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ABSTRACT 

 

Particle size, shape, and their distributions directly influence a variety of processing and end-use 

properties related to packing, mixing, and transport of powders, solutions, and suspensions. 

Many of the techniques currently employed for particle size characterization have found limited 

applicability for broadly polydisperse and/or non-spherical particles. We have attempted to 

overcome many of the limitations of these techniques through the systematic development of 

multi-detector hydrodynamic chromatography (HDC) methodology for the characterization of 

mono- and polydisperse spherical and non-spherical particles and ultra-high molar mass 

polymers. 

Initially, HDC with multi-angle static light scattering (MALS), quasi-elastic light 

scattering (QELS), differential viscometry (VISC), and differential refractometry (DRI) 

detection, was used to characterize the size, shape, and compactness of monodisperse spherical 

polystyrene and poly(methyl methacrylate) particle standards. From these analyses, we were able 

to measure three colloidal radii, and also to determine the shape and structure or compactness of the 

particles. Once the HDC/MALS/QELS/VISC/DRI technique was proven successful for 

characterizing monodisperse spherical particles, our analytical approach was refined to include 

spherical particles polydisperse in size, compactness, and chemistry.  Analysis of these 

polydisperse particles demonstrated the robustness of the HDC method, in which the multiplicity 

of detection methods employed helps compensate for the inherently low chromatographic 

resolution of the separation method.  

The next step in the sequential development of multi-detector HDC methodology was to 

examine non-spherical particles. A polydisperse prolate ellipsoidal silica particle was 

successfully characterized based on molar mass, three colloidal radii, and their distributions. The 

synergetic combination of size information obtained through the use of multiple physical 

detectors provided information on particle shape and compactness across the HDC elution 

profile, through the application of various dimensionless size ratios.  

A collaboration with Inovatia Laboratories LLC., then allowed us to extend the HDC 

method to the study of nanoparticles that had been shown to be polydisperse in both size and 
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shape by transmission electron microscopy (TEM). These analyses confirmed the accuracy and 

precision of the HDC technique, which provided a more complete structural picture of the 

nanoparticles than did TEM, in a fraction of the time needed for the latter.  

 We then evaluated the ability of multi-detector HDC to analyze irregular-shaped objects 

by analyzing a colloidal assembly of silica particles, with a shape similar to that of a string-of-

pearls. Two different separation techniques, HDC and size-exclusion chromatography (SEC), 

were used to characterize this sample. The string-of-pearls was shown to degrade during SEC 

analysis, but not during HDC analysis. The multiple detection methods employed allowed us to 

expand the type of information obtained in previous studies to include the observation that the 

sample contained “strings” varying in degree of polymerization, as well as individual “pearls.” 

Lastly we used, HDC to study ultra-high molar mass polymers which had been shown to 

experience on-column, flow-induced degradation by SEC. Multi-detector HDC was able to 

determine the molar mass and size of the ultra-high molar mass polysaccharide alternan more 

accurately than SEC, in a fraction of the time.  

In conclusion, multi-detector HDC has been successfully and systematically developed 

into a method for characterizing complex particles and ultra-high molar mass polymers based on 

their size, shape, and compactness. Because the multi-detector HDC technique employed 

instrumentation common to most macromolecular separations laboratories, it shows great 

promise in the areas of particle and polymer characterization. 
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CHAPTER ONE 

PARTICLE CHARACTERIZATION: SIZE, SHAPE, AND 

POLYDISPERSITY 

 

1.1 Particles and Their Characterization 

The importance of particle characterization in research and development, manufacturing, quality 

control, and end-use properties (i.e., solid-, solution-, and melt-state properties) of materials and 

products that we use in everyday life are practically invisible to those not directly involved with 

these activities. Few know how particle size, shape, and their distributions can influence, for 

example, the efficacy and permeability of a drug [1-3], the flowability and hue of paint [1,4], the 

packing of spheres (i.e., oranges) [5-6], or the taste and texture of chocolate [7]. The ability to 

accurately and precisely characterize particles is an indispensable tool for many industrial 

processes, as information obtained from particle characterization is used to dictate applications 

and to improve the quality and performance of products that make up a larger portion of our 

everyday life.  

 Before one can understand the importance and parameters of particle characterization, we 

must first define what is meant by the term “particle”. The Merriam-Webster Dictionary defines 

a particle as “a minute quantity or fragment” or “a relatively small or the smallest discrete 

portion or amount of something”. Since the word “small” is a relative term, a particle from this 

point forward will be understood as something with dimensions between 100 Å (0.01 m) and 

100,000 Å (10 m). In this size regime, particles can be anything from natural or synthetic 

macromolecules (i.e., polysaccharides and latexes), ensembles of small inorganic and organic 

molecules, and pieces of bulk materials (i.e., non-dairy coffee creamer or pharmaceutical 

powders) [1, 8-10], as depicted in Figure 1.1.   
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Figure 1.1: Typical particles with dimensions between 100 Å (0.01 m) and 100,000 Å (10 
m): These include latexes, viruses, blood, inorganic colloids, oil mists, paint pigments, 
polysaccharides, bacteria, and food products. 

 

Particles are typically characterized based on their size and/or shape. The size of a 

particle is that dimension which best characterizes its state [11]. For a homogeneous spherical 

particle the best dimension for characterization is the diameter or radius and can unambiguously 

be used as its size. Conversely, particles of irregular shape can be characterized in various ways. 

For example, if the maximum length of the irregular shaped particle is used as the size, the 

particle is then characterized based on a sphere of a diameter or radius equivalent to the 

maximum dimension. If however, the same particle is characterized on the minimum length 

instead, the size of the particle will be different [12]. The size of spherical and irregular shaped 

particles can be determined based on various equivalent radii extracted from techniques that 

measure different size-dependent properties such as volume, surface area, viscosity, 

sedimentation, diffusion, or intensity of scattered light. As seen in Figure 1.2, the difference in 

particle size can vary greatly between techniques; therefore, for particle size characterization, 

knowledge of the technique and property being measured is essential. 
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Figure 1.2: Particle size of an irregular-shaped object based on different techniques; 
maximum and minimum length, weight, sieving, and sedimentation. 

 

The shape of a particle varies based on the different methods of particle production and 

on the state of the particle [13-14]. The morphology of a particle when analyzed as a dry powder 

can differ from its morphology in a dilute suspension. Therefore, characterization of particle 

shape should ideally be performed in an environment resembling that of the product’s end-use. 

Particle shape characterization is most often performed based on a direct comparison between 

the particle and a structure such as a sphere or cube, capable of being characterized by one 

unique dimension. The ambiguity experienced in traditional particle shape characterization 

techniques, by attempting to describe a three-dimensional object with only one number, is shown 

in Figure 1.3, with the comparison between irregular shaped objects and a sphere.   
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Figure 1.3: Ambiguity in traditional particle shape characterization techniques by 
comparing irregular-shaped particles to a sphere. Irregular-shaped particles are then 
classified by their degree of sphericity, angularity, and roundness.  

 

The ability to accurately and precisely characterize a particle decreases greatly as the 

number of different sizes and/or shapes of the particle increases, e.g., with increasing size and 

shape polydispersity. If a given property is the same for the entire sample population, the system 

is considered to be monodisperse with respect to that property. If, on the other hand, the particles 

in the sample population have different values for the property of interest, the sample is 

polydisperse with respect to the property [1]. For example, a sample can be polydisperse with 

respect to size and monodisperse with respect to shape, such as a mixture of spherical latexes 

ranging from 20 to 200 nm in radius. For polydisperse particle populations, it is essential to 

either fractionate or separate the different species present into essentially monodisperse aliquots 

prior to particle characterization to achieve particle size and shape distributions and averages or 

statistical moments of various radii. Without fractionation or separation, the size and shape 

determined is not an accurate depiction of the particle population, as one obtains merely an 

average and, in most methods, only one type of average size for the entire sample population. 



5 
 

Therefore, it is essential to accurately characterize the size and shape of the entire sample 

population, in the form of a distribution, as a slight change in distribution can directly affect the 

end-use characteristics of a product, such as the selective permeability of a drug [15] or the 

viscosity of yellow sandwich mustard [7]. 

 Overall the characterization of particles based on size, shape, and their distributions is a 

complex process. To date, there have been more than 400 different methods applied to particle 

characterization, ranging from sieving to laser diffraction to mass spectroscopy [1, 9, 12, 16]. 

Prior to the commercialization of light-based and other modern detection methods, most particle 

characterizations relied on physical separation of the sample, such as sieving or analysis of a 

limited sample population as customary to electron microscopy. Over the last several decades, 

with improvements in technologies such as the development of large-molecule chromatography, 

laser light scattering, and computers, vast improvements in particle characterization have been 

made. For example, with the use of light scattering detectors, particle size can be determined 

based on both equivalent hard sphere and statistical radii. Likewise, shape comparison between 

irregular shaped and spherical objects can be replaced with the use of shape coefficients, shape 

factors, Fourier analysis, or fractal analysis [1]. Ultimately, the choice of a proper analytical 

method for particle characterization depends on the requirements of the application and the 

accessibility to a suitable analytical technique.  

 

1.2 An Overview of Particle Characterization Techniques 

 The most vastly used particle characterization techniques, for analytes ranging in size 

from approximately 100 Å (0.01 m) to 100,000 Å (10 m) include, but are not limited to, 

sieving, sedimentation, electrozone sensing, microscopy, laser diffraction, and large-molecule 

chromatography/separation methods [1, 9, 12, 17]. Each method has its own advantages and 

disadvantages and relevant size range. In general, limitations accompanying these techniques are 

high cost, lack of speed, complexity of instrumentation, lack of accuracy for broadly 

polydisperse analytes, and limited suitability for non-spherical particles.  Figure 1.4 summarizes 

these particle characterization methods according to their applicable size ranges. 
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Figure 1.4: Typical particle sizing methods and applicable ranges. Methods: Field-flow 
fractionation, size-exclusion chromatography, sieving, hydrodynamic chromatography, 
electrozone sensing, sedimentation, electron microscopy, and laser diffraction.   

 

1.2.1 Sieve Analysis 

Sieve analysis is probably one of the oldest particle sizing techniques available, dating back to as 

early as the sixteenth century. Sieve analysis uses a test sieve (or a set of test sieves), that has a 

screen with many uniform openings to classify materials into different fractions [1]. The portion 

of material that is larger than the openings of the screen will be retained on the screen, while the 

portion of material that is smaller than the openings of the screen will pass through. The 

openings in a sieve are three-dimensional; however, sieve segregation is based on only two linear 

dimensions [18]. Size characterization based on only two dimensions can lead to ambiguous 

results. For example, two rods with the same radius but different lengths may yield the same 
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results in a sieve analysis. Likewise, whether a three-dimensional particle of any shape can pass 

through the openings of a sieve depends on the orientation of that particle [19] which, in return 

depends on the shaking mechanism of the sieve as well as the time length of such shaking.  

 The results from sieve analysis depend on the shaking mechanism of the sieve, the time 

length of the shaking, the geometry of the sieve openings, the number of particles, the physical 

properties of the particles, and the actual size variations in the sieve openings. The variables 

which affect the accuracy and precision of sieve analysis are numerous but, overall, both factors 

are controlled by the variations in the size and geometry of the sieve openings. Sieve analysis is 

typically limited to solid-state particles ranging from 5 m to 10 cm, as particles outside this 

range are almost impossible to measure and resolve from one another on a sieve [1, 12]. In 

general, sieve analysis is fairly inexpensive in comparison to other methods, but the 

reproducibility is poor, as is the ability to measure true size distributions, as three-dimensional 

particles are characterized solely based on two of their dimensions. 

 

1.2.2 Sedimentation Methods  

The characterization of solution-state particles is traditionally performed by sedimentation. 

Sedimentation methods are based on the settling rate of particles in a liquid at rest under a 

gravitational or centrifugal force. The most applicable size ranges for gravitational and 

centrifugal sedimentation are 0.5 to 100 m and 0.05 to 5 m, respectively. The principle of 

sedimentation measurements is based on the relationship between settling velocity and particle 

size as given by the Stokes equation [10]:  

g
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            (1.1) 

where, d is the particle diameter, equal to the equivalent diameter of a spherical particle that has 

the same density and free-falling velocity as the real particle in the same liquid under laminar 

flow conditions;  is the viscosity of the suspension liquid; up is the particle settling velocity; ρs 
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and ρl are the particle and liquid density, respectively; and g is the acceleration, either 

gravitational or centrifugal [20, 21].    

Sedimentation analysis is widely used throughout industry, especially for paints and 

ceramics, as many product specifications and industrial standards have been established based on 

this method. The intrinsic limitations of sedimentation are associated with the inapplicability of 

Stokes’ Law to the characterization of irregular-shaped particles. Stokes’ Law is only valid for 

spheres which possess the unique feature of being the most compact shape for the volume or 

surface area they possess. Hence, irregular-shaped particles will possess more surface area than 

the equivalent sphere and will thus fall more slowly than their equivalent sphere because of the 

increased drag [12]. The applicability of Stokes’ Law is likewise limited for irregular-shaped, 

polydisperse particles, for which, sedimentation experiments produce particle size distributions 

biased towards large particles and broader than the real distribution, due to self-orientation of 

particles to create maximum drag which results in slower settling velocities than their equivalent 

sphere. Other disadvantages of sedimentation experiments are that the technique is extremely 

slow and repeat measurements are tedious, particles in a mixture must have a uniform density, 

and most experiments tend to overestimate particle size because of the aforementioned 

orientation-induced drag effects.   

 

1.2.3 Electrozone Sensing  

Electrozone sensing, also known as Coulter counting, was developed in the 1950s for the sizing 

of blood cells, which are virtually monodisperse suspensions in a dilute electrolyte. During an 

electrozone sensing experiment, a glass vesicle with a hole or orifice in it is placed in an 

electrolyte solution containing a low concentration of the particles of interest (Figure 1.5). The 

device contains two electrodes immersed in an electrolyte solution, with one electrode inside and 

one outside the orifice. The particles then pass through the orifice or “sensing zone” when the 

liquid is drawn from one side to the other. As this occurs, a volume of electrolyte equivalent to 

the volume of immersed particles is displaced from the sensing zone. This results in a short-term 

change in resistance across the orifice, which is measured by either a voltage pulse or a current 

pulse. The number of pulses detected during an experiment is equal to the number of particles 
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measured, with the amplitude of the pulse proportional to the volume of the particles [1, 22] and 

to the third power of the diameter of a spherical particle [23].  

 

Figure 1.5: Schematic of the electrozone sensing analyzer, illustrating particles being 
passed through the orifice when the electrolyte solution is drawn from one side to another, 
resulting in a volume of electrolyte equivalent to the volume of the particles.  

 

A typical electrozone sensing measurement takes less than a minute, as counting and 

sizing rates of up to 10,000 particles per second are possible [1]. The lower size limit of this 

method is ~ 0.4 m and is based on the smallest orifice possible and the ability to discriminate 

all kinds of noise from the signal generated by the particles passing through the orifice. The 

largest source of interference is electronic noise generated mainly within the current itself. The 

upper limit is determined from the ability to suspend particles uniformly in the sample beaker 

and can be as high as 1200 m. While the applicable size range is large in electrozone sensing, 

the method is limited to particles that can be suitably suspended in an electrolyte solution, either 

aqueous or organic, while retaining their original morphology, and requires multiple 

experimental set-ups with various sized orifices to determine particle size distributions. The 

major advantage of electrozone sensing is that it measures particle volume, without shape bias. 

Until the recent boom of nanotechnology, the most vastly used application for electrozone 

sensing was in the medical profession for counting blood cells [23].  
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1.2.4 Microscopy  

Dating back to the nineteenth century, microscopy analysis is the most widely used methods for 

the determination of particle size and shape.  All microscopic methods include an image capture 

procedure, based either on the illumination by light (optical microscopy) or by the bombardment 

of electrons (electron microscopy), followed by image processing and analysis procedures. The 

use of electron microscopy, in either the form of transmission electron microscopy (TEM) or 

scanning electron microscopy (SEM), is ideal for particles ranging from 0.001 to 200 m [1, 24, 

25]. TEM is used to explore the internal particle structure and SEM is mainly used to study 

surface morphology [26]. 

  The apparatus used in TEM and SEM are depicted in Figure 1.6. In both a TEM and an 

SEM experiment, a fine beam of electrons is produced at the top of the microscope by an 

electron gun. The electron beam then follows a vertical path through a microscope under 

vacuum. The beam is then focused down towards the sample by traveling through 

electromagnetic fields and lenses. The lenses are used to control the size and intensity, or 

brightness, of the electron beam. In TEM, the electron beam is then transmitted through the 

sample. The interactions between the electron beam and sample are then brought into focus by 

the objective lens into an image. The image then strikes the phosphor image screen and light is 

generated, allowing the user to see the image [24, 25]. Conversely, in an SEM experiment the 

beam is scanned across the surface of the sample after impacting the latter. As the sample and 

electron beams interact, electrons are ejected from the sample. A detector then monitors, at each 

point on the sample, the amount of energy lost by the incident electron beam. The differences in 

intensity of the incident electron beam between the background and sample are then converted 

into an image with each point corresponding to the position of the beam when the signal was 

generated [25, 26].  The images produced by both TEM and SEM are on a black and white shade 

scale. The dark areas of the image represent those areas of the sample that produced few 

electrons, while the lighter regions represent those areas where more electrons were produced. 

