mg/ml and 0.8 mg/ml. However, 

for the ratio of 1/1.5, nanoparticle dispersion is not observed until the concentration is 

lowered to 0.45 mg/ml, although the solution is too concentrated for DLS to measure an 

accurate particle size.  

    Meanwhile, we are interested in the threshold where the system transforms from a single 

phase to two phases. Therefore, we start from a very diluted anthracene sample with a 

concentration of 0.02 mg/ml, and increase the concentration until we see nanoparticles 

form for each solvent/non-solvent ratio. At 0.02 mg/ml, for all solvent/non-solvent ratios, 

no particles are observed with either the camera or dynamic light scattering and we get a 
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well-mixed solution of anthracene, acetone and water. Then we increase the sample 

concentration to 0.07 mg/ml, we still do not see any trace of nanoparticles for all solvent 

ratios but we start to see very few large particles with the camera at a solvent ratio of 1/18. 

We further increased the concentration to 0.09 mg/ml and observed stable nanoparticles at 

ratios 1/18, 1/9, 1/7 and 1/5. This suggests that anthracene has reached its solubility limit 

at these ratios and starts to phase separate from the single phase mixture. We still see almost 

nothing but a few large particles with the lens and camera at ratios 1/3, 1/2 and 1/1.5. As a 

result, we further increase the concentration to 0.11 mg/ml, and find stable nanoparticles 

forming at all solvent volume fractions except the ratio of 1/1.5, at which we start to see a 

cloudy inhomogeneous solution with both nanoparticles and a few large particles. These 

results indicate that the threshold of particle formation and phase transition for ratios 1/3, 

1/2 and 1/1.5 happens at a concentration between 0.09 mg/ml and 0.11 mg/ml.  In the 

region between 0.11 mg/ml and 0.45 mg/ml, stable dispersions of nanoparticles are 

detected at all solvent/non-solvent ratios. The particle sizes and size distributions are 

indicated in the tables. Some samples with higher solvent/nonsolvent ratios of ½ or 1/1.5 

are so concentrated that the particle size measured by DLS is affected by possible multiple 

scattering issues and the measured size might be smaller than the actual size. However, in 

this section, we are more interested in whether nanoparticles are forming rather than the 

actual particle size. The particle size and distribution is only some evidence of the existence 

of stable nanoparticles. However, we can still see trends such as the increase of average 

size distribution and the instability of the system when the solvent/non-solvent ratio is at 

1/2 and 1/1.5. We will discuss more about the particle size dependence in later chapters.  
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    The different regions of no particles forming, formation of stable nanoparticle dispersion 

and formation of large particles are mapped in the phase diagram below in Fig. 7.3. In the 

phase diagram, the x axis represents the actual solute concentration of the system after 

mixing; y axis indicates the solvent volume fraction in the mixture.  

 

 

Figure 7.3. Anthracene phase diagram sketched based on the experimental results. 

 

There are mainly three regions defined by the points on the phase diagram. The points in 

each row indicate a solvent/non-solvent ratio. The area defined by the left side of the first 

point in each row represents the region in which no particles are observed and thus no 

stable nanoparticles form and is marked as region I in fig. 7.3; the area between the first 

point and the second point represents the region where stable nanoparticle dispersions are 

formed and is marked as region II; the area on the right side of the last point for all rows 

indicates the region where large particles form and is marked as region III;  the region 

between the second point and the third point represents the region where large particles 
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start to form and provides an estimate for the boundary of pure nanoparticle dispersion and 

formation of large particles. Therefore, the points that segregates the single phase region 

(region I) where no particles form and the region (region II) where phase separation starts 

to take place corresponds to the binodal line in a schematic phase diagram. Near the binodal 

line, the solute reaches its solubility limit and becomes supersaturated and the system 

transforms from a stable region to a metastable region. From the phase diagram, we can 

see that at a solvent/non-solvent ratio of 1/9, nanoparticles start to form at an initial solute 

concentration between 0.07 mg/ml and 0.09 mg/ml. This agrees with the findings that we 

obtain with the imaging system: at a solute concentration of 0.07 mg/ml, we barely see any 

nanoparticles forming; while at a concentration of 0.09 mg/ml, we can see formation of 

nanoparticles in the system. However, the spinodal line which separates the metastable 

region and unstable region cannot yet be identified according to the experimental results. 

The experimentally confirmed anthracene phase diagram help us understand the phase 

transitions of anthracene in a binary solvent system more directly and intuitively and 

provides further direction for other experiments of anthracene nanoparticle formation.  

 

7.1.2 The Effect of Various Factors on the Phase Separation and Particle Size for 

Anthracene Nanoparticles 

 
In the earlier chapters, we presented studies of the formation process of anthracene 

nanoparticles using an imaging system and explained using phase diagrams. In this chapter, 

we will be discussing in more detail about the resulting particle size and size distribution, 

and the dependence of particle size on different conditions such as the solute concentration 
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and solvent/nonsolvent ratios, which makes a difference for the initial conditions during 

the phase separation.  

    The initial concentration of the sample indicates the density of the solute in the solution 

and is essentially a representation of the distance between molecules. The initial 

concentration might have influence on the final nanoparticle size in nanoprecipitation 

method since the kinetics of molecular attachment will change due to the difference in 

distance between molecules at different concentrations. Moreover, the ratio of the solvent 

and non-solvent might also affect the particle formation and final particle size. Different 

solvent/nonsolvent ratios indicates different supersaturation at which the system is being 

quenched and is therefore closely related to the nucleation rate for a nucleation mechanism 

or the characteristic fluctuation length under a spinodal decomposition mechanism. For 

anthracene nanoparticles, these two mechanisms are both possible, though at a very high 

supersaturation, spinodal decomposition is more likely to happen. Thus, investigations on 

the solute concentration and solvent-nonsolvent ratio and their dependence on particle size 

are of great interest to us.  