The captured images from microscopic measurements where typically recorded on photographic 

paper but currently are recoded using computer automation images. The computer images are 

then reprocessed (e.g., by image enhancement) and analyzed using an image analysis program. 

The size and shape of the particle are then determined through manual or software-assisted 
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analysis from the produced images. Manual analyses can be accomplished by direct 

measurements on a calibrated micrograph, such as by using a negative with a ruler and a 

magnifying glass. Software-assisted analyses can be performed using commercially available 

packages which offer an array of simple line-measurement tools. In both manual and software-

assisted analysis each particle is scrutinized and measured based on a consistent measurement 

method (i.e., measuring horizontal or vertical diameters, shortest diameter, longest diameter, etc.) 

and that technique is properly disclosed when reporting results [27]. 

 

 

Figure 1.6: Schematic of transmission electron microscope (TEM), left, and scanning 
electron microscope (SEM), right. In both methods, a fine beam of electrons is produced at 
the top of the microscope by an electron gun. In TEM, the electron beam is transmitted 
through the sample and, in SEM, the beam is scanned across the surface of the sample. 
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Microscopy analysis has advantages over other methods, as it can provide information on 

particle size, shape, and surface texture for a broad size range of particles. However, the 

disadvantages of the technique lie in the fact that it only yields information from a two- 

dimensional perspective which can vary significantly depending on particle orientation. Sample 

preparation in electron microscopy is another disadvantage, as the technique requires the use of 

dried analytes, usually in vacuum, which can result in particle sizes and shapes quite different 

than when the particles are in a suspension, the latter being an environment more closely 

associated with that of the end-use of the particle. Significant drawbacks in manual and software-

assisted measurements of microscopy images include user biases and the tedious nature of 

repeated measurements. By far, the biggest drawback of microscopy methods is the number of 

particles in focus that can be inspected in any field of view. This limitation makes the use of 

microscopy for polydisperse samples virtually impossible, as an adequate statistical 

representation of the entire sample is unachievable.  

 

1.2.5 Laser Diffraction 

Laser diffraction is another optical based method which has been employed for particle size 

characterization. Because particle size distributions can be obtained by laser diffraction it has, to 

a large extent, replaced methods such as sieving, sedimentation, and microscopy for samples 

which are polydisperse. In addition to being able to determine particle size distributions, laser 

diffraction is a fast, non-intrusive, non-destructive, and reproducible technique [28, 29]. The 

limitations of laser diffraction lie in its ability to determine particle size and shape for non-

spherical objects, as the measurement data obtained by laser diffraction are typically evaluated 

by applying the Fraunhofer diffraction theory approximation for spheres. Therefore, the 

measurement of irregular-shaped particles results in large errors when evaluating the particle size 

distribution and, thus, limits the applicability of laser diffraction for the characterization of 

irregular-shaped particles. The limitations in laser diffraction have been dealt with by applying 

complicated light scattering equations (i.e., Mie Theory), instead of approximations and through 

the measurement of scattering intensity over a wide scattering angular range [1]. These 

improvements have extended the applicability of the technique to include the characterization of 
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irregular-shaped particles based on particle size only, as particle shape determination by laser 

diffraction is still limited to spherical particles. 

 The measurement principle for laser diffraction is based on the diffraction of laser light 

by particles dispersed in a liquid medium (Figure 1.7). A light source generates a monochromatic 

beam that is passed through several optical components before reaching the sample. The particles 

in the sample then scatter light in a unique angular scattering pattern. This pattern is then 

transformed into an intensity pattern that is detected by photodetector arrays. The measurement 

data obtained are then traditionally evaluated using Fraunhofer diffraction theory. Although in 

general Fraunhofer diffraction theory itself is not limited to spherical shaped particles, the 

normal evaluation algorithm used in laser diffraction to determine particle size is the Fraunhofer 

approximation for spherical shaped particles. Thus, particle characterization of irregular-shaped 

objects results in the over-estimation of particle size. The scattering of light by the particles can 

also be measured with a pixel array CCD (charged-coupled device) camera, in order to determine 

particle size and shape. Irregular-shaped particles produce diffraction patterns that feature 

variations between the radial and azimuthal directions, while the diffraction patterns of spherical 

objects are uniform. These observed differences can be used to determine if a particle is spherical 

or irregularly shaped [28, 29]. 

 

 

 

Figure 1.7:  Schematic of laser diffraction: Laser light is diffracted by particles dispersed in 
a liquid medium and then focused through a lens to a detector.  
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1.2.6 Chromatographic/Separation Methods 

In chromatographic methods used for particle characterization a sample is injected onto a system, 

then carried by a liquid carrier (the mobile phase) through a chromatographic column or a 

separation channel. During passage through the column the particles are retained by, or interact 

with, the chromatographic barriers differently, based on a certain property of the particle that is 

related to size and, thus, the sample is fractionated. The fractionated particles are then detected 

by various methods, usually light scattering or UV-Vis spectroscopy in the case of particle 

characterization. The choice of chromatographic methods depends on the particle size range of 

interest. 

There are three separation methods generally used for particle characterization of dilute 

suspensions, the first of those being size-exclusion chromatography (SEC). Size-exclusion 

chromatography is the preferred analytical method to separate synthetic and biological 

macromolecules based on size. However, SEC can also be employed to characterize particles 

ranging from ~ 0.001 to 0.5 m. The columns in SEC are packed with porous particles composed 

of polystyrene, or polystyrene-divinylbenzene, or silica, or cross-linked poly(methyl 

methacrylate) of various diameter and pore sizes [30]. The pores of the packing material are 

sampled by the analyte as it travels through the column. The larger analytes cannot fit into many 

(or any) of the pores; therefore they pass through the column before the smaller analytes, which 

can fit into more of the pores, thus taking a longer time to pass through the column than their 

larger counterparts [31]. Figure 1.8 illustrates how analytes of various sizes interact with the 

porous particles in an SEC column. 

The limitations in SEC for particle size characterization arise from possible interactions 

between the particle being characterized and the column packing material and the loss of sample 

via entrapment of aggregates or larger particles by the packing beads. The efficiency of an SEC 

separation decreases when the size of the particle being characterized exceeds about half a 

micron [1]. Additionally, SEC is a technique which analytes encounter high shear stresses, 

therefore, the analysis of large or ultra-high molar mass (M > 106 g/mol) analytes requires 

extremely low flow rates, increasing the analysis times from minutes to multiple hours, in order 

to avoid sample degradation.  
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Figure 1.8: Schematic of size-exclusion chromatography (SEC), illustrating the “reverse 
sieving” separation mechanism occurring in the porous packing material and the elution 
order of the technique: Larger particles (red) sample less pore volume and, therefore, elute 
before smaller particles (green) which sample more pore volume.  

  

In comparison to SEC, the other two separation techniques for particle size 

characterization, field-flow fractionation (FFF) and hydrodynamic chromatography (HDC), are 

both gentler and faster. FFF and HDC are both separation methods based on the flow profile due 

to channel geometry: Separation in HDC relies strictly on the parabolic flow profile in an open-

tube [32], whereas in FFF it relies on both the parabolic flow profile and a transverse physical 

field applied perpendicular to this flow [33, 34].  A typical FFF device is composed of a thin flat 

channel. An external field or gradient is applied perpendicular to the channel axis and drives 

components towards one wall of the channel (the accumulation wall), where each analyte or 

particle forms a steady-state distribution. The compression of the distribution against the 
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accumulation wall increases as the force applied by the field on the particles increase. Because of 

the different force levels, different components have steady-state distributions of differing 

thicknesses. The external force field can be centrifugal, thermal, electric, flow, gravitational, or 

magnetic. The particles are typically driven to within 1-10 m of the accumulation wall and are 

then transported towards the channel exit and to a detector by a stream of carrier liquid (Figure 

1.9). This transport is based on the flow profile; therefore components with distributions closest 

to the channel wall (large particles) will be carried slower than those with distributions further 

from the channel wall (smaller particles). As a result, smaller particles travel more rapidly and 

exit the channel earlier than their larger counterparts. Elution order in FFF is opposite from that 

in SEC, with smaller particles eluting prior to their larger counterparts. 

 

 

Figure 1.9: Schematic of field-flow fractionation (FFF) channel, illustrating the external 
force field applied perpendicular to the channel axis, driving the larger particles (red) 
towards the accumulation wall before the smaller particles (green). The particles are then 
transported based on the flow profile; therefore, components closest to the channel wall 
(large particles) will be carried slower than those further from the wall (smaller particles). 
The elution of order of the technique: Smaller particles (green) elute before larger particles 
(red). 
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Although FFF has been demonstrated as an acceptable technique for particles from 1 nm 

to 500 m, its commercialization has been relatively unsuccessful. Commercialized FFF 

instruments are not popular and their main applications have been in academia and the 

pharmaceutical industry [1, 35]. Likewise, the vast majority of FFF systems are feasible only for 

aqueous mobile phases, therefore severely limiting possible applications. As mentioned earlier, 

the separation mechanism of FFF is similar to that of hydrodynamic chromatography (HDC), and 

both methods overcome the drawbacks of SEC for particle characterization, making HDC an 

ideal alternative method for both techniques, FFF and SEC. Additionally, HDC requires only the 

purchase of new columns, if one has an SEC system, not a new instrument as in the case with 

FFF. Due to the limitations of both SEC and FFF, HDC is the chromatographic method of choice 

throughout this dissertation for the characterization of particles and ultra-high molar mass 

polymers.  

 The theory of HDC is described in detail in the following chapter. To summarize, HDC 

fractionates particles utilizing the interaction between them and the liquid flow profile. Particles 

are confined to different flow paths depending on their size; larger particles to faster moving 

flow paths, smaller particles to slower moving flow paths [1, 32]. Elution order in HDC is 

identical to that in SEC, with larger particles eluting prior to smaller ones.  HDC can be 

performed either in an open-tube or in column packed with non-porous (or very small pore) 

beads. The ideal size ranges of open-tube and packed-column HDC are 0.02 to 50 m and 0.03 

to 2 m, respectively.   
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CHAPTER TWO 

MULTI-DETECTOR HYDRODYNAMIC CHROMATOGRAPHY (HDC) 

 

2.1 History of Hydrodynamic Chromatography  

Hydrodynamic chromatography (HDC) is a solution-based chromatographic technique which 

was originally used for the separation of colloidal particles with radii in the range of nanometers 

to microns. This technique is based on the discovery that the rate of transport of colloidal-sized 

particles through a bed packed with solid, non-porous particles depends on the size of both the 

colloid and of the particles that constitute the packing [32]. Particle separation by size occurs 

when the dimensions of the analyte are large enough to interfere with the flow profile in an open-

tubular or packed bed flow system. Separation is due to the parabolic (Poiseuille) flow velocity 

profile in an open-tube channel (capillary HDC) or in the interstitial volume of a column packed 

with non-porous material (packed-column HDC), which allows small particles to be close to the 

walls, where the flow is stagnant, while larger particles remain nearer to the center of the tube, 

where flow is fastest. Elution order in HDC is due to preferential sampling of the faster 

streamlines by the larger particles, resulting in larger analytes eluting earlier than smaller ones 

[8, 32, 36-42].  

 The technique was pioneered and named by Hamish Small in the mid-1970s while 

working for Dow Chemical Company. As is the case with most techniques hydrodynamic 

chromatography, was conceived and developed to satisfy a perceived need, in this case the need 

to reduce the time involved in measuring the size of colloids, and thus to better understand and 

control colloidal processing [8, 36]. Small demonstrated the practicality of HDC for the 

separation of mixtures of polymer latexes and colloidal suspensions, using packed beds of 

impermeable particles as the separation column [8, 32, 36-38]. A few years prior to Small’s 

development of HDC, DiMarzio and Guttman gave a theoretical explanation of separation by 

flow [43, 44], which was later shown to mimic the separation mechanism in HDC [37]. Various 

aspects of the separation mechanism of HDC and the effect of the particle size of the packing 

material have been heavily studied by Stegeman, Kraak, Poppe, and Tijssen [38, 45-49]. During 
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the late-1980s and early-1990s, Prud’homme et al. [40, 49, 50], Hoagland et al. [41, 50, 52], and 

Langhorst et al. [50, 53] showed the applicability of HDC for the separation of large molecules 

such as proteins, polystyrenes, and high molar mass water soluble polymers (i.e., xanthans and 

polyacrylamides).  

 After the initial boom of commercialized capillary and packed-column HDC 

instrumentation in the late-1980s and early-1990s, the marketplace was deemed unsuccessful 

because of technological limitations inherent to the method, such as complexity of 

instrumentation, high cost, and lack of accuracy [8, 35].  Advances in electronics, computing 

technology, and detection methods have permitted improvements in several of these areas [1]. 

The use of packed-column HDC for size-base separation became prevalent again in the early-

2000s with the development of the Polymer Laboratories Particle Size Distribution Analyzer 

(PL-PSDA), a “black box” unit composed of hydrodynamic chromatography columns and a UV-

Vis detector. The PL-PSDA was shown to be successful for the characterization of mono- and 

polydisperse particles [54] but the marketplace has been unsuccessful.  

Current applications of HDC include, but are not limited to, the analysis of spherical 

particles [54-56], DNA [57, 58], and polysaccharides [59-61]. To date, HDC has been coupled to 

single- and multi-detector instrumental set-ups composed of UV-Vis [1, 55, 59, 60], fluorescence 

[41], differential viscometry (VISC) [62], multi-angle static light scattering (MALS) [62], and 

inductively-coupled plasma mass spectrometry (ICP-MS) [56]. In addition to the applications 

and detection methods previously mentioned, miniaturized hydrodynamic chromatography chip 

systems have been developed for the characterization of fluorescent nanospheres, 

macromolecules, synthetic polymers, and biopolymers [62, 63]. The applications of HDC 

coupled to various detections methods are numerous, as the only major requirement are that the 

sample ranges in radius from 10 to 500 nm or the molar mass of a polymer exceeds ~ 106 g/mol, 

and that separation occurs in a size-based fashion.    

 

2.2 Theory of Hydrodynamic Chromatography 

Hydrodynamic chromatography is a solution-based separation technique where analytes sample 

the streamlines of flow in an open-tube or in the interstitial volume of a column packed with 
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solid non-porous (or very small pore) material preferentially, in a size-dependent manner. The 

separation principle of open-tube and packed-column HDC relies on the size-dependent 

exclusion of an analyte from the wall to an open-tube in which a pressure-driven flow is applied. 

In packed-column HDC (shown in Figure 2.1), the interstitial channels play the role of a 

collection of capillaries (open-tubes). The pressure-driven flow results in the development of a 

parabolic (Poiseuille) flow velocity profile in between the particles. Consequently, ideal HDC 

separation occurs under the influence of flow alone, e.g., other contributing factors such as 

electrical double layer effects and van der Waals attractions are either absent or minimal. Larger 

analytes remain near the center of the tube, experiencing a greater velocity as, on average, they 

will spend more time in the faster-flowing regions of the velocity profile, while smaller analytes 

will have a slower velocity as they will sample more flowing regions (streamlines) of the 

velocity profile, including those closest to the walls, where the flow is stagnant [8, 32, 36]. 

Elution order in HDC is due to preferential sampling of the faster streamlines by the larger 

particles, resulting in larger analytes eluting earlier than smaller ones. 

 

 

Figure 2.1: Schematic diagram of packed-column hydrodynamic chromatography (HDC), 
illustrating the relation between the parabolic flow profile occurring in the channels 
between the non-porous packing material and the elution order of the technique: Large 
particles (red) elute before smaller particles (green). 
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2.2.1 Retention Mechanism   

In a chromatographic process such as hydrodynamic chromatography, a mixture is introduced 

into the system and, as the mixture passes through the system, different types of molecules move 

at different migration rates. As noted earlier, in HDC analytes sample different streamlines of 

flow in a size-dependent manner, thus resulting in a strictly flow-induced separation of analytes. 

The migration behavior or retention mechanism of analytes in HDC has been described using 

various theoretical models. As packed-column HDC can be thought of as a collection of 

capillaries, most of these theories have been derived from the model used to describe the 

migration of analytes in open capillaries. In general, migration behavior in HDC is described 

based on a dilute solution rather than discrete particles, as it can be assumed that colloidal forces, 

tubular pinch effects, and analyte-wall interactions are absent. Based on these conditions, it is 

safe to assume that the parabolic flow profile is dominant, and that the local velocity u(r) for a 

position r in a flow channel of radius Rc (where 0  r  Rc) is given by 
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for small analytes (i.e., solvent molecules) which rapidly sample all available streamlines. The 

solvent molecules exit the column of length L after time tm 

u

L
t m              (2.3) 

Conversely, analytes with a large radius Reff (which are of actual interest in HDC) cannot 

sample the slower streamlines closest to the wall of the parabolic flow profile (Figure 2.1). For 

larger analytes, the average velocity pu is 
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The average residence time for a given analyte to exit the column of length L after time tp is 

p

p
u

L
t              (2.5) 

By combining equation (2.3) and (2.5) and introducing the aspect ratio  ≡ Reff/Rc, the relative 

HDC migration rate  is defined as [5, 13, 15-17, 38]: 

 

 (2.6) 

  

where C is a constant accounting for secondary effects such as free draining permeability and 

rotation of the analyte. 