As discussed before, we will still keep the injection needle position at the center and 

right above the water level. We know that a high injection rate and stir rate will lead to a 

better mixing. Moreover, at a maximum injection rate of 1 ml/s and a stir rate of 1000 rpm 

or above, the particle size is no longer strongly dependent on the change of mixing 

conditions, and produces stable and reproducible results. Therefore, we keep the optimum 

mixing conditions at an injection rate of 1 ml/s and a stir rate of 1000 rpm for experiments 

on solute concentration and solvent/non-solvent ratio. In this section, we will study the 
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effect of these two factors by varying the solvent/nonsolvent ratio and concentration 

separately at a set of different values and look at the particle growth over time with DLS.  

 

7.1.2.1 Solvent/non-solvent Ratio and its Effect on the Particle Formation 

 
In the experiments, we chose six different solvent/non-solvent ratios ranging from a very 

high supersaturation of 1/19 to a moderately high supersaturation of 1/2. The final 

concentration after injection was kept constant in all solvent volume fractions because a 

homogeneous and complete micro mixing of the solute molecules, solvent molecules and 

non-solvent molecules is assumed when particle formation takes place. This was ensured 

by using the optimum mixing condition that we discussed in previous sections. As a result, 

the initial concentrations of the sample at different solvent/non-solvent ratios were adjusted 

to compensate the change in dilution with the non-solvent at different solvent/non-solvent 

levels. Below in the table shows the different solvent/nonsolvent ratios we selected and the 

corresponding initial solute concentrations at these ratios:  

 

Table 7.3. Solvent/non-solvent ratio and the corresponding initial solute concentration for anthracene. 

Solvent/non-solvent ratio Initial sample concentration 
(mg/ml) 

Final concentration after 
mixing (mg/ml) 

1:19 0.5 0.025 
1:9 0.25 0.025 
1:7 0.2 0.025 
1:5 0.15 0.025 
1:4 0.125 0.025 
1:2 0.075 0.025 

 

We intended to go down to 1:1 at first, but it turned out that the initial concentration would 

be too low and the sample after nanoprecipitation, which is even more diluted, had a very 
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weak signal in DLS. It is quite possible that the nanoparticles are too sparsely distributed 

to be measured with confidence. It might also be the case that the system with such a low 

concentration is already out of the spinodal region after quenching or even drops to the 

threshold where nanoparticles start to form (between solubility limit and metastable region). 

This can be verified by looking at the experimentally measured phase diagram for the 

anthracene sample. At a final concentration of 0.025 mg/ml and a supersaturation of 1 to 

1, the system falls in the region of a shingle phase where no particles form. Therefore, we 

set the lower limit for solvent/nonsolvent ratio as 1 to 2 in our experiments. For each level 

of supersaturation, we prepare the sample with our standard procedure—nanoprecipitation 

at the optimum needle position and mixing condition, and repeat the experiment at each 

solvent volume fraction twice. The nanoparticles are then transferred to cuvette and 

measured with DLS for 30mins. The time-dependent particle size is fitted and calculated 

with a Matlab program. The particle growth curve for all supersaturation levels are 

presented in the figure below:  
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Figure 7.4. Anthracene nanoparticle size over time at various solvent/non-solvent ratios. 

 

In Fig. 7.4, the light blue dots indicate the solvent/non-solvent ratio of 1 to 19, the orange 

and gray indicates the ratio of 1 to 9 and 1 to 7, respectively; while the yellow and navy 

blue lines represent the ratio of 1 to 5 and 1 to 4; the green line corresponds to the 

solvent/non-solvent ratio of 1 to 2. All the data points are the average particle size which 

is calculated based on the two trials at each supersaturation level and the “ave Rh” in the 

legend represents the average hydrodynamic radius of the sample. From the plot, we can 

easily see that all curves have similar shape, indicating that the trend of particle growth is 

similar in all cases. The nanoparticles first experience a rapid increase in size for the initial 

30 seconds or so and then slow down and eventually reach a plateau where the particle size 

remains at a relatively stable value. Among the various supersaturation levels, a 1 to 19 

ratio gives the smallest final particle radius of roughly 162nm, which is calculated by 

averaging the last ten data points of the growth curve. The 1 to 9 ratio produces a 
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nanoparticle dispersion with a final size of around 244nm after 30min of injection, which 

is obviously larger than the nanoparticles at a high supersaturation ratio of 1 to 19. At a 

ratio of 1 to 7, the nanoparticles have a final particle radius of 252nm, which is slightly 

larger than the particles at a ratio of 1 to 9. This can be easily seen from Fig. 7.4, where the 

orange curve and gray curve almost overlap but the data points on the orange curve are 

slightly (~10nm) smaller than those on the gray curve. When we further increase the 

solvent/non-solvent ratio to 1 to 5 and 1 to 4, the resulting nanoparticle sizes continue to 

increase dramatically, around 328nm and 458nm respectively, as shown in the yellow and 

blue curve in Fig. 7.4. Finally, at a lowest supersaturation of 1 to 2, the final nanoparticle 

sizes further increase to around 550nm, as indicated in the green curve in Fig. 7.4.  

    From the curves, we find that the particle formation and nanoparticle size is significantly 

dependent on the solvent/non-solvent ratio, or the supersaturation level: a higher 

supersaturation (lower solvent/non-solvent ratio) leads to a smaller particle size while a 

lower supersaturation gives a larger particle size. The particle size given at a ratio of 1 to 

2, which is 550nm, is almost 4 times bigger than the particle size given at a ratio of 1 to 19, 

which is 162nm. Figure 7.5 below explicitly shows the relationship between 

supersaturation and the particle size:  
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Figure 7.5. Particle size vs solvent/non-solvent ratio. 

 

Moreover, we also notice that at a lower supersaturation ratio of 1 to 4 and 1 to 2, the 

particle growth experiences quite a lot of fluctuations at later times of the growth process, 

compared to much higher supersaturation ratio of 1 to 19 and 1 to 9. Thus, the more depth 

that the system is being quenched, the smaller the particle size and more stable the particles 

will be.  