The various theoretical  models for migration in HDC vary based on values of C, which 

ranges from 0 to 5. For the simplest model based on a Poiseuille flow profile, the value of C is 1 

while, if secondary effects such as analyte rotation are incorporated, C increases to a value that 

depends on the type of analyte, e.g., hard sphere or permeable spheres. The most commonly used 

values of C are 2.698 for permeable macromolecule coils and 4.89 for impermeable hard spheres 

[36]. The value of C used is important for the determination of the HDC migration behavior of 

an analyte. A plot of  versus   is shown in Figure 2.2 for C values of 2.698 and 4.89. The curve 

becomes very steep at a  ≈1 for both values of C, therefore, in this range,  is independent of . 

Conversely, when  << 1 where the slope of the curve is smaller and   depends on both C and . 

The upper end of the curve (i.e., where  is greater the ~ 0.2 for impermeable coils or greater 

than ~0.3 for hard spheres) is unrealistic as  is so large that the concept of a particle eluting in 

an undisturbed Poiseuille profile is probably invalid. In ideal HDC separations,  should be 

between ~ 0.01 and 0.3. This range is essentially based on the fact that, as  approaches 0.01, a 

significant difference in migration rate  between the analyte and solvent no longer exists and the 

two cannot be resolved from each other while, as  approaches 0.3, the analyte can no longer 

migrate through the column (i.e., column blockage occurs) [45]. 
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Figure 2.2: Aspect ratio  versus relative migration rate   for C values of 2.689 (permeable 
macromolecule coils) and 4.89 (impermeable hard spheres) for packed-column 
hydrodynamic chromatography [36].   

 

Establishment of an accurate  value is essential in predicting the migration behavior in 

HDC and for calculating the size of an eluting species without the use of calibration standards or 

absolute detection methods, as different theoretical   models vary greatly from one another for 

high molar mass particles or polymers [38]. An accurate  can be determined from Reff and Rc. 

The effective radius of a polymer can be estimated from the radius of gyration RG, which can be 

determined from static light scattering measurements by: 

Geff RR
2


             (2.7)
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while Rc is derived from the hydraulic radius and defined as the radius of a capillary having the 

same surface-to-volume ratio as the packed bed under study. For spherical packing particles, the 

value of Rc is found from:
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where dp is the particle diameter and  is the column porosity, the ratio between the void volume 

of the packed-column and the volume of the empty column [45, 48].  

  

2.2.2 Band Broadening  

In column chromatography, analytes are injected to form a finite band at the top of the column. 

As the analyte band moves through the column, its width increases and the sample solution in the 

band becomes increasingly more dilute, forming semi-Gaussian bands, as shown in Figure 2.3. 

The broadening of solutes is typically described by the number of theoretical plates N, or the 

height-equivalent to a theoretical plate H: 

2

2


Rt

N              (2.9) 

N

L
H              (2.10) 

 

where tR is the retention time of a solute, σ2
 

is the variance of a peak, and L is the length of the 

column. The number of theoretical plates N can be considered a measure of how much a given 

solute band broadens during its time in the column and is also a descriptor of the ability of a 

given column to provide narrow bands and, therefore, good separations. A large number of 

theoretical plates N correspond to a more efficient separation.  
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Figure 2.3: Broadening of a solute band as it travels through the chromatographic column, 
forming semi-Gaussian bands.  

 

The band broadening an analyte undergoes while retained on the column is directly 

affected by the number of theoretical plates N, which is an indication of column efficiency. The 

contributions to band broadening in chromatography can be described by the van Deemter 

equation in terms of plate height H: 

Cu
u

B
AH   

where u is the flow velocity and the constants A, B, and C are associated with the plate height 

terms due to eddy diffusion, longitudinal diffusion, and resistance to mass transfer, respectively 

[63].  Eddy diffusion arises from the multitude of pathways by which a molecule can find its way 

through a packed-column. The value of the A is dependent on the packing homogeneity and 

particle size of the column bed. The B term, longitudinal diffusion, describes the diffusion of 

injected analyte molecules along the axis of the flow path as they are transported through the 

column. The contribution of the B term minimizes as flow rate increases because at higher flow 

rates the time available for longitudinal diffusion decreases [66]. The C term concerns resistance 
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to mass transfer. For the mass transfer process, an increase in flow rate emphasizes the velocity 

differences between flow streams, which results in an increase in plate height. The three band 

broadening processes of the van Deemter equation are independent of one another and, therefore, 

their variances are additive. A graphical description of the individual band broadening processes 

and their sum is shown in Figure 2.4 by a theoretical van Deemter plot. The sum of the band 

broadening processes shows a minimum plate height Hmin which corresponds to the velocity uopt 

at which the column has a maximum efficiency. 

 

 

Figure 2.4: Theoretical van Deemter plot: The A term (green), eddy diffusion, is dependent 
on the packing homogeneity and particle size of the column bed. The B term (red), 
longitudinal diffusion, describes the diffusion of injected analyte molecules as they are 
transported through the column, and is minimized as flow rate increases. The C term 
(blue), is resistance to mass transfer. The sum of the three band broadening processes, H 
(black), shows a minimum plate height Hmin which corresponds to the velocity at which the 
column has the maximum efficiency, uopt. 
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The van Deemter equation can be modified to include an expansion of the C term. In 

general, this term is the sum of plate height contributions from three processes, extra-particle 

effects CM, stagnant mobile-phase effects CSM, and stationary-phase mass transfer effects CS. An 

expanded van Deemter equation can thus be formulated as: 

uCuCuC
u

B
AH SSMM             (2.11) 

Band broadening due to stagnant mobile-phase effects CSM arises from the slow solute diffusion 

in and out of the pores of the packing particles [65]. In HDC, columns are packed with solid non-

porous material, therefore CSM band broadening effects are absent. Additionally, because 

analytes in HDC are not expected to interact enthalpically with the column packing material, 

there are no sorption-desorption processes involved in the separation and, thus, no CS term. For 

hydrodynamic chromatography the expanded van Deemter equation reduces to [45]: 

uC
u

B
AH M             (2.12) 

as stagnant mobile-phase effects (CSM terms) and stationary-phase mass transfer effects (CS 

terms) are absent in HDC.   

The expanded van Deemter equation predicts a linear increase of plate height with 

increasing flow velocity in high-flow-rate regions where the overall plate height is dominated by 

the C term but, experimentally this increase in plate height has been found to taper off at high 

flow rates [65].  The difference between the predicted and the experimentally determined linear 

increase can be explained by the Giddings coupling theory. In this theory, both eddy and lateral 

diffusion effectively move solute molecules from one flow stream to another. Thus, the 

combination of both eddy and lateral diffusion provide greater opportunity for the analytes to 

experience different flow velocities [46, 65, 67]. The result of Giddings’ coupling theory is the 

harmonic combination of the variances due to flow path inequality and solute transfer in the 

mobile phase. The coupled sum results in reduced band broadening compared to that resultant 

from eddy diffusion alone. The plate height equation that incorporates the Giddings coupling 

theory for HDC can be expressed as: 
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A more detailed description of the plate height equation with respect to packing particle size and 

solute-diffusion coefficients can be expressed as: 
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where Dm is the extra-particle solute-diffusion coefficient, dp is diameter of the packing material 

and, a, b, and cM are the coefficients of the respective dispersion terms in the plate height 

equation.    

As stated previously, chemical phase distributions are absent in HDC (distribution is 

between fluid mechanical phases, i.e., between streamlines of flow). Therefore, band broadening 

is determined exclusively by longitudinal diffusion and extra-particle effects. In HDC, the extra-

particle effects are a result of convective mixing. In packed-bed HDC the plate height is 

described by [38, 48, 49]: 
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where b is a constant and has a value of 1.2-1.4.  The first term in the equation describes the 

longitudinal diffusion of the analyte, while the second term depicts the effects of convective 

mixing on dispersions. In HDC, the longitudinal diffusion term is typically very small compared 

to the convective mixing term [48], due to the small diffusion coefficients of the analytes usually 

studied by HDC [45].  Convective mixing, the dominating band broadening term, is a result of 

unsteady diffusion across the analyte-solvent concentration gradients in the capillary channels 

[68].  
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For a more universal representation of band broadening and column efficiency it is 

convenient to use dimensionless quantities. The first dimensionless parameter is reduced plate 

height h, a term used to compare the efficiency of columns with different particle size and 

defined as:  

pd

H
h              (2.16) 

In HDC, the reduced plate height h has been found to be virtually independent of the aspect ratio 

, as  only becomes relevant for the separation of very small solutes not in the range of a typical 

HDC separation. The second dimensionless parameter, the reduced velocity v, is also virtually 

independent of . The reduced velocity v is defined as: 
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For HDC, v > 5 [47]. In terms of the dimensionless parameters h and v, band broadening in HDC 

is described as: 
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The relationship between h and v for HDC is plotted in Figure 2.5 as a single, -independent 

plate height curve. Over a broad range of reduced velocities, the reduced plate height h for HDC 

is approximately 1.4 [47, 48]. Reduced plate height being constant at higher velocities implies 

that the time needed to generate a given number of plates is a function of velocity. Therefore, in 

HDC the highest rate of generating theoretical plates is achieved when the reduced velocities, for 

a given system, are as high as possible. This means that the analysis speed can be increased 

significantly without influencing either the number of theoretical plates or chromatographic 

resolution. 
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Figure 2.5: Reduced plate height h versus reduced velocity v for packed-column 
hydrodynamic chromatography, illustrating that over a broad range of v values the h for 
HDC is approximately 1.4 [47]. 

 

2.2.3 Resolution 

Another measure of column efficiency, besides N and H, is resolution Rs. The resolution of a 

chromatographic system is defined as the degree of separation of two analytes or peaks and, in 

terms of HDC retention parameters, is expressed as: 

    NCRs   11            (2.19) 

where  is the ratio of the radii Reff of solute 1 and 2, with R1 > R2. The larger the resolution Rs, 

the better the separation; a value of Rs about 1.5 is necessary for complete separation, while a 

value of 1.0 corresponds to about 98% resolution, and values less than 1.0 represent poorer 

resolution. Theoretical standard resolution curves for two analytes present at equal 

concentrations are shown in Figure 2.6.  
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Figure 2.6: Standard resolution curves for peaks of equal concentration. Value of Rs range 
from 0.4 to 1.15, percent purity of each peak ranges from 84% to 99.4%. The apexes of the 
original component peaks are indicated by the dots [65].  

 

2.3 Traditional versus Multi-detector Hydrodynamic Chromatography 

In general, hydrodynamic chromatography can be described as a chromatographic method which 

employs columns with very low resolution but a very high efficiency. While the low resolution 

and narrow elution window of HDC is not ideal for the separation of analytes similar in size, 

several other limitations have inhibited the wide utilization of traditional HDC as a technique for 

particle size and polymer characterization.  Drawbacks of traditional HDC include, but are not 

limited to, particle deposition onto the packed-columns, the need for analyte-specific operating 

conditions and for calibration of the size scale using standards, and the inability to determine 

absolute particle sizes and distributions [35]. Of these limitations, the biggest drawback of the 
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technique, by far, is its non-absolute nature, as particle size determination has traditionally 

depended upon the application of calibration curves and flow rate markers based on “standards” 

which may not be related in size, shape, or chemical identity to the analyte under consideration 

[54]. As such, the results obtained are relative to the calibrants and flow rate marker of choice 

and are thus of limited use. Conversely, the biggest advantage of multi-detector HDC is the 

elimination of the non-absolute nature present in traditional HDC, through the coupling of 

“absolute” detection methods such as light scattering, making the technique both calibration 

curve- and flow rate marker-independent.  

The use of multiple detectors permits particle characterization based on size, shape, 

compactness, and chemistry, while traditional detections only permit characterization based on 

size. Additionally, particle size and shape distributions are achievable through the detection 

methods utilized in multi-detector HDC, features generally undeterminable using the traditional 

particle sizing methods discussed in Chapter 1. For example, in comparison to typical particle 

sizing methods such as microscopy, HDC allows for the characterization of an analyte as a 

suspension. This is important, as there is an interest in studying analytes in an environment 

similar to that of their end-use, due to the change in morphology that can occur with changing 

environment.   

  Other advantages of both traditional and multi-detector hydrodynamic chromatography 

lie in the fact that the technique is traditionally low cost (depending on the choice of detectors), 

fast (complete characterization can be obtained in as little as 10 min), and can characterize on the 

basis of molar mass and/or particle size. The final advantage of HDC is that the technique is 

“gentler” than most other separation methods. The gentleness of HDC allows for ultra-high 

molar mass polymers to be characterized with little or no flow-included, on-column degradation, 

such as can occur in methods such as size-exclusion chromatography (SEC) when analyzing 

ultra-high molar mass polymers. HDC is also an ideal method of choice when SEC fails, due to 

the fact that if one already has an SEC system implementing HDC requires only the purchase of 

new columns, not of new instrumentation as is the case with other particle characterization 

methods (e.g., field-flow fractionation).  
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2.4 Multi-detector Hydrodynamic Chromatography Detection Methods 

The multi-detector hydrodynamic chromatography system employed here utilizes four 

independent physical detection methods: (1) Multi-angle static light scattering (MALS) and (2) 

quasi-elastic light scattering (QELS); (3) differential viscometry (VISC); and (4) differential 

refractometry (DRI), connected to each other in series, although MALS and QELS are done 

simultaneously, not in series. The instrumental set-up of our multi-detector HDC system is 

illustrated in Figure 2.7, and an explanation of the various detection methods follows. 

 

 

Figure 2.7: Instrumental set-up of our multi-detector hydrodynamic chromatography 
system. The separation pump is connected in series to a (1) Multi-angle static light 
scattering (MALS) and (2) quasi-elastic light scattering (QELS); (3) differential viscometry 
(VISC); and (4) differential refractometry (DRI), with the MALS and QELS units in the 
same housing (QELS measurements were generally performed at 108o). 
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2.4.1 Multi-angle Light Scattering (MALS) 

Multi-angle static light scattering (MALS) measures the intensity of scattered light over 

relatively long time scales and averages the results. In static light scattering experiments an 

incident beam of light, with a wavelength o, passes through a flow cell. Due to the wave-like 

nature of light, when the laser light strikes the analyte the oscillating electric field of the laser 

light creates an oscillating dipole within the sample. The sample solution then scatters light in a 

direction perpendicular to the oscillating electric field of incident radiation, as depicted in Figure 

2.8. The amount of light scattered from these oscillating dipoles is then measured at each of 16 

photodiodes. The latter are placed at different angular positions around the sample, and provide a 

response directly proportional to the intensity of scattered light they receive (Figure 2.9). For 

analytes much smaller than the wavelength of incident light in the medium, light is scattered in a 

plane perpendicular to the polarization of the incident light and is independent of the scattering 

angle. Conversely, for larger analytes there are variations in the phase of the scattered light from 

the different parts in the analyte, which can ultimately lead to interference. As described below, 

we take advantage of this interference to determine the size (actually, a size) of the particle or 

polymer in solution. 

 

Figure 2.8: Schematic of a laser light striking the analyte, creating an oscillating dipole and 
scattering light in a direction perpendicular to the oscillating electric field of incident light, 
which is then detected by the photodiodes.  
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Figure 2.9: Schematic arrangement of the MALS/QELS unit, showing the 16 MALS 
photodiodes (green) and 1 QELS photodiode (orange).   

 

In light scattering experiments, we measure the excess Rayleigh ratio R(), the amount of 

light scattered by the dilute solution in excess of that scattered by the neat solvent [65, 69]. The 

amount of excess scattering due the analyte can be determined from the basic equation of light 

scattering, known as the Rayleigh-Gans-Debye (RGD) approximation 
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and P() is the particle form factor, which describes the angular dependence of the scattered light 

and defined as  
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A2 is the second virial coefficients, which describe how well solvated the solute is at a specific 

solvent-temperature condition. NA is Avogadro’s number, c is the concentration of the solution,  

is the wavelength of light in a particular medium [ ≡ 0/n0], n0 is the refractive index of the neat 

solvent, 0 is the vacuum wavelength of incident radiation, Mw is the weight average molar mass, 

2
r is the mean-square radius of the analyte, and   is the scattering angle. n/c is the specific 

refractive index increment of the solution (discussed in detail in section 2.4.4).  