 

7.1.2.2 Initial Solute Concentration and its Effect on the Particle Formation 

 
We are also interested in the effect of various solute concentrations on the particle 

formation and phase separation. We still keep the system at the optimum mixing condition: 

injection speed of 1ml/s, stir rate of 1000 rpm with the needle at position 7. In the 

experiments, anthracene/acetone samples with six different concentrations are used; the 

solvent/water ratio kept constant at 1 to 9. The initial concentrations before mixing for the 

0

100

200

300

400

500

600

700

0 0.1 0.2 0.3 0.4 0.5 0.6

Hy
dr
od

yn
am

ic
ra
di
us

(n
m
)

Solvent/non-solvent ratio



	 214	

samples are 0.075mg/ml, 0.1mg/ml, 0.2mg/ml, 0.3 mg/ml, 0.4mg/ml and 0.5mg/ml, 

respectively. Samples were measured with DLS for 30 minutes after mixing. The 

hydrodynamic radius was calculated according to the translational diffusion coefficient as 

described in chapter 3. The time dependent radius was calculated by running the Matlab 

code for data processing.  

    Fig. 7.6 is a plot of radius vs time for the six samples with different initial solute 

concentrations: 

 

 

Figure 7.6. Anthracene nanoparticles produced by nanoprecipitation method with different initial solute 
concentrations. 

 

From the plot, it is observed that all growth curves at different concentrations follow a 

similar trend: the particle size increases rapidly initially followed by a reduction in the 

growth rate and eventually stabilization at a final particle size. The particle growth in the 
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first 10 seconds is rapid (0nm to around 100nm), but cannot be detected since it takes some 

time for DLS to measure reliable and stable correlation functions from the intensity 

fluctuations. For a concentration of 0.075 mg/ml, the particle size increases from 167nm 

to about 210nm in the first 200 seconds and then fluctuates around 210nm for the rest of 

the measurement (as shown in the light blue curve), with a final average particle size of 

212nm. At a higher concentration of 0.1 mg/ml, the particles grow from 152nm to 

approximately 180nm, producing a smaller final particle size compared to the 0.075mg/ml 

concentration, but with everything else the same, as indicated in the orange line in Fig. 7.6. 

When we increase the concentration to 0.2 mg/ml, the nanoparticles initially have a size of 

120nm and then increases to 182nm, roughly (gray line in the plot), giving a similar final 

particle size as the 0.1 mg/ml concentration. When we increase the initial solute 

concentration further to 0.3 mg/ml and 0.5 mg/ml, the resulting particles have a final 

average size of 206 nm (yellow line) and 193 nm (green line), respectively, which are quite 

close. However, at a concentration of 0.4 mg/ml, we see slight drop in the final particle 

size than the others: the particles start off at 130nm and then end up with a final size of 

160nm. A plot of final particle size versus different solute concentrations is shown in Fig. 

7.7 so we can see clearly the variance of particle size on the initial concentration. 
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Figure 7.7. Anthracene nanoparticle size at various initial solute concentrations between 0.075mg/ml and 
0.5mg/ml. 

 

Overall, the particle sizes produced at different initial concentrations do not seem to have 

any clear dependence on the initial solute concentration: among the six selected 

concentrations, the samples with initial concentrations of 0.1mg/ml, 0.2 mg/ml, 0.3mg/ml 

and 0.5mg/ml all have relatively similar final particle size ranging from 180nm to 206nm; 

while a concentration of 0.4 mg/ml gives a slightly smaller particle size of 160nm and a 

lower concentration of 0.075 mg/ml leads to a larger particle size of 212nm. The measured 

particle size varies within a certain range even when repeating the experiment under the 

same conditions. For all the previous experiments at each particular condition, the two 

repeated tests can vary by 10-20nm alone. This could be due to the precision of the DLS 

measurement, or any slight difference in the intricacies of molecular kinetics when 

nanoparticles form and grow. Therefore, a size difference of 20nm is not statistically 

significant. As described above, the size range of 180-200nm has an average of 190nm and 

a standard deviation within 5%. So for nanoparticles produced by the samples with a 
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concentration of 0.1, 0.2, 0.3 and 0.5 mg/ml, we do not see any dependence on the initial 

solute concentrations. Including the result for all six samples gives an average size of 

188nm with a standard deviation within 15% (+- 28nm). In summary, we did observe slight 

changes in particle size when varying the initial solute concentrations, but clear dependence 

of the concentration on nanoparticle size. 

 

7.1.2.3 Summary and Discussions 

 
From the results presented in the previous section, we can see some effects that the 

solvent/non-solvent ratio and initial solute concentration have on the final particle size for 

anthracene: clear dependence is observed for the solvent/nonsolvent ratio—a low 

solvent/non-solvent ratio (corresponds to a high supersaturation) results in a smaller 

particle size and more stable particle formation process; while we do not see significant 

dependence for nanoparticles at different initial solute concentrations, the nanoparticles 

only change their size slightly when varying the concentrations.  

    Depending on the initial condition of the system in the phase diagram and the depth of 

the quench, the system might fall in the metastable region or the unstable spinodal region. 

If the system falls in the metastable region, the dependence of solvent/non-solvent ratio on 

the final particle size can be well explained with classical nucleation theory, where the 

nucleation rate is proportional to the exponential of supersaturation S (equation (24)): 

J ∝	exp (- j
_(@B)n(uvw)V

)                  

Where S is the supersaturation of the system. According to the equation above, at a high 

supersaturation, the nucleation rate increases; while when the supersaturation drops, the 
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nucleation rate approaches zero. For a lower solvent/non-solvent ratio (1 to 19 compared 

to 1 to 2), the equilibrium solubility 𝑐∗ decreases, and the supersaturation increases. As a 

result of the higher supersaturation, the nucleation rate increases and more nuclei are 

formed. Thus there are fewer monomers in the solution to attach to the nuclei in the growth 

process, which leads to smaller particle size.  

    For the case of the system falling in the spinodal region instead, the dependence of 

solvent volume fraction on the particle size can also be explained. A change of solvent/non-

solvent ratio indicates a change in the quench depth of the system. Therefore, for a deeper 

quench (a lower solvent/non-solvent ratio), the solvent/non-solvent ratio is lower compared 

to a shallower quench. The characteristic fluctuation length, which determines the domain 

sizes, is expressed in terms of the second derivative of the free energy curve (equation (55)) 

as follows: 

𝑘:�; = −
®V¯
®IV I�
7°

±
V

		                           

and therefore  
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±
V

                                                                                                                     (107)                                 

Where c0 is the initial concentration in the system. 𝜅 is a constants associated with the 

system free energy. The equation above suggests that the characteristic fluctuation length 

is inversely dependent on the second derivative of the free energy curve. This means the 

free energy with a greater curve will lead to a smaller characteristic wavelength. Different 

quench depths (supersaturation) give different free energy curves, a deeper quench will 
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result in a greater curvature of the free energy curve than that of a shallower quench. As a 

result, in either mechanism, a deeper quench leads to a smaller particle size, which is in 

good agreement with our experimental findings.  

    For the case of varying the solute concentration at the same quench depth, the situation 

is a little more complicated. The phase diagram in Fig.7.8 shows the phase separation that 

system is undergoing in naoprecipitation with the different initial solute concentrations:  

 

Figure 7.8. Phase diagram of anthracene for samples with different initial concentrations. 

 

In the plot above, A1 and A2 indicate two samples with different solute concentrations, the 

phase diagram is in terms of the solute concentration and the mole fraction of the good 

solvent, which is essentially the solvent/non-solvent ratio. The system starts from a single 

phase at point A1 or A2 with different initial solute concentrations, and is quenched down 

to point B1 or B2, respectively. These could be in the spinodal region or metastable region, 

depending on where the system is after the quench, followed by a phase separation to a 

solute rich phase and a solvent rich phase to point C and D at the binodal line. The 
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schematic phase diagram shown in the figure is symmetric, but this is not always the case 

in real situations. In most systems for our experiments, most transitions happen on the left 

side where the solute concentration is quite low because the solubility line limits the 

concentration of the sample. The fact that the samples are at different initial concentrations 

but the same quench depth implies that the system phase separates into a solvent rich phase 

and a solute rich phase with the same concentration at point C and D. The dash line A0B0 

shows a possible trajectory for an even lower solute concentration—the system might fall 

into the metastable region instead of the unstable spinodal region. Then the dominating 

mechanism of particle formation and growth will be nucleation, which is different from the 

samples in the spinodal region. Even if we suppose that all six samples with different initial 

concentrations are within the spinodal region, for the same quench depth, the time it takes 

for the system at a certain concentration to reach point C and D is different due to the 

different distance of the concentration away from point D in the phase diagram. In spinodal 

decomposition, the concentration fluctuation with a characteristic wavelength is amplified 

and grow over time.  

                  

Figure 7.9. Growth of concentration fluctuation over time with a characteristic wavelength. 
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From fig.7.9 above, the particles are formed by the domains of solute rich phase and is 

determined by the characteristic wavelength. From equation (59) in chapter 2, we know 

that the characteristic wavelength has some dependence on the initial concentration of the 

system: 

 

λ:�; = 	
7l
@EG

= 2𝜋(− 7°
1�_+f�V

)
±
V  

 

Where c0 is the initial concentration of the solute; A and B are coefficients to express the 

double well free energy. The characteristic wavelength varies with different initial 

concentrations of the solute. However, the final size of the particles is also affected by the 

diffusional growth of the domains, which then is dependent on the time it takes to reach 

the solute composition at the binodal line (point D in fig.7.8), although diffusion of solute 

molecules should mostly increase the concentration of the domains rather than the size. 

Therefore, the complicated molecular dynamics of the solute molecules and solvent/non-

solvent molecules might contribute to the particle size at different concentrations as well. 

These combined reasons might provide explanation for the result that we do not see any 

dependence on the particle size at different initial concentrations for anthracene.  

 

7.2 Phase Separation, Particle Formation and Size Dependence on Various Factors for 

Polystyrene Nanoparticles 

 
In previous sections, we studied different conditions and the effect on the final particle size 

for anthracene, which also leads to the discussions on the mechanism of particle formation 
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and growth for anthracene. In the following sections, we will discuss the particle growth 

process and particle size for polymer samples since there might be divergence in the 

mechanism of particle formation and phase separation for polymers, which has a much 

higher molecular weight and long chains, compared to small molecules. Particle size of 

polystyrene nanoparticles formed at different conditions such as solvent/non-solvent ratio, 

solute concentration and different molecular weight samples will be studied while the 

optimum mixing conditions is remained to ensure a rapid mixing. The mechanism of 

polymer nanoparticle formation will also be discussed, with the consideration of glass 

transition during the phase separation.  

 

7.2.1 Effect of Supersaturation and Initial Solute Concentration for Samples With 

Different Molecular Weights         

From early chapters, we know the key role of mixing conditions on the particle formation 

process. In addition to the mixing conditions, there are several other parameters that might 

have impact on the nucleation process and the final particle size. In our experiment, 

solvent/non-solvent ratio and the initial solute concentration are two factors that we can 

adjust and control precisely. In particular, we control the supersaturation by varying the 

solvent/non-solvent ratio. Supersaturation is defined as the ratio of local concentration and 

equilibrium solubility concentration. In the previous experiments of mixing conditions, we 

keep the solvent/non-solvent ratio at 1:9. Supersaturation is an important physical 

parameter associated with the quench depth in a phase diagram and thus is associated with 

the nucleation rate in classical nucleation or characteristic wavelength in spinodal 

decomposition mechanism. The initial solute concentration is another parameter that we 
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are interested in. The solute concentration is related to the distance between monomers in 

solution—a higher concentration indicates a closer distance between molecular entities 

while a lower concentration means the monomers are diluted and more dispersed. Initial 

solute concentration suggests different starting point in a phase diagram. Different 

molecular kinetics might be involved for different solute concentrations.  