 In an HDC/MALS experiment, the scattered light is detected, at various scattering angles, 

for each slice eluting from the HDC column. Two fundamental parameters, Mw and 
2

r , are 

determined in an HDC/MALS experiment. The Mw is measured by MALS at each elution slice 

and is the “absolute” molar mass of the sample in that slice, independent of experimental 

conditions such as solvent or temperature. The coupling of MALS and a concentration sensitive-

detector, e.g., DRI, permits for the determination of the molar mass distribution. The number-, 

weight-, and z- average molar mass averages of the sample, Mn, Mw, and Mz, respectively, are 

calculated via [65, 69]: 
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       (2.23)

where ci and Mi are the concentration and molar mass of the analyte at a given elution slice, 

respectively (ci is provided by the DRI detector response at each elution slice, after correction for 

interdetector delay. Each slice is assumed to be monodisperse, i.e., Mn,i = Mw,i = Mz,i = Mi). The 

ratio of the weight-average molar mass Mw to the number-average molar mass Mn, i.e., Mw/Mn, 

provides a measure of molar mass polydispersity. 
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The mean-square radius of the analyte 
2

r is measured in the same fashion as Mw but, 

unlike Mw, 
2

r will change with varying experimental conditions. The mean-square radius 
2

r

is typically defined in terms of the radius of gyration RG as 

2

1
2rRG               (2.24)

 

with RG defined as the root-mean-square distance of an array of atoms from their common center 

of mass, as per: 
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where n is the number of bonds in the polymer or particle, ri is the location of an individual atom 

or group of atoms, and Rcm is the location of the center of mass of the particle. The minimal RG 

value measurable by MALS is dependent on the solvent-temperature conditions of the 

experiment, but is usually approximately /40.  

 The values of Mw, RG, and A2 can be determined by uncoupling the MALS detector from 

the HDC system. In a so-called off-line MALS experiments, the intensity of scattered light is 

measured at many angles for a series of solutions of different but known concentrations. The 

results for each concentration at each angle are plotted, forming what is known as a Zimm Plot 

(Figure 2.10), i.e., a plot of  
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, where k is an arbitrary constant 

utilized to give a clean separation of data points [31, 65, 69]. The slope of the line that results 

from extrapolating the angular data to concentration of zero is proportional to RG,z the z-average 

radius of gyration. The slope of the line of concentration data extrapolated to zero angle is 

proportional to A2. Mw is then the inverse of the common y-intercept of the extrapolations of the 

angular data and the concentration data. The values of RG,z and Mw based upon on-line and off-

line MALS experiments should be equal, as unequal values can imply analyte aggregation or 

analyte degradation during the chromatographic separation.  
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Figure 2.10: Zimm Plot, for a series of solutions of different but known concentrations 
measured at many angles (red circles). The angular data extrapolated to zero concentration 
represented by the green-colored line determine RG,z and the concentration data 
extrapolated to zero angle to determine A2 are represented by the blue-colored line. Mw is 
then the inverse of the common y-intercepts of the green- and blue-colored lines. 

 

2.4.2 Quasi-Elastic Light Scattering (QELS) 

Quasi-elastic light scattering (QELS), also referred to as dynamic light scattering, measures the 

time-averaged fluctuations of scattered light. These fluctuations are a measure of the Brownian 

motion resulting from the dissolved particles colliding continuously with solvent molecules in a 

dilute solution. As the molecules undergo Brownian motion, their relative positions change with 

time, causing the intensity of scattered light reaching a photodetector to fluctuate with time about 

some average value. The time scale of the fluctuations is related to the time scale of the particle 

motions through the translational diffusion coefficients DT of the analytes [63] (note that DT and 

Dm are both the translational diffusion coefficient, however, DT is the common notation used in 

light scattering and Dm is the common notation used in chromatography). Larger analytes move 



39 
 

slower in solution and therefore possess a lower DT than smaller analytes. Smaller analytes, in 

turn, move faster in solution and have a higher DT than their larger counterparts.  

The QELS unit measures the autocorrelation function of the intensity signal from an 

avalanche photodiode placed at the 108o location in the MALS/QELS unit. The autocorrelation 

function of a sample is related to its translational diffusion coefficient by 
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where  tI is the average scattering intensity at time t,  is an instrument constant, n0 is the 

refractive index of the solvent, 0 is the vacuum wavelength of light,  is a delay time and  is 

the angle of detection with respect to the direction of the incident light. The translational 

diffusion coefficient determined form the autocorrelation function is related to the hydrodynamic 

radius RH of the analyte as per: 
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where kB is Boltzmann’s constant, T is the absolute temperature of the solution, and 0 is the 

viscosity of the solvent. The hydrodynamic radius is defined as the radius of a hard sphere with 

the same translational diffusion coefficient DT as the analyte examined, or as the radius of an 

equivalent hard sphere that feels the same force due to flow as does a macromolecule or particle 

in solution [31, 65]. 

 

2.4.3 Differential Viscometry (VISC) 

In general, viscometers measure aberrations in the flow velocity field of a fluid. In differential 

viscometry, analyte solutions flow through one part of the detector and pure solvent flows 

through another part, creating a flow imbalance. The differential viscometer used in our multi-

detector hydrodynamic chromatography experiments measures an increase in viscosity due to the 

presence of dissolved analytes by employing a Wheatstone bridge design (Figure 2.11). In the 
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differential viscometer, a bridge is constructed through the use of capillaries and differential 

pressure transducers, to measure the resistance to flow of the solution according to Poiseuille’s 

law: 
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P is the pressure drop across the tube, Q is the volumetric flow rate through the tube,  is the 

viscosity of the solution flowing through the tube, L is the length of the tube, and r is the inner 

radius of the capillary. On one side of the bridge a differential pressure (DP) transducer measures 

the change in pressure across the bridge, while on the other side of the bridge an inlet pressure 

(IP) transducer measures the pressure change (P) through the bridge [31]. The differential 

pressure transducer signal is proportional to the specific viscosity sp, as per 
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where  and 0 are the viscosities of the polymer solution and of the neat solvent, respectively.  

Conceptually, the specific viscosity of an analyte is the extent to which the sample 

increases the viscosity of the solution relative to the viscosity of the neat solvent. Using the 

specific viscosity determined by the VISC and the concentration determined using a 

concentration sensitive-detector e.g., a differential refractometer (DRI), the intrinsic viscosity [] 

can be determined. The intrinsic viscosity is defined as: 
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Because the analyte solution traveling through the detector is near-infinitely dilute, an 

approximation can be made, leaving out the limit term of equation 2.30. Thus, the intrinsic 

viscosity of the solution can be determined from the VISC and DRI signals (VISC  sp and DRI 

 c) for the same solution slice, i.e., 
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signalVISC
][      (2.31) 
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Figure 2.11: Wheatstone bridge design of the differential viscometer. 

 

The intrinsic viscosity determined using the VISC and DRI detectors can be combined 

with the molar mass, obtained from MALS, to determine the viscometric radius. The viscometric 

radius is the radius of a solid sphere that increases the viscosity of the fluid by the same amount 

as does a macromolecule or particle, and is defined as [31, 65]: 
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The viscometric radius as well the hydrodynamic radius can be determined for molecules as 

small as a few nanometers. The three macromolecular radii used in multi-detector hydrodynamic 

chromatography, RG, RH, and R, experiments are summarized in Table 2.1 [65, 70].    
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Table 2.1: Definitions of the three macromolecular radii used in multi-detector 
hydrodynamic chromatography (HDC) 

Radius Equation Definition Method of 

Determination

 

Radius of gyration RG 
or root-mean-square 
radius 
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2.4.4 Differential Refractometry (DRI)  

 The coupling of a concentration-sensitive detector is necessary to fully utilize all features 

of MALS and VISC detection. Common concentration-sensitive detectors, include differential 

refractive index (DRI) detector, UV-VIS detector, and evaporative light scattering or evaporative 

mass detector (ELSD or EMD). A differential refractive index detector, which measures the 

concentration of analytes at each slice eluting from the chromatographic column, is employed in 

the multi-detector HDC experiments. In a differential refractometer, the concentration c, of an 
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analyte dissolved in a solution can be expressed in the terms of the refractive indices of the neat 

solvent n0, of the analyte np, and of the solution n, by [65]:  
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        (2.33) 

Through the rearrangement of equation 2.33 it is seen how the refractive index of a solution 

changes with concentration of dissolved analyte: 

cnnnn p )( 00       (2.34) 

There are two common types of DRI detectors; deflection and interferometric. The DRI 

detector employed here is a deflection-type concentration-sensitive detector system employing 

the principles of Snell’s law of refraction,  

   2211 sinsin  nn       (2.35) 

were n represents the refractive index of each medium and   is the angle or trajectory of light in 

each medium (the subscripts 1 and 2 denote the different media). The flow cell in the differential 

refractometer, depicted in Figure 2.12, is constructed in such a way that there are two chambers: 

(1) The reference chamber consisting, of pure solvent; and (2) the sample chamber, containing a 

flowing stream of analyte in the same solvent as in the reference chamber. In DRI detection, the 

light emitted from a source (tungsten lamp, light-emitting diode, or laser) is lensed through the 

sample and reference chamber of the flow cell. As the light passes through the flow cell into the 

sample chamber, the direction in which the light is travelling is changed, e.g., the path is bent. 

The amount of bending that takes place depends on the nature of the flow cell, the wavelength of 

light being used, the temperature, and the concentration of analytes in the cell. The light then 

strikes a mirror and reflects back through the cell and lens to the detector, which consists of 

either two photodiodes mounted on a single chip or of a photodiode array [65], as is the case for 

our instrument. The photodiodes will produce equal signals, if the contents of the reference and 

sample chambers have the same refractive indices as each other (as determined using Snell’s 

law). In contrast, if the reference and sample chambers have different refractive indices, a 

voltage difference will result between the photodiodes. The difference in refractive indices 
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between the two chambers produces a voltage difference proportional to the concentration of the 

analyte in solution at the particular eluting slice [65].  

 

 

Figure 2.12: Differential refractometer flow cell with a reference chamber consisting of 
pure solvent and a sample chamber containing analyte in the same solvent as in the 
reference chamber. The difference in refractive indices between the two chambers 
produces a signal proportional to the concentration of the analyte in solution 

 

While the DRI is a concentration sensitive-detector, its response is proportional to both 

the concentration of dissolved analyte c as well as to a factor known as the specific refractive 

index increment of the solution, n/c:  
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             (2.34) 

The n/c is the change in refractive index of a solution with respect to changes in the 

concentration of the solution, for a given analyte at a specified wavelength and solvent-

temperature conditions. In other words, the n/c describes how sensitive the refractometer will 

be at measuring changes in the concentration of a particular analyte. The n/c of a sample is 
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determined with the DRI in batch mode (the detector uncoupled from the separation system), by 

measuring the detector response of a series of accurately known dilute analyte concentrations. 

The relationship between concentration and DRI detector response is linear, thus, the slope of a 

plot of the differential refractive index (the difference between detector response of the neat 

solvent and that of each individual dissolution) on the ordinate and the concentration of the 

dissolutions on the abscissa is equal to the n/c, Figure 2.13.  Accurate quantification of the 

n/c is essential for the characterization of particles and polymers as the signal response of both 

DRI and MALS detection are dependent of the n/c value (see equations 2.20, 2.21, and 2.34). 

 

 

Figure 2.13: n/c plot: Differential refractive index detector (DRI) signal, as a function of 
concentration for a series accurately known dilute concentrations (blue circles). The slope 
of the black line is equal to the n/c value of the sample. 
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CHAPTER THREE 

MULTI-DETECTOR HYDRODYNAMIC CHROMATOGRAPHY (HDC) 

EXPERIMENTAL 

 

3.1 Multi-detector Hydrodynamic Chromatography (HDC) Instrumentation 

Hydrodynamic chromatography analysis was performed using a Waters 2695 separation modules 

consisting of a pump, auto-sampler injector, on-line degasser, pre-injector 0.2 µm nylon or PTFE 

in-line filter, and column compartment that was connected in series to a DAWN EOS MALS 

photometer (Wyatt Technology Corp., Santa Barbara, CA, USA), a QELS photometer (Wyatt), a 

Viscostar differential viscometer (Wyatt), and an Optilab rEX DRI detector (Wyatt), with the 

MALS and QELS units in the same housing (QELS measurements were usually performed at 

108o). The solutions, columns, and detectors were kept at a regulated temperature within the 

system throughout the experiments. For aqueous experiments, the temperature of the detectors 

and solutions was maintained at 25 C; the temperature of the columns was ambient, as the 

aqueous HDC columns are too large for the column oven of the separation module. For the 

organic experiments the injector compartment was maintained at 40 C and the column 

compartment and detector temperatures were maintained at 50 C. Pump, injector, and column 

compartment temperatures were controlled to within ~ ± 1 oC; detector temperatures were 

controlled to within ~ ± 0.1 oC. 

 

The mobile phase and solvent for the aqueous experiments were either HDC eluent as 

described in reference [53] or deionized water with 0.02% (w/w) NaN3 (J.T. Baker Phillipsburg, 

NJ, USA). HDC eluent composition was 0.002 M HNa2PO4 (Alfa Aesar, Ward Hill, MA, USA), 

0.2% Brij-35 (VWR International, West Chester, PA, USA), 0.2% formaldehyde (Fisher 

Chemicals, Fair Lawn, NJ, USA), and 0.05% SDS (MP Biomedicals Inc., Solon, OH, USA); pH 

was adjusted to 7.5 with sodium hydroxide or hydrochloric acid, as appropriate. Neat dimethyl 

sulfoxide (DMSO) purchased from Mallinckrodt Chemicals (Phillipsburg, NJ, USA) was the 

mobile phase and solvent for the organic experiments.  
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All data reported from online experiments are averages of least two individual 100 µL 

injections from two separate sample solutions injected onto a column bank. The column bank for 

aqueous HDC experiments consisted of two 400  7.5 mm PS-1 HDC columns obtained from 

Agilent/Polymer Laboratories (Amherst, MA, USA). Organic separation was performed using a 

300 × 7.5 mm HDC column packed with 15 μm particle size, 100 Å pore size silica particles (a 

pore size sufficiently small to ensure only the interstitial volume of the column is sampled), 

courtesy of Agilent/Polymer Laboratories. Data acquisition and processing were performed using 

Wyatt’s ASTRA software (V. 5.3.4.16). 

The DAWN EOS detector, which simultaneously measures scattered light at 16 different 

angles, was calibrated by the manufacturer using toluene. Normalization of the photodiodes was 

performed in-house, using a virtually monodisperse dextran sample obtained from USB 

Corporation (Cleveland, OH, USA) with a molar mass range of 15,000–20,000 g/mol. This 

dextran was also used to determine interdetector delays and interdetector band broadening using 

the ASTRA software program. The DAWN EOS light source has a vacuum wavelength of 690 

nm.  

 

3.2 Zimm Plot Constructions 

Decoupling the MALS detector from the HDC system permits for off-line MALS experiments 

and determination of Mw, RG,z, and A2.  The MALS detector is equipped with sixteen photodiodes 

with ten to sixteen of these accessible for our experiments. All off-line MALS experiments were 

performed using a Razel model A-99EJ syringe pump to inject a series of six to eight sample 

dispersions, ranging an order of magnitude in concentration, directly into the light scattering 

photometer at a flow rate of 0.1 mL/min. For aqueous experiments, the solvent was filtered 

through Anatop 0.02 m filters (Watman International, Maidstone, England) with the solutions 

filtered through 0.45 or 1.2 m nylon filters from VWR International (West Chester, PA, USA) 

and GE Water & Process Technologies (Trevose, PA, USA), respectively. For organic 

experiments, solutions in DMSO were filtered through Acrodisc CR 1.0 m PTFE filters 

(VWR).  
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 In off-line MALS experiments, the intensity of scattered light for different concentrations 

of the same analyte are measured at all available angles. Using the external syringe pump, the 

samples were injected directly into the MALS photometer, starting with the neat solvent, 

followed by sequential (from low to high concentration) injection of the sample dispersions, and 

ending with the neat solvent. An example of the detector response as a function of time for the 

90o photodiode is shown in Figure 3.1. In this figure, the first and last plateaus correspond to the 

neat solvent injected before and after the sample. The ladder-like plateaus correspond to the 

different dissolutions used within the experiment. 
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Figure 3.1: Detector response as a function of time for the 90o photodiode. 90o static light 
scattering (SLS) detector signal, in volts (V), for eleven concentrations, ranging from 0.01 
to 0.6 mg/mL, of the SNOWTEX ST-PS-M sample in water with 0.02% NaN3 at 25 oC, at a 
flow rate of 0.1 mL/min. 

 

 The results (measured scattering intensity) for each concentration at each angle are then 

plotted together to form a Zimm plot, Figure 3.2, with  
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 as the ordinate and
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 as the abscissa. k is an arbitrary constant with dimensions of reciprocal 

concentration, which gives a clean separation of data points [31, 65, 69]. The angular data are 

then extrapolated to a concentration of zero (the green-colored line in Figure 3.2), with the slope 

of the extrapolated line proportional RG,z. The concentration data are then extrapolated to zero 

angle (the blue-colored line in Figure 3.2), with the slope of this extrapolated line proportional to 

the second virial coefficient A2, which describes the thermodynamic “goodness” of the 

solvent/temperature conditions. A positive A2 value indicates “good” solvent/temperature 

conditions, a negative value indicates “poor” conditions, and an A2 value of zero indicates theta 

state.  The common y-intercepts of the extrapolation of the angular data to a concentration of 

zero and the concentration data to an angle of zero degrees give Mw
-1.   
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Figure 3.2: Zimm Plot, determined from nine concentrations, ranging from 0.1 to 0.5 
mg/mL, of the SNOWTEX ST-PS-M sample in water with 0.02% NaN3 at 25 oC at a flow 
rate of 0.1 mL/min and fourteen different angles ranging from 26o to 164o (red squares). 
The angular data extrapolated to zero concentration represented by the green-colored line 
determine RG,z and the concentration data extrapolated to zero angle to determine A2 are 
represented by the blue-colored line. Mw is then the inverse of the common y-intercepts of 
the green- and blue-colored lines. 
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3.3 Specific Refractive Index Increment Determination 

The specific refractive index increment (n/c) is defined as the change in the refractive index of 

a solution as the concentration of analyte varies. Specific refractive index increment values 

depend on the chemistry of the analyte, the solvent/temperature conditions of the experiment, 

and the vacuum wavelength of incident radiation [65]. The vacuum wavelength of the 

differential refractometer (DRI) used in these experiments is 685 nm. All n/c measurements 

were performed by batch-mode DRI (i.e., the DRI detector was removed from the separation 

system) using a Razel model A-99EJ syringe pump to inject a series of five to seven sample 

dispersions, ranging an order of magnitude in concentration, directly into the DRI detector, at a 

flow rate of 0.1 mL/min. For aqueous experiments, the solvent was filtered through Anatop 0.02 

m filters and then the solutions were filtered through 0.45 or 1.2 m nylon filters; for 

experiments in organic solvent, solutions in DMSO were filtered through 1.0 m PTFE filters.  