    As before, the mixing system is used for sample preparation. We apply DOE method to 

study the corresponding effects of these two factors on the particle size and distribution. 

We examine two variables in each full factorial experiment design and conduct full 

factorial experiments so that the factors of solute concentration and solvent/non-solvent 

ratio can be studied. We are also curious about the effect of molecular weight of PS on the 

final particle size since polymers with molecular weights of ten times or hundreds of 

difference might behave differently in nucleation and aggregation due to different molar 

mass or structure. Therefore, we choose polystyrene samples with three different molecular 

weights of 13,100, 151,500 and 1,571,000 g/mol and run the full factorial experiments for 

the four variables separately. 

 The high and low settings of solvent/non-solvent ratios are determined without much 

difficulty. We choose 1/20 as the low setting and 1/2 as the high setting for solvent/non-

solvent ratio, which means the sample, is prepared with 1 part of the solute solution injected 

into 20(or 2) part of non-solvent (water).  In order to choose an appropriate high and low 

setting for the solute concentration, a number of trial experiments are done. We want to 

make sure that the combination low setting sample of the solvent/non-solvent ratio and 

solute concentration is not so diluted that the signal is too weak in DLS measurement while 

the combined high setting sample is not too concentrated that multiple scattering will be 
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taken into consideration. At the same time, we want the difference between high and low 

settings as large as possible so that we are able to see the effect more distinctively. After 

several test experiments, we choose 0.1mg/ml as the low setting and 0.75mg/ml as the high 

setting for solute concentration. Again, we are interested in the behavior of polystyrene 

with different molecular weights and thus we still prepare the sample with Mw=13,100, 

151,500 and 1,571,000 g/mol. In the experiments, we vary the solvent/non-solvent ratio 

and the solute concentration while keeping the mixing conditions the same. We keep the 

stir rate at 1000 rpm and the injection rate at 1ml/s to achieve the optimum mixing condition 

for the system. 

7.2.1.1 Polystyrene With a Molecular Weight of 151,500 g/mol 

The stir rate is 1000 rpm and the injection rate is 1ml/s, which is the condition for complete 

mixing from previous experiments. The injection needle is placed at position 10 (Fig.5.9) 

as before. The particle growth for 30mins right after the mixing is measured with DLS. The 

measurement is taken every 35s. Below in the table shows the result for all combinations 

of settings for the two factors (solvent/non-solvent ratio and solute concentration): 

Table 7.4. Particle size at different solvent/non-solvent ratio and solute concentration for polystyrene with a 
molecular weight of 151,500 g/mol.           

Solvent/non-solvent ratio 
(-1: 1/20; +1: 1/2) 

Solute concentration 
(-1: 0.1; +1: 0.75)(mg/ml) 

Particle size (nm) 
Trial 1 Trial 2 

-1 -1 55 35 
-1 +1 85 80 
+1 -1 200 230 
+1 +1 420 412 

 
From the table above, we can see a clear change of particle size in different conditions: 

For samples with a initial solute concentration of 0.1mg/ml and solvent/non-solvent ratio of 
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1 to 20, the mixture is very diluted and the particles are quite dispersed, which gives a final 

particle size of (45nm+-10nm) on average. We notice that the reproducibility of the two trials 

for this condition is not quite satisfactory (with a 22% error). The reason behind it could be 

the unreliable result by running DLS with a very diluted solution. The count rate is very low 

at the low-low setting due to the low concentration of nanoparticles in the sample. However, 

the auto correlation function is still showing a considerable drop as the delay time increases, 

which indicates the evidence of nanoparticles and the corresponding sizes. The selection of 

the points could be tricky and would lead to different particle sizes, though. For the 

combination of 1 to 20 solvent ratio and 0.75mg/ml concentration, the average particle size 

yields (82.5nm+-2.5nm), which is slightly bigger and more reproducible than the condition 

of lower concentration. With a concentration of 0.1mg/ml and a solvent ratio of 1 to 2, the 

particle size grows dramatically to (215nm+-15nm) on average, compared to the first two 

conditions. This means the solvent/non-solvent ratio has a huge effect on the particle 

formation process. Last, for samples with a concentration of 0.75mg/ml and solvent/non-

solvent ratio of 1 to 2, the final particle size increases to (416nm+-4nm), despite the large size 

of the nanoparticles, the results of two trials are quite consistent. At this high-high setting, the 

sample is already very concentrated but not too concentrated to induce the multiple scattering.  

    Below is a plot of the particle radius after 30mins versus the supersaturation of the system 

at different solute concentration levels for PS sample with Mw=151,500g/mol. 
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Figure 7.10. Particle size versus non-solvent/solvent ratio at various solute concentrations. 

 

In Fig. 7.10, the particle size shows a strong dependence on the supersaturation (solvent/non-

solvent ratio), which drops from 400nm to 150nm at a concentration of 0.75mg/ml and drops 

from 200nm to 50nm at a concentration level of 0.1ml/mg as the supersaturation increases 

from 2 to 20. The two trials are quite reproducible for both concentration levels since each 

two dots representing the repetition of the same condition are overlapped (eg: yellow and 

grey). The particle size increases as the solute initial concentration goes up because the yellow 

and grey dots are above the red and blue dots. However, the slopes of the lines of two dots 

with the same color for the high (yellow and grey) and low concentrations (red and blue) are 

different—indicating that the extend to which supersaturation affects the particle size is also 

influenced by the initial solute concentration: at high concentration, supersaturation has a 

more significant effect than that at a lower concentration. 

Furthermore, we use statistical methods to take another look at the data. Below shows the 

ANOVA (analysis of variance) result for the two variables of concentration and solvent/non-

solvent ratio: 
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Table 7.5. Analysis of variance for polystyrene with a molecular weight of 151,500 g/mol. 

 

 
In the analysis summary above, the Prob > F column shows the probability that the 

particular factor does not have any effect on the dependent variable. So the smaller this 

number is, the more it affects the dependent variable. As shown in the table, supersaturation, 

concentration and the interaction between these two factors all have very small values for 

Prob > F, which suggests that the supersaturation and solute concentration both have 

significant effects on the nanoparticle size, while the effect of supersaturation is affected 

by the level of solute concentration as well, and vice versa. 

7.2.1.2 Polystyrene With a Molecular Weight of 1,571,000 g/mol      

The stir rate is kept at 1000 rpm and the injection rate at 1ml/s. The low and high setting 

for the concentration is still 0.1mg/ml to 0.75mg/ml, while the range for solvent/non-

solvent ratio is 2 to 20. The injection needle is placed at position 10 (Fig.5.9) as before. 
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The table below shows the result for all combinations of settings for the two factors 

solvent/non-solvent ratio and concentration: 

Table 7.6. Particle size at different solvent/non-solvent ratio and solute concentration for polystyrene with a 
molecular weight of 1,571,000 g/mol. 

Solvent/non-solvent ratio 
(-1: 1/20; +1: 1/2) 

Solute concentration 
(-1: 0.1; +1: 0.75)(mg/ml) 

Particle size (nm) 
Trial 1 Trial 2 

-1 -1 37 42 
-1 +1 89 94 
+1 -1 214 252 
+1 +1 370 500 

 

From the table above, we can see that the results for two trials at different conditions are 

quite reproducible except for the condition of high-high setting. The variation of the two 

trials is 26%. This could be due to broad distribution of particle size at the particular 

condition and thus growth of large particles exists. It would be hard to duplicate the exact 

identical nucleation and growth process when repeating the experiment. The particle size 

for the low-low setting is again measured with weak signal by DLS and could give slightly 

different values depending on the selection of points when doing the cumulative fitting. 

The particle size drops as the supersaturation of the system increases while it grows as the 

solute concentration increases. 

    Below is a plot of the particle radius versus the supersaturation of the system at 
different solute concentration levels for PS sample with Mw=1,571,000g/mol:
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Figure 7.11. Radius versus non-solvent/solvent ratio at various concentrations for polystyrene with a Mw of 
1,571,000 g/mol. 

 
From Fig.7.11, we can see a noticeable gap between the two trials at the high concentration 

level, which confirms the error occurred at the high-high setting condition. The negative 

slope of the segment composed of the dots with the same color means that the particle size 

decreases as the supersaturation increases. The dot at high concentration level on top of the 

one at low concentration level implies the particle size increases when the solute 

concentration increases.  

    We also have done the ANOVA analysis for PS of Mw=1,571,000g/mol, as shown 

below: 
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Table 7.7. Analysis of variance for polystyrene with a molecular weight of 1,571,000 g/mol. 

 

In the table, the Prob > F values are slightly different from the ones with the sample of 

Mw=151k g/mol. But for the two variables--solvent/non-solvent ratio and the solute 

concentration, the P values are still close to zero, indicating that these two factors both have 

effect on the particle size. For the factor of the interaction between concentration and 

solvent ratio, the P value is a little bit greater (0.1685) than the two factors alone but could 

still be considered a factor that has effect on the result. However, the extend to which the 

effect of one factor is dependent on the level of the other factor is less important than the 

effect of the single factor alone on the final particle size.  

7.2.1.3 Polystyrene With a Molecular Weight of 13,100 g/mol                    

All the mixing conditions (stir rate, injection rate & needle position) are identical to the 

previous experiments. The low and high settings for the solute concentration and 

solvent/non-solvent ratio are still 0.1mg/ml-0.75mg/ml and 2-20. The measurement is 

taken for 30mins after the mixing. Below in the table presented the particle size at all 
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combinations of settings for the two factors (solvent/non-solvent ratio and solute 

concentration):         

Table 7.8. Particle size at different solvent/non-solvent ratio and solute concentration for polystyrene with a 
molecular weight of 13,100 g/mol.  

Solvent/non-solvent ratio 
(-1: 1/20; +1: 1/2) 

Solute concentration 
(-1: 0.1; +1: 0.75)(mg/ml) 

Particle size (nm) 
Trial 1 Trial 2 

-1 -1 40 45 
-1 +1 83 92 
+1 -1 245 261 
+1 +1 460 350 

            

The particle sizes show reproducible result for trial 1 and trial 2 with an error within 10% 

except for the condition of high-high setting combination. Similar as the previous results 

for PS sample with two other molecular weights, the nanoparticle gives smaller size when 

the supersaturation increases for both concentration levels; the particle size increases as the 

concentration increases for both supersaturation levels.  

    Fig.7.12 is a plot of the particle radius versus the supersaturation of the system at 

different solute concentration levels for PS sample with Mw=13,100g/mol.                                                                                                          
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Figure 7.12. Radius versus non-solvent/solvent ratio at various concentrations for polystyrene with a Mw of 
13,100 g/mol. 

 
In the plot, the gap between the grey dot and yellow dot on the left side suggest that the 

particle size at a supersaturation of 2 and concentration of 0.75mg/ml has some discrepancy 

when repeating the experiment. Again, the difference in the slopes of two sets of dots with 

different concentration levels (grey and yellow for high concentration, red and blue for low 

concentration) implies that supersaturation has effect on the final particle size and the 

concentration level also affects how much the supersaturation have effect on the particle 

size. 

The result of ANOVA analysis is shown in the table below: 
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Table 7.9. Analysis of variance for polystyrene with a molecular weight of 13,100 g/mol. 