 The n/c is determined for each analyte at a given solvent/temperature conditions by 

injecting five to seven dissolution of gradually increasing concentration directly into the 

differential refractometer using the external syringe pump, starting with neat solvent. An 

example of the DRI detector response as a function of time for a series of dissolutions of 

increasing concentration is shown in Figure 3.3a. The first and last plateaus correspond to the 

neat solvent and are used to determine the baseline, while the ladder-like plateaus correspond to 

the increase in sample concentration between dissolutions. A n/c plot is then constructed by 

plotting the differential refractive index (the difference between detector response of the neat 

solvent and that of each individual dissolution) on the ordinate and concentration of the 

dissolutions on the abscissa.  The slope of this plot is the n/c of the solution. An example of an 

n/c plot, is shown in Figure 3.3b. 

An accurate n/c value is required, as the signal responses for both DRI and MALS 

detection are proportional to n/c;   cncDRI  /  and   ,/ 2
cnMcMALS  where c 

is concentration and M molar mass. The n/c is used in MALS experiments to determine the 

molar mass M of an analyte. Table 3.1 lists the n/c values for the analytes studied, at their 

respective experimental conditions.  
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Figure 3.3: Measuring the specific refraction index n/c. (a) Differential refractive index 
detector (DRI) signal, in volts (V) (blue), for eight concentrations, ranging from 0.01 to 0.10 
mg/mL, of the InovaSphere ™ sample in HDC eluent at 25 oC at a flow rate of 0.1 mL/min. 
(b) Baseline-subtracted differential refractive index detector (DRI) signal, in volts (V) as a 
function of concentration for the same sample (blue squares). The slope of the black line is 
0.070  0.001 mg/mL, the n/c value of the InovaSphere™ at the solvent, temperature, 
and wavelength conditions of the experiment.  
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Table 3.1: Specific refractive index increment (n/c) values of analytes studied 

Analyte n/c 

(mL/g) 

Solvent Temperature 

(oC) 

 
Solid Polystyrene Latex 

(PS) 

 
0.237 ± 0.004 

 
HDC eluenta 

 
25 

 
Hollow Polystyrene Latex 

(HS-PS) 
 

 
0.235 ± 0.016 

 
HDC eluent 

 
 

HDC eluent 

 
25 
 
 

25 Poly(methyl methacrylate) Latex 
(PMMA) 

0.141 ± 0.003 

 
SNOWTEX ST-OUP 

(ellipsoidal silica) 

 
0.083  0.002 

 
Water with 

0.02% NaN3 

 
25 

 
InovaSphere ™ 

 
0.070  0.001 

 
HDC eluent 

 
25 

 
SNOWTEX ST-PS-M 
(String-of-pearls silica) 

 
0.079  0.007 

 
Water with 

0.02% NaN3 

 
25 

 
Alternan B-1355 

 
0.072 ± 0.003 

 
DMSO 

 
50 

 
Alternan B-21297 

 
0.066 ± 0.002 

 
DMSO 

 
50 
 

 a HDC eluent: Water with 0.002 M HNa2PO4, 0.2% Brij-35, 0.2% formaldehyde, and 0.05% 
SDS, adjusted to a  pH of7.5. 

 

3.4 Systematic Development of Multi-detector Hydrodynamic 

Chromatography (HDC) Methodology 

The ability to accurately determine particle size, shape, and their distributions is essential to 

understanding and optimizing a variety of molecular and supramolecular phenomena, in addition 

to understanding the end-use properties of colloidal systems. Knowledge of the particle size and 

shape of a system can be applied to determining flow and packing properties, mixing and 

segregation of powders, and other rheological characteristics of liquids. Current particle size and 
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shape characterization technique have found limited applicability for broadly polydisperse and 

non-spherical particles.  

 Here, we have systematically developed multi-detector hydrodynamic chromatography as 

a technique for determining particle size, shape, and their distributions. The first step in method 

development was to show the applicability of HDC to monodisperse spherical samples. Using 

HDC/MALS/QELS/VISC/DRI, we were able to show that particle size and particle size 

distribution, shape, and compactness could all be determined for monodisperse spherical 

polystyrene (PS) samples (Chapter 4) [71]. Most importantly, using this technique a number of 

independent measurements based on viscometry, quasi-elastic light scattering, and multi-angle 

static light scattering measurements provided independent confirmation of the shape of the 

particles. Using a dimensionless ratio of the sizing parameters, we were able to confirm the 

spherical shape of the polystyrene particles and to also show that the compactness of the particles 

decreases as a function of increasing particle size. 

 The next method development step was to expand the quadruple-detector technique to the 

analysis of monodisperse spherical samples of chemistry other than polystyrene. To this end, we 

analyzed monodisperse spherical poly(methyl methacrylate) (PMMA) samples in the same 

fashion as we did the polystyrene samples earlier (Chapter 5). These experiments helped confirm 

the accuracy, as well as the precision, of the technique with respect to its ability to determine 

particle size and its distribution irrespective of analyte repeat unit chemistry. 

 A driving force in particle size analysis is the ability to characterize broadly polydisperse 

samples. After successfully studying monodisperse analytes of various chemistries, the next step 

was to extend the technique to include samples containing multiple analytes of varying sizes and 

chemistries (Chapter 5) [72]. In these experiments, multi-detector HDC with MALS, QELS and 

DRI detection was employed to determine particle size, shape, and their distributions for bi-, tri-, 

and tetramodal blends varying in size, shape, compactness, and chemistry. Through these 

analyses it was demonstrated that a low-resolution technique such as HDC can still measure the 

particle size and particle size distributions of broadly polydisperse samples, when the separation 

is coupled to the appropriate detection methods. Additionally, the coupling of two light 

scattering detectors, MALS and QELS, to DRI detection allowed not only for the determination 

of particle size, but also differentiation between analytes of various chemistries. Overall, multi-
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detector HDC showed great promise as a method for characterizing particle size, shape, and their 

distributions for broadly polydisperse samples.  

 Interest in particle size and shape is not limited to spherical analytes. Therefore, our 

multi-detector HDC studies were expanded to include non-spherical samples. To evaluate the 

potential of the method, a non-spherical colloidal silica analyte was characterized based on molar 

mass, size, shape, and their distributions (Chapter 6) [73].  From these experiments, multi-

detector HDC was shown to be a rapid, accurate, and precise method for characterizing non-

spherical polydisperse analytes.  

 Once multi-detector HDC was shown capable of analyzing polydisperse spherical and 

non-spherical particles, the method was expanded to include study of a nanocage drug-delivery 

vesicle, i.e., a “real-world” sample, obtained as part of a collaboration with Inovatia 

Laboratories, LLC (Chapter 7) [74]. The nanocage was characterized based on particle size, 

particle shape, and their distributions, with HDC results compared to those from TEM. Through 

HDC/MALS/QELS/VISC/DRI analysis and off-line MALS experiments, we were able to 

determine how analyte size, shape, and compactness change across the elution profile of the 

sample, and also demonstrated that the sample contained a contaminant that was much larger 

than the nanocage itself. Analysis of the nanocage using HDC allowed for characterization of the 

analyte as a liquid dispersion, in an environment similar to that of its end-use, whereas TEM 

analysis is performed on a dry sample under vacuum.  

 We then tested the ability of HDC to analyze irregular shaped objects by studying a 

second silica particle classified as having a shape similar to that of a “string-of-pearls” (Chapter 

8) [75]. This sample was not only characterized based on size, shape, compactness, and their 

distributions, but was also used to compare multi-detector HDC to multi-detector size-exclusion 

chromatography (SEC). By comparing two different separation techniques which impose 

different amounts of stress on the analyte during elution, it was shown that the “string-of-pearls” 

sample experienced degradation when analyzed by SEC, even at very low flow rates, but not by 

HDC. The comparison between two different separation techniques, in conjunction with the 

success of HDC to characterize the size and shape of particles led us to expand our use of the 

technique to include the study of ultra-high molar mass polymers, generally classified as 

polymers with M > 106 g/mol. 
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   The applicability of multi-detector HDC to the characterization of ultra-high molar mass 

polymers was confirmed though the analysis of alternan, an ultra-high molar mass 

polysaccharide of M ≈ 50 million g/mol, studied as part of a collaboration with the U.S. 

Department of Agriculture (Chapter 9) [76]. The molar mass and size of alternan were 

determined using three different methods: Multi-detector HDC, multi-detector SEC, and off-line 

MALS. Comparison of the three methods showed that multi-detector HDC was able to determine 

molar mass and size more accurately than, and in a fraction of the time needed by, multi-detector 

SEC under otherwise identical experimental conditions.  Additionally, the analysis of alternan 

allowed us to expand the technique from aqueous to organic eluents.   

 To summarize, the systematic development of multi-detector hydrodynamic 

chromatography as a technique for determining particle size, shape, and their distributions was 

achieved with seven progressively difficult and complex scenarios. Through these various sets of 

experiments, multi-detector HDC was shown to be a rapid, accurate, and precise technique for 

characterizing particles of various sizes, shapes, chemistries, and polydispersities as well as for 

characterizing ultra-high molar mass polymers. Complete characterization by HDC can be 

achieved in less than twenty minutes (depending on flow rate and the particular detectors 

employed), and the size and shape of all samples compared well to those determined by the 

manufacturer (or in house) using either microscopy methods or disc centrifugation. A distinct 

advantage of multi-detector HDC shown throughout these experiments is its ability to determine 

molar mass, particle size, shape, compactness, and their distributions in a single analysis. 
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CHAPTER FOUR 

PARTICLE SIZE CHARACTERIZATION OF MONODISPERSE 

POLYSTYRENE LATEXES 

 

4.1 Summary 

Particle size and shape and their distribution directly influence a variety of end-use material 

properties related to packing, mixing, and transport of powders, solutions, and suspensions. 

Many of the techniques currently employed for particle size characterization have found limited 

applicability for broadly polydisperse and/or non-spherical particles. Here, we introduce a 

quadruple-detector hydrodynamic chromatography (HDC) method utilizing static multi-angle 

and quasi-elastic light scattering (MALS and QELS, respectively), differential viscometry 

(VISC), and differential refractometry (DRI), and apply the technique to characterizing a series 

of solid and hollow polystyrene latexes with diameters in the approximate range of 40 to 400 nm 

[71]. Using HDC/MALS/QELS/VISC/DRI, we were able to determine a multiplicity of size 

parameters and their polydispersity and to monitor the size of the particles across the elution 

profile of each sample. Using self-similarity scaling relationships between the molar mass and 

the various particle radii, we were also able to ascertain the shape of the latexes and the shape 

constancy as a function of particle size. The particle shape for each latex was confirmed by the 

dimensionless ratio   RG,z/RH,z which, in addition, provided information on the structure 

(compactness) of the latexes as a function of particle size. Solid and hollow polystyrene latex 

samples were also differentiable using these methods. Extension of this method to non-spherical, 

fractal objects should be possible. 

 

4.2 Introduction 

The ability to determine the size and shape of particulate matter is fundamental to our 

understanding of a variety of molecular and supramolecular phenomena, ranging from 

environmental and quality control concerns to the development of new materials and the control 
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of their processing and end-use properties. For example, the distributions of particle size and 

shape affect solid-state properties such as powder packing, abrasive efficiency, friction, and bulk 

density of materials, as well as solution- and melt-state rheological properties such as drag, 

mixing, and viscosity of solutions, suspensions, and melts [5, 77-85]. 

 Over the years, a number of techniques have been applied to the determination of particle 

size and shape, including sieving, sedimentation, electrozone sensing, microscopy, and laser 

diffraction [1, 9, 12, 86]. Accompanying limitations have been high cost, slowness, complexity 

of instrumentation, and lack of accuracy, though advances in electronic and computing 

technology have permitted improvements in several of these areas [1, 8]. Additionally, many of 

the techniques are non-separation methods which, due to their low resolution, have generally 

proved inadequate for the analysis of samples with broad particle size distributions [12, 87]. 

Recent promise has been shown by field-flow fractionation coupled on-line to a static light-

scattering detector, though there is still a paucity of publications showing realistic applications 

for this technique [88-90]. 

 As mentioned earlier (Chapter 2), HDC has been shown most useful for ultra-high molar 

mass (>106 g/mol) polymers and for latex particles ranging in size from ~50 to 1000 nm [91, 92]. 

HDC columns are typically packed with non-porous beads, rather than the porous packing used 

in SEC [30]. Capillary HDC has also been attempted, in which long (several meters), small (0.1– 

0.2 mm) coiled capillaries are used to effect separation, as has been on-chip HDC [64, 93]. The 

advantages of HDC lie in the fact that the technique is traditionally low-cost (depending on the 

choice of detectors; the method presented here would not, by most standards, be considered “low 

cost” due to the multiplicity of detectors involved), fast (complete size distributions can be 

obtained in as little as ten minutes), can characterize based on molar mass and/or particle size, 

and can be used to study suspensions [8, 31, 91]. One of the biggest drawbacks of the technique 

has been its non-absolute nature, as particle size determination has depended upon the 

application of calibration curves and flow markers, neither of which may necessarily be related 

in size, shape, or chemical identity to the analyte under consideration [16, 87]. As such, the 

results obtained have been relative to the calibrants and flow marker of choice and, thus, of 

limited use. 
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 To date, HDC has been coupled in single- and dual-detector instrumental set-ups to 

UV/visible [55, 87, 94], differential refractive index (DRI) [56], fluorescence [41], differential 

viscometry (VISC) [62], and multi-angle light scattering (MALS) [55] detectors. Here, we 

present results of the on-line coupling of HDC to four detectors, namely MALS, VISC, DRI, and 

quasi-elastic light scattering (QELS) and of application of the hyphenated technique to the study 

of polystyrene latex solutions in the size range ~40 – 400 nm. This coupling has permitted a 

number of absolute (i.e., calibration-curve- and flow-marker-independent) determinations: The 

use of multiple detectors provides quantitation of various colloidal radii, these being the 

hydrodynamic radius RH, the viscometric radius R, and the radius of gyration or root-mean-

square radius RG, and the statistical moments (averages) and distributions of various size 

parameters. Applying self-similarity concepts to our results, we were also able to determine the 

shape of the latex particles, which was confirmed by various mutually-independent 

measurements. Lastly, we were able to combine the different radii in the form of dimensionless 

ratios, which provided additional confirmation of the particle shape, as well as information about 

particle compactness (i.e., homogenous hard and soft spheres versus hollow spheres), and about 

the change in compactness as a function of particle size. Much of the instrumentation used is 

commonly found in a polymer separations laboratory such that, rather than necessitating the 

acquisition of new hardware (as is the case with FFF), all that is needed is a set of HDC columns 

to be used in lieu of e.g., SEC columns, and an understanding of the analytical chemistry and 

polymer science principles involved. We believe this constitutes the first attempt of quadruple-

detector HDC, a technique with great promise in the area of particle size analysis. 

 

4.3 Materials and Methods 

4.3.1 Materials and Sample Preparation   

Polybead Polystyrene Microspheres (~2.6% solid latex) and Polybead Hollow Polystyrene 

Microspheres (~5.3% solid latex and shell thickness of 100 nm) were obtained from 

Polysciences, Inc. (Warrington, PA). Latexes are designated as PS-1 through PS-4 and HS-PS, 

respectively, as per Table 4.1. Dispersions of the PS-1 and PS-2 samples were filtered through a 
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0.45 μm nylon membrane filter. Dispersions of the PS-3, PS-4 and HS-PS samples were filtered 

through a 1.2 μm nylon membrane filter. 

 

4.3.2 Experiment Conditions  

Hydrodynamic chromatography analysis was performed on the HDC/MALS/QELS/VISC/DRI 

system explained in section 3.1. The solvent and mobile phase were the HDC eluent [51], at a 

flow rate of 1.0 mL/min. The specific refractive index increments (n/c) of the Polybead® 

polystyrene was determined to be 0.237  0.004 (Table 3.1). These values were determined using 

the differential refractometer off-line as previously described in section 3.3.  