 

 
The P values for the supersaturation, concentration and the interaction between these two 

main effects are 0.0014, 0.0344 and 0.2362. This means the supersaturation and 

concentration are two factors that have strong effect on the final particle size while the 

interaction between them does not show an effect as obvious as the two main factors alone. 

7.2.2 Summary and Discussions               

Comparing the results for all three samples together, we find some rules in common along 

with some differences. The particle size is dependent on both the solvent/non-solvent ratio 

and the solute concentration for all three PS samples: the particle size drops as the 

solvent/non-solvent ratio decreases while the particle size grows as the initial solute 

concentration increases.  

Unlike anthracene, polymers have high molecular weights and long chains, the size of 

the polymer molecules has already exceeded the critical nucleus size, so there will be no 

energy barrier during the particle formation and the possibility of the mechanism for phase 
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separation being nucleation and growth is ruled out.6 In addition, the system undergoes a 

deep and rapid quench, as a result, we believe that the system falls in the spinodal 

decomposition region. Because the sample is polymers, we also take into account the effect 

of glass transition during the phase separation. A modified phase diagram below (Fig. 7.13) 

helps understand the process: The system initially stays at a stable single phase (point A) 

and is quenched down into point B or C at different quench depths in the spinodal region 

and the phase separation takes place immediately. However, instead of phase separating 

into a solvent-rich phase and solute-rich phase at the binodal line, polystyrene reaches its 

glass transition point at some concentration on the way to the solute-rich phase. The system 

is kinetically arrested in the current state, which also locks the particle size. For the case of 

different solvent/non-solvent ratios, similar as the experiments with anthracene, we 

observe a dependence on the particle size for all three polystyrene samples with different 

molecular weights, a deeper quench (smaller solvent/non-solvent ratio) leads to a smaller 

particle size. 
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Figure 7.13. Modified phase diagram for polystyrene and possible trajectory for quenches of different             
solvent/non-solvent ratios. 

 

This is also due to the effect of the quench depth on the characteristic wavelength that 

determines the initial size of the domains at early stages of spinodal decomposition, similar 

as we have discussed with anthracene. While at the later stages of phase separation to the 

glass transition point, the time it takes to phase separate for different quenches are slightly 

different, the quench depth is still a dominating factor that controls the particle size. 

    For the dependence of different initial solute concentrations, our result suggests that a 

smaller solute concentration yields a smaller particle size for polystyrene nanoparticles for 

all polystyrene samples. The modified phase diagram is shown below in Fig. 7.14: 

  

Figure 7.14. Phase diagram and possible trajectory for samples at different initial concentrations at the 
same quench depth. 

 

As discussed in the earlier paragraph, for polystyrene, during the process of the system 

phase separating into the solvent-rich phase and solute-rich phase, the system reaches the 
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glass transition point and the particles are freezed in the current state. For samples with 

different solute concentrations, (A and C in Fig. 7.14), according to equation (107), 

different characteristic wavelengths will be obtained. For a specific solvent/non-solvent 

ratio, the free energy curve is fixed. But the free energy curve at various solute 

concentrations have different values for the second derivative. The two inflection points 

have a value of second derivative equal to zero, while at regions in between the inflection 

points, the curvature of the free energy curve experiences an initial increase and decrease 

back to zero with a maximum at the critical point. Our result suggests that the system falls 

in the right side of the critical point in the spinodal region, in which the curvature of the 

free energy would decrease as the solute concentration increases and therefore leads to an 

increase of characteristic length scale when increasing the initial concentration. Meanwhile, 

the particle formation and growth also depends on the diffusional growth of the domains 

in the later stages until the glass transition is reached. For point B and D, the glass transition 

point is identical, then the final particle size is a competition between the initial 

characteristic wavelength and the complex molecular dynamics of polystyrene until the 

system is arrested at glass transition, though the diffusion of the molecules mostly increases 

the concentration of the domains rather than the domain size. The result that smaller solute 

concentration leads to smaller particle size might be due to the different initial 

characteristic wavelengths, because the molecular diffusion at later stages is hindered by 

the glass transition, after which the particles no longer changes the size.  

As mentioned previously, we are interested in the molecular weight dependence for 

polystyrene on the particle size. We plot the final particle size at different solvent volume 

fractions and solute concentrations for polystyrene with three different molecular weights 
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and the result is shown in the figure below: 

 

Figure 7.15 Final particle size at fixed solvent/non-solvent ratio and solute concentration for polystyrene with 
different molecular weights. 

 
From the data itself, we don’t see a clear trend of particle size dependence when changing 

the molecular weight of the sample. So again we take a look at the data for all three samples 

together with the help of statistical tools. Below is the analysis of variance for three main 

factors: (solvent/non-solvent ratio, solute concentration and the molecular weight) and 

three interaction-effect of the three factors: 

Table 7.10. Analysis of variance for polystyrene sample with different molecular weights, initial solute 
concentrations and solvent/non-solvent ratios. 
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From the table, we can see that the solvent/non-solvent ratio, concentration and the 

interaction of the two are three factors that have obvious effect on the particle size (with a 

P value very close to zero) as we have discussed just now while molecular weight and the 

interaction of molecular weight with the concentration and solvent ratio are three factors 

that do not show a noticeable effect on the nanoparticle size (with a P value close to 1). 

This suggests that we do not see significant dependence of molecular weight on the final 

particle size at any solvent/no-solvent ratio and concentrations. Below is the modified 

schematic phase diagram for samples with different molecular weights:  
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Figure 7.16. Phase diagram for polystyrene samples with different molecular weights. 