 The molar mass Mw for PS-3 and PS-4 could not be determined using the 

HDC/MALS/QELS/VISC/DRI system.  The large size and high n/c value of the two samples 

results in an extremely large light scattering signal. To avoid saturation of the photodiodes a very 

low concentration of analyte was needed. The concentration of analyte needed to keep the light 

scattering detectors on scale was below the detection limit of the DRI. A detector response from 

both MALS and DRI are necessary to determine the molar mass of a sample (section 2.4.1). The 

construction of a Zimm plot (section 3.2) was attempted, but the HDC eluent produced a 

significant amount of air bubbles when using the external syringe pump, making the experiment 

unfeasible. Therefore, the molar mass for the two samples was determined by utilizing the on-

line degasser of the separation module. A modified Zimm plot was made by flowing the HDC 

eluent through the separation module (after removal of the in-line filter) directly into the light 

scattering detector to establish base line, followed by a known concentration of analyte and 

finishing with the HDC eluent.   

 

4.3.3 Data Acquisition  

MALS data for PS-1 and PS-2 were fitted equally well by either the Zimm or Debye models, for 

data from twelve different angles ranging from 25.9 to 142.5. MALS data from the larger PS-3, 

PS-4 and HS-PS latexes were fitted better by the Debye than by the Zimm model, for data from 
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eight different angles ranging from 25.9 to 90. Results of our model fitting choices agree well 

with those of Anderson et al., who recently studied how various models, including Zimm and 

Debye, fit MALS data of homogeneous spheres [95]. 

 

4.3.4 HDC/MALS/QELS/VISC/DRI 

Upon the first introduction of the larger (400 nm) particles onto the column, a fraction of this 

latex seemed to become entrained in the void space of the pores and did not elute with the rest of 

the sample. Rather, the entrained analyte eluted, in piecemeal fashion, during the following 

several injection cycles. The nature of this deposition, previously reported in reference [53], is 

not well understood. Removal of the lodged particles was accomplished by four consecutive 

injections of solvent blank onto the columns, as the mechanical pulse which results from an 

injection event appears to lead to a release of the trapped particles. 

 

4.4 Results and Discussion 

As described in the “Introduction” and “Materials and Methods,” the HDC columns were 

coupled on-line to a quadruple-detector MALS/QELS/VISC/DRI train. Results of our 

experiments are given in Table 4.1. Figure 4.2 shows the chromatograms of each latex, as 

monitored by the individual detectors. All samples elute within a fairly narrow two milliliter 

window and display narrow, monomodal, Gaussian-like elution profiles. We next discuss our 

conclusions regarding particle size and shape, the results of several independent measurements. 

 

4.4.1 Particle Size and Polydispersity  

Three different particle size parameters were accessible through our measurements, RG, RH, and 

R [31, 70, 96-98], defined in detail in Table 2.1. For the latter, we report the weight-average 

only, while for the former two we report the number-, weight, and z-averages, all in Table 4.1. 

The ratio of the weight- to number-average of a particular radius provides a measure of size 
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polydispersity. As seen in Table 4.1, based on either RG or RH all latex samples can be 

considered virtually monodisperse, as Rx,w/Rx,n  1 (where x = G, H). An additional measurement 

of the lack of size polydispersity in the latex samples is seen in Figure 4.1, where the right 

ordinates plot RG (Figure 4.1a) and RH (Figure 4.1b) across the elution profiles of each sample. It 

can be observed that the values of both these radii remain relatively constant as a function of 

elution volume, again leading to the conclusion that the samples possess fairly narrow particle 

size distributions, as defined through two independently-determined size parameters, RG and RH. 

(For PS-4, even though RH does decrease slightly with increasing elution volume, all values of 

RH for this latex are within two standard deviations of the mean). 

 Regarding the precision and accuracy of the present measurement, standard deviations in 

the measured radii were less than ten percent. The radii reported by the manufacturer (see Table 

4.1) are hydrodynamic radii, measured using disc centrifugation. Our experimentally-determined 

values for RH (measured using the QELS detector) for PS-1 through PS-3 agree closely with the 

nominal radii provided by the manufacturer. For PS-4 and HS-PS, however, agreement between 

our RH values and those from the manufacturer is not as good. A possible reason for this 

discrepancy could be that the scattering for the larger particles is no longer in the Rayleigh-Gans-

Debye regime (the diameter of these particles is a substantial fraction of the wavelength of the 

incident radiation); rather, the full Mie solution to the scattering equations is needed. 

Unfortunately, even measuring the scattering at sixteen angles is generally not sufficient to 

properly characterize the type of double-lobed, lopsided envelope representative of Mie 

scattering. 

To make sure that an angular effect was not responsible for differences between our 

QELS-derived RH values for the larger particles and the values reported by the manufacturer for 

these same latexes, we performed a variable-angle QELS experiment using the HS-PS sample 

[99]. Nine measurements were made, varying the QELS photodiode from 64–141o in increments 

of 7–9o. While there was some angular variability in the derived values of RH, no trend was 

observed. Indeed, extrapolation of the measurements to 0o gave an RH value only slightly lower 

than the value obtained when the QELS photodiode was placed at its regular position of 108o. 
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Table 4.1: PS latexes molar mass and radii determined by HDC/MALS/QELS/VISC/DRIa 

a In aqueous buffer (see section 3.1) at 25 oC 
b Hydrodynamic radius and standard deviation as reported by manufacturer, obtained using disc centrifugation.  
c Standard deviation not reported by manufacturer. 

Sample 
Nominal 
Radiusb 

(nm) 

Mw 

(g/mol) 
RG,n 
(nm) 

RG,w 

(nm)
RG,z 
(nm)

RG,w/ 

RG,n 
RH,n 

(nm) 

RH,w 

(nm) 
RH,z 

(nm)
RH,w/ 

RH,n 
R,w 
(nm) 

DT,z 

(cm2/sec) 

PS-1 
22 
± 1 

2.21 × 107 
± 0.06 × 107 

16 
± 1 

15 
± 1 

15 
± 1 

0.94 
± 0.07 

20 
± 1 

20 
± 1 

20 
± 1 

1.0 0 
± 0.01 

23 
± 1 

1.24 × 10-7 
± 0.01 × 10-7 

PS-2 
44 
± 5 

2.57 × 108 
± 0.20 × 108 

35 
± 1 

35 
± 1 

34 
± 1 

1.00 
± 0.01 

41 
± 1 

41 
± 1 

40 
± 1 

1.00 
± 0.01 

49 
± 1 

6.09 × 10-8 
± 0.01 × 10-8 

PS-3 
101 
± 5 

4.37 × 109 
± 0.01 × 109 

89 
± 1 

88 
± 1 

88 
± 1 

0.99 
± 0.01 

105 
± 11 

97 
± 6 

92 
± 3 

0.92 
± 0.12 

129 
± 1 

2.61 × 10-8 
± 0.13 × 10-8 

PS-4 
178 
± 6 

2.11 × 1010 
± 0.01 × 1010 

135 
± 1 

135 
± 1 

135 
± 1 

1.00 
± 0.01 

146 
± 4 

144 
± 6 

140 
± 8 

0.99 
± 0.05 

213 
± 1 

1.75 × 10-8 
± 0.09 × 10-8 

HS-PS 
200 

± NRc 
5.97 × 109 

± 0.01 x 109 
159 
± 1 

158 
± 1 

157 
± 1 

0.99 
± 0.01 

159 
± 6 

152 
± 3 

150 
± 3 

0.96 
± 0.03 

146 
± 1 

1.66 × 10-8 
± 0.04 × 10-8 
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Figure 4.1: (a) 90o static light scattering (SLS) detector elution profiles, linked to the left y-
axis, and the RG distribution across the elution profile, linked to the right y-axis. (b) Quasi-
elastic light scattering (QELS) detector elution profile, linked to the left y-axis, and RH 
distribution, linked to the right y-axis. (c) Differential viscometer (VSC) elution profile, 
(Note: Poor resolution and S/N is due to low sample concentration used for this particular 
experiment) and (d) Differential refractometer (DRI) elution profile. Open symbols 
represent the RG and RH distribution, respectively, in (a) and (b), where squares represent 
PS-1, triangles PS-2, circles PS-3, and up-side down triangles PS-4, respectively. In all 
cases, detector responses are in volts (V). 
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4.4.2 Particle Shape and Structure  

The shape of a particle affects a number of parameters, such as the type of packing arrangement 

it assumes, packing efficiency, and solution viscosity among others [5, 77-85]. Particle shape can 

be determined from the mutual scaling of molar mass and size [31, 96]. The former is measured 

using MALS. For the latter, as seen above we have a number of choices, RG, RH, and R in the 

present case, measured, respectively, by MALS, QELS, and MALS/VISC. 

 The mass M of a hard sphere is expected to scale with the cube of the radius R of the 

sphere (M ~ R3). For a spherical analyte, plotting mass as the abscissa and radius as the ordinate 

and using a log-log scale should yield a plot with slope equal to 1/3. Figure 4.2 a-c shows the 

log-log relationship between the molar mass of the latex particles and the various radii measured. 

All the slopes are constant and in the range 0.29–0.33, leading to the conclusion that the latex 

particles are spherical. This is confirmed by the log-log plot of the QELS-determined z-average 

translational diffusion coefficient DT,z (see last column of Table 4.1) versus molar mass, Figure 

4.2d. As seen in equation (2.27), RH and DT are inversely proportional to each other (indeed, RH 

is derived from DT measurements), such that the slope of this plot should be equal to -1/3 if the 

latex particles are spherical. The slope of the experimental data was found to be -0.29, in close 

proximity to the expected value and in agreement with the MALS and viscometry results. 

Whether a particle is hard or soft can affect material properties such as friction and elastic 

restitution [83]. The relative hardness (compactness) of the various latexes can be determined 

using the size parameters obtained from the different light scattering techniques employed. 

Through the dimensionless parameter ρ ≡ RG,z/RH,z we can assess whether a particle is a 

homogeneous hard sphere, for which the theoretical value of  = 0.778; a soft sphere, for which 

the theoretical value of  = 0.977; or somewhere in between. (The term “soft sphere” is not 

intuitively obvious. An example of such a structure is an ultra-high-molar-mass dendrimer, e.g., 

a generation 11 poly(amido amine) dendrimer for which M  2.2 × 106 g/mol, but which 

occupies a relatively compact volume in solution, a spherical volume with R  15 nm. As can be 

seen in Table 4.1, this is a molar mass one order of magnitude less than that of PS-1, for which R 

is also approximately 15 nm). 
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Values of  based on our root-mean-square and hydrodynamic radius measurements are 

given in Table 4.2. The value of  for PS-1 is 0.75, extremely close to the predicted value for the 

hard sphere case. For PS-3 and PS-4, the value of  is 0.96, again very close to the value 

predicted for soft spheres. In between these is PS-2, for which  = 0.85 and which is, therefore, 

expected to possess a degree of compactness intermediate to that of the two largest and the 

smallest latexes. In addition to providing further confirmation of the sphericity of the particles, 

the dimensionless ratio  informs our knowledge of the structure of the latexes and of how this 

structure, as measured by particle compactness, changes in proportion to particle size. This is a 

direct example of the true synergism of using different types of detectors, as information 

regarding particle compactness would not have been attainable without the combination of static 

multi-angle and quasi-elastic light scattering. Additionally, the calculated values of  provide 

one more, independent, confirmation of the sphericity of the particles 

.  

Table 4.2: Rho, ρ, values and compactness classification 

Sample ρ (RG,z/RH,z) Structure 

  

0.778 

 

Theoretical hard sphere limit [96] 

 

PS-1 

 

0.75 ± 0.03 

 

Hard sphere 

 

PS-2 

 

0.85 ± 0.01 

 

Intermediate sphere 

 

PS-3 

 

0.96 ± 0.03 

 

Soft sphere 

 

PS-4 

 

0.96 ± 0.05 

 

Soft sphere 

  

0.977 

 

Theoretical soft sphere limit [96] 

  

1.00 

 

Theoretical hollow sphere limit [100] 

 

HS-PS 

 

1.05 ± 0.01 

 

Hollow sphere 
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Figure 4.2: Plot of (a) RG, (b) R, (c) RH, and (d) DT, all versus weight-average molar mass 
Mw, for solid and hollow polystyrene latexes. Each data point represents the average of at 
least four determinations. Error bars are not shown as they are smaller than the size of the 
marker. Solid lines represent linear fits to the solid sphere data, with R2 values given on 
each graph. Filled circles correspond to solid latex samples; open circle corresponds to the 
hollow latex sample. 
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4.4.3 Hollow versus Hard Sphere Behavior  

The log-log relationship between the molar mass of the solid latex particles and the various radii 

measured can also be used to differentiate the single hollow latex sphere we were able to obtain 

commercially from the homogenous solid latex spheres. In comparing a solid sphere to a hollow 

sphere of equal molar mass, the radius of gyration of the hollow sphere must be greater than that 

of the solid sphere. Figure 4.2a shows that the RG value of the hollow sphere sample (open circle 

data point on plot) lies above the trend-line RG value of a solid sphere of the same molar mass. 

As shown in Equation (2.27), RH is inversely proportional to DT. By definition, the 

hydrodynamic radius of a hollow sphere is the radius of a solid sphere with the same 

translational diffusion coefficient as the hollow sphere [31, 97]. Therefore, in order for two 

spheres of the same molar mass, one a hollow sphere and one a hard sphere, to have the same DT, 

the hollow sphere must have a larger RH than the solid sphere. As can be seen in Figure 4.2c, the 

hydrodynamic radius of the hollow sphere is larger than that of a solid sphere of equal molar 

mass. Conversely, the translational diffusion coefficient, DT, of the hollow sphere is smaller than 

the DT of a hard sphere of equal Mw: In Figure 4.2d, the DT for the hollow sphere lies below the 

trend-line value of a hard sphere of the same Mw as the hollow sphere.  

Figure 4.2b shows that the viscometric radius, R, of a hollow sphere is equal to that of a 

solid sphere of the same molar mass. This can be understood from Equation (2.32), which shows 

that the viscometric radius is proportional to both the intrinsic viscosity and the molar mass. For 

solid and hollow spheres of equal molar mass and geometric radius, the intrinsic viscosity of the 

hollow sphere must be greater than that of a solid sphere. Conversely, if a solid and a hollow 

sphere have the same intrinsic viscosity and geometric radius, the molar mass of the hollow 

sphere must be greater than that of the solid sphere. The effects of intrinsic viscosity and molar 

mass of hollow versus hard sphere thus counteract each other, resulting in equal viscometric radii 

for hollow and hard spheres of the same molar mass.  

The value of  can also be used to distinguish between solid and hollow spheres. The 

theoretical  value for a hollow sphere is 1.00 [100]. The value of  for HS-PS is 1.05, very 

close to that predicted for a hollow sphere. One should exercise caution when using  to 

differentiate among e.g., a soft sphere and a hollow sphere, the experimentally-determined  
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values of which differ by only 0.09. In this study, however, the conclusions offered by the  

values are independently supported by the individual relationships between the RG, RH, and R of 

the hollow versus solid latexes. Being able to determine not only particle shape but also particle 

structure proves an added benefit of the multi-detector HDC approach described here. 

 

4.5 Conclusions 

Multi-detector HDC using static multi-angle and quasi-elastic light scattering, differential 

viscometry, and differential refractometry as detection methods was employed to determine the 

particle size and particle size distribution of a series of polystyrene latexes varying in size from 

40 to 400 nm. Through these analyses, we were able to determine a variety of macromolecular 

size parameters, namely the root-mean-square, hydrodynamic, and viscometric radii and their 

distributions. The virtual size monodispersity of the latexes was ascertained both via the 

polydispersity indices of RG and RH and by the relative constancy of each of these radii across the 

elution profiles of each sample. 

 Using HDC/MALS/QELS/VISC/DRI, we were also able to determine the shape and 

structure of the latexes. The shape, which was shown to be spherical, was derived from the 

relationship of the molar mass to the individual radii measured, and also from the value of the 

dimensionless ratio   RG,z/RH,z. Thus, a number of independent measurements based on 

viscometry, quasi-elastic light scattering, and multi-angle static light scattering measurements 

provided independent confirmation of the shape of the particles. The dimensionless ratio  also 

showed that the compactness of the solid latexes decreases as a function of increasing particle 

size. The smallest latex was determined to be a hard sphere, the two largest latexes to be soft 

spheres, and the intermediate-size latex to possess compactness intermediate those of the 

smallest and largest particles. The homogenous solid and non-homogenous hollow latex samples 

were distinguishable through the relationship between the molar mass of the latex particles and 

the various radii measured, as well as from the value of  for the hollow sphere. 