 

For polystyrene with different molecular weights, the glass transition curve varies,100 as 

𝜙ijand 𝜙i7	in Fig. 7.16. At a higher molecular weight, it tends to take more energy for the 

polymers to reach a flexible structure and transform into a rubbery state, so the glass 

transition temperature is higher. For two polymers with different molecular weights and at 

the same initial concentration and same quench depth, the system undergoes the same 

process from point A to B in the phase diagram, while during the phase separation to the 

solute-rich phase, polymers with different molecular weights reach different glass 

transition points and the polymer chains will shrink suddenly from an originally flexible 

state. The actual particle size will become smaller than it should be and no longer increase 

afterwards. Suppose the mixing is complete (which is confirmed in the previous section), 

the two process should be affected by the glass transition point and this would make a 

difference in the particle size. However, we do not see a significant dependence on the 

particle size for three samples with different molecular weights. On the contrary, for three 



	 240	

polystyrene samples with molecular weights of orders of magnitudes difference, the 

particle sizes are quite similar for each specific condition of solvent/non-solvent ratio and 

solute concentration. The reason is unclear, but it could be due to the competing efforts of 

a few factors during the process and a sign of glass transition being part of the mechanism 

for phase separation. It might be possible that the characteristic length for polystyrene with 

larger molecular weight is different from that for the lower molecular weight polystyrene, 

because the free energy differs with molecular weights of the polystyrene samples. 

However, due to the glass transition that varies for polymers with different molecular 

weights, the time it takes the sample to reach the glass transition point is different. 

Typically, polymers with a higher molecular weight requires more energy to reach a 

rubbery state and has a higher glass transition temperature. Therefore, it might take more 

time for the lower molecular weight polymer to diffuse and reach the glass transition point. 

However, the diffusion coefficient for polystyrene with a higher molecular weight is 

smaller than that of polystyrene with a lower molecular weight. As a result, the growth rate 

for polystyrene sample with a higher molecular weight will be lower than the sample with 

a lower molecular weight. The combined effect of these factors discussed above might 

contribute to the fact that the final particle size for different molecular weight polystyrene 

samples are similar.  

    In addition, we are also interested in the particle growth after nanoprecipitation. We look 

at the growth of particle size by plotting the time-dependent particle size curve in a log-log 

form as shown in the figure below: 
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Figure 7.17 Particle growth over time for polystyrene nanoparticles at different solvent/non-solvent ratios. 

 

In Fig. 7.17, the particle growth curve is plotted in a log-log form, where a linear 

relationship indicates a power law dependence of the data and the slope of the linear fitted 

line corresponds to the exponent of the power law dependence. From the plot, we notice 

that the slopes for most of the curves are very close to zero especially for the deeper 

quenches of 1/9 and 1/20 (0.084 for a solvent/non-solvent ratio of 1/2 and below 0.05 for 

all the lower solvent/non-solvent ratios). This might suggest the role of glass transition in 

the mechanism of phase separation because when the system hits the glass transition point 

during the phase separation, the particles are kinetically arrested and no longer change the 

size afterwards, which might lead to a growth curve that is close to zero.  
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CHAPTER 8 

    CONCLUSION AND FUTURE WORK 

 

In this research, nanoparticle formation and phase separation during nanoprecipitation were 

studied for both small molecules and polymers. The particle formation and growth for 

anthracene nanoparticles was observed using an imaging system, with an estimated 

calculation on the time scale for particle formation at early times. The initial particle growth 

process for polystyrene nanoparticles was also investigated by static light scattering, with 

a data collection interval of 0.02s that is comparable with the particle formation time. We 

observe an immediate particle growth from 20mn to 40nm in a very short time right after 

the nanoprecipitation.  

    In addition, the effect of different initial conditions on the particle size for both small 

molecules and polymers was studied with dynamic light scattering. I investigated the 

mixing conditions, solvent/non-solvent ratio (quench depth), initial solute concentration, 

molecular weight and diffusion coefficient. A mixing system with automatic syringe 

pumps and stirrers was built to achieve a rapid mixing and precisely control the mixing 

process. According to the experimental results, for both small molecules and polymers, the 

mixing process is critical in nanoprecipitation, the competition between two time scales, 

the mixing time and particle formation time, will lead to distinct results for nanoparticle 

size and size distribution. The comparison between small molecules and polymers also 

reveals the effect of diffusion coefficient on the particle size, which essentially affects the 
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mixing process and again confirms the pivotal role that mixing plays in the particle 

formation. A lower solvent/non-solvent ratio, which indicates a deeper quench of the 

system, always resulted in a smaller particle size and stable growth for both small 

molecules and polymers, although the mechanism for small molecules might be nucleation 

and growth at very low concentrations, while the mechanism of spinodal decomposition is 

more possible at high supersaturations. No dependence on the solute concentration was 

observed for anthracene nanoparticles, which is due to the combined contribution of the 

different initial characteristic wavelength and intricacies of the molecular dynamics during 

the diffusion process later on.  

     For polystyrene, both the solvent/non-solvent ratio and solute concentration had 

significant effect on the final particle size. The mechanism of spinodal decomposition is 

strongly suggested for particle formation of polystyrene nanoparticles, which takes place 

immediately after the quench. The glass transition is also taken into consideration in the 

mechanism, where the system is kinetically arrested during the phase separation and the 

particles no longer change the size afterwards. In polystyrene, the molecular weights did 

not show a clear influence on the particle size, instead, the particle size at different 

molecular weights were quite similar. This might be related to the possibility that different 

glass transition points play a role in phase separation for polystyrene with different 

molecular weights. The comparison of growth curves between anthracene and polystyrene 

also showed that polystyrene has a much steadier growth curve (almost a flat line with an 

initial rapid increase) than anthracene nanoparticles, which suggests a possibility of the 

glass transition or surface charge between polystyrene nanoparticles affecting the growth. 

However, more work needs to be done to fully understand the process for polymers with 



	 244	

different molecular weights and the possible mechanism of spinodal decomposition and 

glass transition. Finally, our work on the calcium carbonate clusters shows some evidence 

of the existence of prenucleation clusters in undersaturated solutions, which is an 

alternative mechanism for the formation of inorganic nanoparticles and some organic 

nanoparticles.  
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