 The driving force in particle size analysis is the desire to determine the size, size 

distribution, and shape of broadly distributed, non-spherical particles both accurately and 
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precisely. The present method shows much promise in this regard, as it was found to be fast, 

accurate (as compared to manufacturer-supplied RH values), and precise. The total analysis time 

with all four detectors present was less than one hour, though removal of the differential 

viscometer decreases the analysis time to approximately twenty minutes. The scaling relationship 

between molar mass and RG is extremely useful for determining the shape of non-spherical 

particles, as the log M vs. log RG plot yields the fractal dimension of the analyte, a datum 

oftentimes more informative than the topological or Euclidean dimension and otherwise not 

generally available [31, 96, 101, 102]. This type of “conformation plot” can also show how 

particle shape changes across the particle size distribution of the analyte. Current experiments in 

our laboratory continue to explore the capabilities of the quadruple-detector HDC methodology. 
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CHAPTER FIVE 

BI-, TRI-, AND TETRAMODAL LATEX BLENDS 

 

5.1 Summary 

The ability to characterize the size and shape distributions of broadly polydisperse analytes is a 

driving force in particle size analysis. Multi-detector hydrodynamic chromatography (HDC), 

which has previously shown promise in its ability to characterize the size and shape of 

monodisperse, spherical polystyrene (PS) latex standards, is applied here to include the 

characterization of bi-, tri-, and tetramodal latex blends and their constituents varying in size, 

chemistry, and compactness [72]. The ability of multi-detector HDC to distinguish between 

similar-sized particles of different chemistry is realized by the coupling of a concentration-

sensitive detector and two different types of light scattering detectors. The use of both multi-

angle static and quasi-elastic light scattering permits for determination of two different size 

parameters across the elution profiles of the blends. Combining the size information obtained 

from both light scattering methods provides a measure of how particle compactness changes as a 

function of size in a latex blend. Multi-detector HDC was shown to be a rapid and precise 

method for characterizing the particle size, shape, and their distributions of broadly polydisperse 

analytes.   

 

5.2 Introduction 

The ability to measure particle size, particle shape, and their distributions is essential to the 

complete characterization of broadly polydisperse polymers and particles. Particle size and its 

distribution influence rheological properties such as pumping, mixing, transport, atomization, 

spraying, and grinding of coal-slurries, concrete, paints, filler polymers, ceramics, food, and 

films [7, 81, 103-107]. The distribution of particle size and shape also affects solid state 

properties such as powder packing, abrasive efficiency, mechanical strength, and bulk density of 

materials [4, 7, 77, 103, 106, 107].  
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The use of polydisperse particle blends in areas such as film formulation; drug coating, 

dosage, and delivery; food processing; and the study of sphere packing have sparked interest in 

the characterization of blends. The latter may be composed of large and small, “hard” and “soft,” 

spherical and non-spherical particles, of combinations of various chemistries within a blend, or 

of blends in which the size, shape, compactness, and chemistry of the constituents all vary [7, 4, 

77, 81, 103-111]. Examples of how chemical composition and particle size influence end-use 

material properties are seen in the polymeric coatings of drug capsules, where composition and 

size are often manipulated to control drug permeability and release [4, 108]. 

 The term “modality” refers to the number of distinguishable distributions in a 

population. In the food industry, increasing the modality of a distribution of particles results in 

reduced viscosity of suspensions, improved shear, increased time and temperature stability and, 

most importantly, improved texture and flavor (“mouthfeel”). Two or three different particle 

sizes are often blended together to give foods such as chocolate the desired fluidity, texture, and 

flavor [7], while blending together particles with different degrees of compactness (i.e., blending 

together so-called “hard” and “soft” particles) is known to reduce volatile organic compound 

emissions during formation of certain films [109, 111]. Particle size distributions greater than 

bimodal have shown applicability not only in pharmaceuticals and food processing but also in 

naturally occurring environmental process such as soil transport behavior and coal combustion 

[112].  

Numerous techniques have been developed for, or applied to, determining particle size 

distributions, such as microscopy, sedimentation, high resolution mass spectrometry, dynamic 

light scattering, analytical ultracentrifugation, size-exclusion chromatography, field-flow 

fractionation, and gel electrophoresis [12, 17, 111-116]. Most of these techniques either involve 

chromatographic or mechanical means for separating particles, prior to detection, into essentially 

monodisperse aliquots.  Another chromatographic technique which shows great promise in the 

ability to accurately and precisely characterize particle size, shape, and their distributions, when 

coupled to appropriate detection methods, is hydrodynamic chromatography (HDC) [71]. 

 Here, we showcase the ability of HDC to characterize the size and shape distribution of 

polydisperse blends of polystyrene (PS) and poly(methyl methacrylate) (PMMA) latexes. The 

ability to do this is conferred by the multiplicity of physical detection methods which are coupled 
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to the separation technique, namely multi-angle static light scattering (MALS), quasi-elastic light 

scattering (QELS), and differential refractometry (DRI). As will be shown, this coupling permits 

determination of two colloidal radii, the root-mean-square radius or radius of gyration RG and the 

hydrodynamic or Stokes radius RH, across the HDC elution profile for bi-, tri- and tetramodal 

latex blends. The synergistic combination of MALS and QELS detection also allows for 

characterization of the latex blends based on shape or compactness as a function of HDC elution 

volume. Additionally, we were able to compare the size, shape, and compactness of the blends to 

those of the individual blend constituents, and to show that baseline chromatographic resolution 

is not strictly necessary for particle size and shape characterization of the polydisperse samples 

examined. 

 

5.3 Materials and Methods 

5.3.1 Materials and Sample Preparation 

Polybead® polystyrene latex suspensions (approximately 2.6% solid latex) were obtained from 

Polysciences (Warrington, PA, USA). Poly(methyl methacrylate) latex suspensions 

(approximately 10% solid latex) were obtained from Bangs Laboratories (Fishers, IN, USA). 

Individual polystyrene and poly(methyl methacrylate) latexes are designated as PS-1 through PS-

4 and as PMMA-1 through PMMA-4, respectively, as per Table 5.1. Dispersions of PS-1, PS-2, 

PMMA-1, and PMMA-2 were filtered gently through 0.45 µm nylon membrane syringe filters. 

Dispersions of PS-3, PS-4, PMMA-3, and PMMA-4 were filtered gently through 1.2 µm nylon 

membrane filters. Bi-, tri-, and tetramodal blends of the various latexes were prepared by mixing 

known aliquots of equal concentration of the individual filtered suspensions. 

 

5.3.2 Experiment Conditions  

Hydrodynamic chromatography analysis was performed on the HDC/MALS/QELS/VISC/DRI 

system explained in section 3.1 minus the viscometer. The solvent and mobile phase were the 

HDC eluent [53], at a flow rate of 1.0 mL/min for the individual blend constituents, 0.5 mL/min 
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for bi- and trimodal blends, and 0.25 mL/min for tetramodal blends. The specific refractive index 

increments (n/c) of the Polybead® polystyrene and poly(methyl methacrylate) microspheres 

were determined to be 0.237  0.004 [71] and 0.141  0.003 mL/g, respectively (Table 3.1). 

These values were determined using the differential refractometer off-line as previously 

described in section 3.3.  

 

5.3.3 Data Acquisition  

Data acquisition and processing were performed using Wyatt’s ASTRA software (V. 5.3.4.16). 

The MALS data for the smaller latex samples (PS-1, PS-2, PMMA-1, and PMMA-2) were fitted 

equally well by either the Zimm or the Debye models, for data from 11 different angles ranging 

from 35o to 143o. The MALS data for the larger latex samples (PS-3, PS-4, PMMA-3, and 

PMMA-4) were fitted better by the Debye than by the Zimm model, for data from eight different 

angles ranging from 35o to 90o. The latex blends containing mixtures of the small and large latex 

samples were fitted in the same fashion as the individual large latexes. The results of our model 

fitting choices agree well with those of Anderson et al. [95], who studied how various light 

scattering models fit MALS data of homogeneous spheres. 

 

5.4 Results and Discussion 

Individual (i.e., non-blended) PS latex samples ranging an order of magnitude in size (R ≈ 20-

200 nm) have previously been analyzed using multi-detector HDC [71]. Here, we expand the 

HDC technique to include individual PMMA latex samples within the same size range, and PS 

and PMMA latex blends of various modalities. As explained in the “Introduction” and “Materials 

and Methods” sections, bi-, tri-, and tetramodal latex blends varying in size, shape, compactness, 

and chemistry were analyzed using HDC/MALS/QELS/DRI. Results for the individual latexes 

are given in Table 5.1. Below, we discuss our results regarding the characterization of particle 

size, particle shape, and their distributions for various types of blends. 

5.4.1 Particle Size and its Distribution  
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The coupling of HDC separation to MALS and QELS detection allows for the determination of 

two sizing parameters, the root-mean-square radius or radius of gyration RG (via MALS) and the 

Stokes or hydrodynamic radius RH (via QELS), defined in detail in Table 2.1. The z-average 

values for RG and RH, and the polydispersity index ( ) of RG for the individual PS and 

PMMA latex samples, are given in Table 5.1. The of the individual samples is determined 

from the ratio of the weight-average radius of gyration RG,w to the number-average radius of 

gyration RG,n. As seen in Table 5.1, the individual PS and PMMA latex are virtually 

monodisperse, as  ≈ 1.0. 

 

Table 5.1: Molar mass and size of PS and PMMA latexesa  

 

Sample Mw (g/mol) RH,z (nm) RG,z (nm) 

GRPDI = RG,w/RG,n

 
PS-1b 

 
2.21 × 107 

± 0.06 × 107 

 

 
20 
± 1 

 
15 
± 1 

 
0.94 

± 0.07 

PS-2b 2.57 × 108

± 0.20 × 108 

 

40 
± 1 

34 
± 1 

1.00 
± 0.01 

PS-3b 4.37 × 109

± 0.01 × 109 

 

92 
± 3 

88 
± 1 

0.99 
± 0.01 

PS-4b 2.11 × 1010

± 0.01 × 1010 

 

140 
± 8 

135 
± 1 

1.00 
± 0.01 

PMMA-1 7.78 × 107

± 0.06 × 107 

 

30 
± 1 

26 
± 1 

0.98 
± 0.01 

PMMA-2 4.23 × 108

± 0.05 × 108 

 

46 
± 1 

48 
± 1 

1.00 
± 0.02 

PMMA-3 8.36 × 108

± 0.09 × 108 

 

54 
± 3 

55 
± 1 

1.00 
± 0.02 

PMMA-4 1.39 × 1010

± 0.01 × 1010 

 

140 
± 2 

138 
± 1 

1.00 
± 0.01 

aIn aqueous buffer at 25 oC  (see section 3.1). Flow rate: 1.0 mL/min.  
bSee reference [71] for details. 
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5.4.2 Bimodal Blends 

Bimodal latex blends varying in size, shape, compactness, and chemistry were analyzed using 

our HDC/MALS/QELS/DRI system. We have chosen two examples of bimodal blends, a 1:1 

blend of PS-1 and PS-4 (“PS-1:PS-4”) and a 1:1 blend of PS-1 and PMMA-4 (“PS-1:PMMA-

4”), to highlight the applicability of multi-detector HDC for the characterization of broadly 

polydisperse samples. The PS-1:PS-4 blend is polydisperse in both size and compactness, while 

the PS-1:PMMA-4 blend is polydisperse in size, compactness, and chemistry. Given that the size 

(RG and RH) of PS-4 and PMMA-4 are comparable to one another (Table 5.1), analysis of these 

two bimodal blends tests the ability of the multi-detector HDC technique to distinguish equal-

sized particles of different chemistries when the latter are blended with a single, common 

component. The ability to compare and contrast polydisperse samples is afforded by the presence 

of a concentration-sensitive detector and two light scattering detectors. The various independent 

detection methods allow for the comparison of elution profiles based on both concentration and 

relative scattering intensity of the analytes. 

 The elution profiles from the concentration-sensitive detector (i.e., the DRI) of the two 

different bimodal blends are shown in Figures 5.1a and 5.1c, for PS-1:PS-4 and PS-1:PMMA-4, 

respectively. The most noticeable difference between the two DRI chromatograms is that 

between the relative peak heights of the early-eluting species in each figure i.e., between the PS-

4 peak in Figure 5.1a and the PMMA-4 peak in Figure 5.1c. The reason for this dissimilarity 

rests with the DRI detector response, which is proportional to the concentration c of dissolved 

analyte times the specific refractive index increment n/c of the solution, as per [65, 69, 117-

119]: 

c

n
cDRI




           (5.1) 

  

The specific refractive index increment depends on the chemistry of the analyte as well as on 

experimental parameters held constant throughout the experiments, the latter being solvent, 

temperature, and the wavelength of the incident radiation in the medium.  
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Figure 5.1: (a) DRI elution profile of a 1:1 bimodal blend of PS-1 and PS-4. (b) 90o SLS 
detector elution profile in volts (V), linked to the left y-axis, and the RG distribution across 
the elution profile (red circles), linked to the right y-axis of 1:1 bimodal blend of PS-1 and 
PS-4. (c) DRI elution profile of a 1:1 bimodal blend of PS-1 and PMMA-4. (d) QELS 
detector elution profile, in volts (V), linked to the left y-axis, and the RH distribution across 
the elution profile (red circles), linked to the right y-axis of 1:1 bimodal blend of PS-1 and 
PMMA-4. Sizes shown in (b) and (d) correspond to the RH values of the components when 
measured in the blend. Flow rates in (a)-(d) are 0.5 mL/min. 
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The area of each peak in a DRI detector response curve for analytes of equal 

concentration and chemistry, as in the case of the analytes in the PS-1:PS-4 blend, should be 

equal (Figure 5.1a). The ratio of the DRI peak areas in Figure 5.1a is within 10% of the ratio of 

the concentrations of PS-1 and PS-4 in the blend, when quantitatively taking into account the 

mechanical entrainment in the column of the larger PS particles, a phenomenon previously 

observed both by us and by other groups [53, 71]. (We have quantitatively accounted for 

entrainment by measuring recovery from the column for each analyte, including for those 

analytes which we discuss below). Conversely, for analytes present in a blend at equal 

concentrations, the area of the peaks in the DRI detector response curve will differ from each 

other if the chemistries of the individual compounds also differ from one another. This difference 

in DRI detector response, for two components present in a blend at equal concentrations, is seen 

in Figure 5.1c. The area of the PS-1 peak in this figure is ~55% larger than that of the PMMA-4 

peak, a direct result of the n/c of PS being ~60% larger than that of PMMA. Conversely, for 

the two analytes in Figure 5.1a, both of which are of the same chemistry (i.e., have the same 

n/c as each other) and which are present in the blend at equal concentrations, their DRI peaks 

are virtually identical in area. 

The DRI detector response alone provides information regarding the modality of the 

sample and the relative concentrations of the compounds present. To obtain information about 

particle size, however, we need a different type of detection method, such as light scattering. 

Here, we have employed both MALS and QELS to characterize the particle size of the individual 

components of a blend. The QELS detector elution profiles for the PS-1:PS-4 and PS-1:PMMA-

4 blends are shown in Figures 5.1b and 5.1d, respectively. The differences in QELS detector 

response can be attributed to differences in both molar mass and chemical composition. Light 

scattering detector response is proportional to the concentration c, molar mass M, and specific 

refractive index increment n/c of the analyte in solution [65, 69], as per: 

  

2












c

n
McLS                            (5.2) 

If different analytes are present in a blend at equal concentrations, the LS detector response will 

then depend on M and/or n/c. In a 1:1 bimodal blend of analytes of the same chemistry, as in 



78 
 

the PS-1:PS-4 blend, the light scattering detector response will depend strictly on the molar mass 

of the analytes, with analytes of larger M generating a larger peak area in the LS detector 

response curve than those of smaller M. For a 1:1 blend of PS-4 and PS-1, the light scattering 

detector response for PS-4 should be greater than for PS-1, because the molar mass M of PS-4 is 

substantially larger than that of PS-1. This is what is observed in Figure 5.1b. The area of each 

peak in the LS detector response curve for analytes present in a blend at equal concentrations can 

also differ from each other if both the molar mass and chemistry of the individual components 

also differ, as in the case of the 1:1 bimodal blend of PMMA-4 and PS-1 (Figure 5.1d). The ratio 

of the LS peak areas in each of the PS-1:PS-4 and PS-1:PMMA-4 blends agrees within 10% with 

the ratio of the concentrations, molar masses, and n/c values (again, after quantitatively 

accounting for mechanical entrainment of some of the PS-4 latex [53, 71]). 

The light scattering detectors not only allow for differentiation between analytes of 

different chemistries, but also for determination of the particle size and particle size distribution 

of the bimodal blends, which are plotted (as RH) as a function of HDC elution volume in Figures 

5.1b and 5.1d. For PS-4 and PMMA-4, the RH,z measured when the samples are in a bimodal 

blend with PS-1 are within one standard deviation of the radii given in Table 5.1. The particle 

size of PS-1 in both blends is ~25% greater than the values in Table 5.1. This difference can be 

attributed to the poor chromatographic resolution of HDC, which stems from the low plate count 

inherent to a technique which relies strictly on one-dimensional Poiseuille flow for separation in 

columns of essentially standard dimensions. As it is well known chromatographic resolution can 

be improved by systematically varying parameters such as flow rate, column length, and particle 

size of the column packing material. Because the latter two are not options in the present study 

(due to the paucity of commercially-available HDC columns), each blend in this study was 

analyzed at four different flow rates, 0.25, 0.5, 1.0, and 2.0 mL/min. The results reported for 

each blend were obtained at the optimal (among the four flow rates examined) flow rate for that 

particular blend, as described in section 5.2.2 (It should be noted that, at 2.0 mL/min, the effects 

of Taylor dispersion became apparent; these effects will be treated more in depth in an upcoming 

manuscript). 

The ability to obtain particle sizes and particle size distributions for blends of analytes 

which differ from each other in size by only ~20 nm is shown in Figures 5.2a and 5.2b, for a 5:1 
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bimodal blend of PS-1 and PS-2. From the chromatograms, the poor resolution of HDC is 

evident. In fact, from the response of both LS detectors (MALS and QELS) it appears as if there 

is only one peak (possible from a single analyte) with a small shoulder present. If, however, one 

ignores the poor resolution between the peaks and looks, rather, at the RG and RH values across 

the elution profiles, it can be seen that two species are present, with radii values that agree 

closely with those of the individual PS-1 and PS-2 samples (Table 5.1). Figures 5.2a and 5.2b 

show that accurate particle size characterization and particle size distributions are achievable for 

analytes with small size differences, even with highly sub-optimal chromatographic resolution. 
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Figure 5.2: A 5:1 bimodal latex blend of PS-1 and PS-2 (a) 90o SLS detector elution profile 
in volts (V), linked to the left y-axis, and the RG distribution across the elution profile (open 
red  circles), linked to the right y-axis. (b)  QELS detector elution profile in volts (V), linked 
to the left y-axis, and the RH distribution across the elution profile (open red triangles), 
linked to the right y-axis. Sizes shown in (a) and (b) correspond to the RG and RH values of 
the components when measured in the blend. Flow rates in (a) and (b) are 0.5 mL/min. 

 

5.4.3 Tri- and Tetramodal Blends 

Chromatograms of tri- and tetramodal blends obtained by HDC/MALS/QELS/DRI are shown in 

Figures 5.3a-b and 5.4. Here, we have chosen to showcase the difference in light scattering 

detector response for analytes varying in size and chemistry by plotting the static light scattering 
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signal for the lowest measureable angle, 35o. As given by equation 5.2, light scattering detector 

response is proportional to the product of concentration, molar mass, and the square of the 

specific refractive index increment. The concentrations of all tri- and tetramodal blend 

constituents are equal. If the analytes in a given blend are all of the same chemistry, as in the 

trimodal blend in Figure 5.3a and the tetramodal blend in Figure 5.4, in which all the blend 

constituents are PS, the relative intensities of the light scattering peaks in the chromatogram 

should reflect the relative differences in molar mass among blend components. Based on the 

molar masses given in Table 5.1, the light scattering signal of PS-4 should be greater than that of 

PS-3 which, in turn, should be greater than that of PS-1. This is the trend observed in Figure 

5.3a. For blends with analytes of different chemistry but where all components have equal 

concentrations, such as the trimodal blend in Figure 5.3b (where the largest component is a 

PMMA and the two smaller components are both PS), the intensity of the light scattering 

detector response will be proportional to M × (n/c)2.  Based on the molar mass (Table 5.1) and 

n/c values (see “Materials and Methods”) of PMMA-4 and PS-3, we would expect the light 

scattering detector response for the former to be slightly greater than for the latter (as the molar 

mass of PMMA-4 is higher than that of PS-3, but the n/c of PMMA is smaller than that of PS), 

and both to be greater than the light scattering signal of PS-1 (of much lower M than either 

PMMA-4 or PS-3). As seen in Figure 5.3b, these relationships hold true for the 1:1:1 trimodal 

blend of PMMA-4, PS-3, and PS-1. 

When comparing the light scattering detector response of PMMA-4 in Figure 5.3b to that 

of PS-4 in Figure 5.3a, we note the stronger signal produced by PS-4, even though both analytes 

are present in their respective blends at equal concentrations (Figure 5.3b, inset) and both have 

the same size. This difference in light scattering detector response is due to a combination of 

factors: First, to the higher molar mass M of PS-4 as compared to PMMA-4 and, second, to the 

higher n/c of PS as compared to PMMA. As seen in equation 5.2, the dependence of light 

scattering response on molar mass is linear, whereas there is a squared dependence on n/c. The 

effect of analyte chemistry on light scattering detector response is thus seen to enter here through 

the specific refractive index increment n/c. 
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Figure 5.3: (a) 1:1:1 trimodal blend of PS-1, PS-3, and PS-4; 35o SLS detector elution 
profile in volts (V), linked to the left y-axis, and the RH distribution across the elution 
profile (red circles), linked to the right y-axis. (b) 1:1:1 trimodal blend of PS-1, PS-3, and 
PMMA-4; 35o SLS detector elution profile in volts (V), linked to the left y-axis, and the RH 
distribution across the elution profile (red circles), linked to the right y-axis. Inset shows 
35o SLS detector elution profile in volts (V) for 1:1:1 trimodal blends of PS-1:PS-3:PS-4 
(open red circles) and PS-1:PS-3:PMMA-4 (open blue squares). Sizes shown in (a) and (b) 
correspond to the RH values of the components when measured in the blend. Flow rates in 
(a) and (b) are 0.5 mL/min.  
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Figure 5.4: Equal concentration tetramodal latex blend of PS-1, PS-2, PS-3, and PS-4; 35o 
SLS detector elution profile in volts (V), linked to the left y-axis, and the RH distribution 
across the elution profile (circles), linked to the right y-axis. Sizes shown correspond to the 
RH values of the components when measured in the blend. Flow rate is 0.25 mL/min. 

 

Through our measurements two different particle size parameters, RG and RH, were 

accessible as a function of HDC elution volume. Even though the peaks of the various 

components in the tri- and tetramodal blends are not fully resolved from each other, the RG and 

RH measured are generally comparable to the values in Table 5.1. The reduced resolution of 

HDC, as compared to other separation methods such as RPLC or CZE (methods which, it should 

be noted, are not generally suitable for particle sizing), becomes apparent in the tetramodal 

blend, however. For example, even after optimizing the flow rate as described earlier, it is 

evident in Figure 5.4 that the individual constituents of the 1:1:1:1 tetramodal blend of PS-1, PS-

2, PS-3, and PS-4 are by no means fully resolved. In fact, based strictly on the HDC 

chromatogram it appears as if the sample is trimodal. The true modality of the sample can be 

seen by observing the RG or RH values across the elution profile, which clearly shows the 

presence of four species varying in size from ~40 to 175 nm. The radii of PS-1 and PS-2, when 

measured as part of the tetramodal blend, are greater than when measured individually. This is 

again due to the lack of resolution between PS-3, PS-2, and PS-1: As the peaks of the larger 
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components overlap those of the smaller components, this acts to increase the average size of the 

constituents of the peaks of the smaller components, while simultaneously decreasing (though by 

a smaller factor) the average size of the constituents of the peaks of the larger components. The 

radius measured for PS-3 when in the tetramodal blend is less than when measured individually, 

due to the influence of PS-2 and PS-1. Conversely, the radii of PS-1 and PS-2 are larger when 

measured in the blend, due to the influence of PS-3 on PS-2 (which is somewhat counterbalanced 

by the influence of PS-1 on PS-2) and of both PS-3 and PS-2 on PS-1. 

 

5.4.4 Particle Shape and its Distribution  

The overall shape and the shape distribution of particles affects end-use properties such as 

packing arrangement, abrasive efficiency, mechanical strength, sedimentation, and bulk density 

[4, 7, 77, 81, 103-112]. The shape of a particle and its relative compactness, i.e., whether a 

particle is “hard” or “soft”, can be determined using the size parameters obtained from the 

different light scattering techniques employed, namely RG from MALS and RH from QELS. 

Through the dimensionless parameter ρ ≡ RG,z/RH,z we can assess the shape and relative 

compactness of the latex particles. For example, a spherical particle can be a homogeneous hard 

sphere, for which the theoretical value of  = 0.778; a soft sphere, for which the theoretical value 

of  = 0.977; or a spherical particle of intermediate degree of compactness, with a theoretical 

value of   between 0.778 and 0.977 [71, 96]. 

As an example of determining the shape factor  for a polydisperse latex blend, we have 

chosen a bimodal blend of the two latexes which show the smallest difference in size, PS-1 and 

PS-2, the radii of which differ from each other by only 20 nm. The shape factor  for the 5:1 

blend of PS-1 and PS-2 is plotted in Figure 5.5 as a function of HDC elution volume. The  

value decreases from 0.89 at the early-elution-volume, large RG and RH side of the HDC profile, 

to 0.76 at the late-elution-volume, small RG and RH side. A  value of 0.89 corresponds to a 

spherical particle with a degree of compactness intermediate to that of a hard sphere and soft 

sphere [71, 74], while a  value of 0.76 is extremely close to that predicted for a homogenous 

hard sphere [96]. These  values for the PS-1:PS-2 blend are in agreement with those obtained 
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for the individual blend constituents; as previously reported in reference [71],  = 0.75 and 0.85 

for PS-1 and PS-2, respectively. From this result, we may conclude that accurate particle shape 

and particle shape distributions, based on the dimensionless ratio , can be obtained for latex 

blends even when chromatographic resolution is non-optimal. 

 

Figure 5.5: 90o SLS detector elution profiles in volts (V), linked to the left y-axis, and the 
rho value, ρ ≡ RG,z/RH,z, linked to the right y-axis (open red squares). Flow rate is 0.5 
mL/min. 

 

5.5 Conclusions 

A driving force in particle size and shape characterization is the ability to characterize broadly 

polydisperse samples. We have employed multi-detector HDC with MALS, QELS and DRI 

detection to determine particle size, shape, and their distributions for bi-, tri-, and tetramodal 

latex blends varying in size, shape, compactness, and chemistry.   
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Two particle sizing parameters, RG and RH, were accessible through our measurements as 

a function of retention volume. The values for both parameters of the latex blends were generally 

comparable to those of the individual PS and PMMA blend components, even with highly sub-

optimal chromatographic resolution. Analysis of blends of varying modalities was shown, 

demonstrating the ability of a low-resolution technique such as HDC to measure the particle size 

distributions of broadly polydisperse samples. The effect of analyte chemistry on detector 

response (LS and DRI) was seen to enter through the specific refractive index increment n/c, 

allowing differentiation of equal-sized particles of different chemistries when present in different 

blends at equal concentrations. 

Particle shape and relative compactness across the HDC elution profile were determined 

by taking advantage of the synergistic coupling of MALS and QELS, via the dimensionless ratio 

ρ. For a bimodal blend of the most similarly-sized particles examined, changes in ρ showed that 

the compactness of the latexes decreased as a function of increasing particle size. Most 

importantly, for polydisperse latex samples we were able to show that the poor resolution 

inherent to HDC has little effect on the ρ values and conclusions regarding compactness derived 

therefrom. 

 Multi-detector HDC was able to determine the particle size distribution of multimodal 

latex blends with components of varying size, chemistry, and compactness. The technique also 

provided information on how the shape and structure of the blend component varied across the 

elution profile. Total analysis time ranged from ~15 to 50 minutes, depending on flow rate, the 

particle size range being probed, and the relative size difference between analytes. Overall, 

multi-detector HDC shows great promise as a particle size and shape characterization method for 

broadly polydisperse samples. 
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CHAPTER SIX 

CHARACTERIZING THE SIZE, SHAPE, AND COMPACTNESS OF A 

POLYDISPERSE PROLATE ELLIPSOIDAL PARTICLE 

 

6.1 Summary 

A detailed quantitative description of particle size, shape, and their distributions is essential for 

understanding and optimization of the solid-, solution-, and melt-state properties of materials. 

Here, we employ quadruple-detector hydrodynamic chromatography (HDC) with multi-angle 

static light scattering, quasi-elastic light scattering, differential viscometry, and differential 

refractometry detection as a method for characterizing three important physical properties of 

materials, namely the molar mass, size, and shape of a polydisperse, non-spherical colloidal 

silica sample [73]. These properties and their distributions were determined continuously across 

the HDC elution profile of the sample. By combining information from the various parameters 

determined, we were also able to obtain quantitative knowledge regarding the compactness or 

denseness of the sample. The applicability of multi-detector HDC to characterizing polydisperse, 

non-spherical analytes was shown to be rapid, accurate, and precise. An advantage over 

traditional characterization methods is the ability of multi-detector HDC to determine particle 

size, shape, compactness, and their distributions simultaneously in a single analysis. 

 

6.2 Introduction 

The processing of raw materials and the end-use properties of products are strongly dependent on 

particle size and shape. Knowledge of particle geometry is necessary for understanding 

behaviors such as packing arrangement, sedimentation, mechanical strength, and bulk density of 

materials [4, 7, 77, 86, 104, 120-123]. Likewise, rheological properties of products and raw 

materials in fluid mechanical processes such as pumping, mixing, and transport, are directly 

influenced by particle size distribution [7, 72, 103, 120]. As such, a detailed quantitative 

description of particle size and shape is needed for optimizing the processing and design of both 

the starting materials and the end products. 
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Several established techniques such as microscopy, X-ray crystallography, nuclear 

magnetic resonance (NMR) spectroscopy, and laser diffraction have been previously employed 

for size and shape characterization of polymers, particles, colloidal aggregates, and micelles [15, 

72, 74, 120-122, 124-129], but none have been found fully satisfactory for the determination of 

both size, shape, and their distributions. For example, microscopy methods only allow for the 

direct determination of geometric size and shape (but, generally, not their distributions), based on 

the radius of the smallest circle circumscribing each of the observed particles, as averaged over a 

fairly limited sample population [12, 15, 74, 120, 124]. Likewise, shape determination from 

techniques such as X-ray crystallography and NMR involves complex calculations based on the 

ensemble averages of various combinations of the different Cartesian components of the radius 

of an object [123, 128, 129] and provide little information regarding particle shape distribution.  

As seen, particle size and shape analysis is a fairly complex task; to obtain accurate data 

for both these parameters and their distributions, it is usually necessary to either fractionate or 

chromatographically separate sample components into essentially monodisperse aliquots prior to 

detection. Without fractionation or chromatographic separation, the particle size and shape data 

are generally an average of the overall sample population, uninformative about the individual 

species present. Because of this, different fractionation and chromatographic techniques, e.g., 

filtration, sedimentation, field-flow fractionation, size-exclusion chromatography, and 

hydrodynamic chromatography (HDC) have also been employed for the characterization of 

polymers, particles, colloidal aggregates, and nanoparticles [71, 72, 74, 121, 127]. In the present 

work we use hydrodynamic chromatography coupled to a train of four detectors, namely multi-

angle static light scattering (MALS), quasi-elastic light scattering (QELS), differential 

viscometry (VISC), and differential refractometry (DRI), to characterize a colloidal silica sample 

possessing more size heterogeneity and structural complexity than the traditionally studied 

suspensions of virtually monodisperse spherical latexes. 

 In this study, multi-detector hydrodynamic chromatography is introduced as a method for 

determining the particle size and shape distributions of polydisperse nonspherical analytes. 

Coupling of the aforementioned detection methods to the separation technique allowed 

determination of three colloidal radii, the root-mean-square radius or radius of gyration RG, the 

hydrodynamic or Stokes radius RH, and the viscometric radius R, as well as the statistical 
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moments and distributions across the HDC elution profile of each of these. The synergistic 

combination of MALS with either QELS or VISC allowed for the characterization of the analyte 

based on its shape and compactness as a function of HDC elution volume. Characterization of 

particle size, shape, and compactness of the sample using multi-detector HDC was achieved in 

less than twenty minutes.  

 

6.3 Materials and Methods 

6.3.1 Materials and Sample Preparation 

SNOWTEXT® ST-OUP colloidal silica was obtained from Nissan Chemical America 

Corporation (Houston, TX, USA). Transmission electron microscopy analysis by the 

manufacturer indicated a particle diameter between 9 and 15 nm and a particle length between 40 

and 100 nm.  

 

6.3.2 Experiment Conditions  

Hydrodynamic chromatography analysis was performed on the HDC/MALS/QELS/VISC/DRI 

system explained in section 3.1. The solvent and mobile phase were deionized H2O with 0.02% 

NaN3, at flow rates of 0.5 and 1.0 mL/min. The specific refractive index increment (n/c) of the 

SNOWTEXT® ST-OUP was 0.083  0.002 mL/g (see Table 3.1), as determined using the 

differential refractometer off-line as previously described in section 3.3. 

 

6.4 Results and Discussion 

6.4.1 Molar mass 

Generally, the most important physical properties for characterizing polymers and particles are 

molar mass, size, and shape [123]. Because of this, the first physical property we determined was 

the molar mass of the sample as various processing characteristics, such as flow properties and 
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stiffness, are related to the individual molar mass averages and to the molar mass polydispersity. 

The molar mass averages of the sample, Mn, Mw, and Mz (Table 6.1), are calculated via equation 

2.23 [31, 65, 69]. The ratio of the weight-average molar mass Mw to the number-average molar 

mass Mn, i.e., Mw/Mn, provides a measure of molar mass polydispersity. As seen in Table 6.1, 

Mw/Mn > 1, indicating that the sample is polydisperse with respect to molar mass. Additional 

evidence of the molar mass polydispersity of the silica sample is seen in Figure 6.1, where M is 

plotted across the HDC elution profile. From the detector response it appears as if the 

chromatogram is essentially monomodal; there is only one peak with a shoulder present. If one 

ignores the poor resolution inherent to HDC [72], however, and observes rather the molar mass 

of the analyte as a function of HDC elution volume, it can be seen that there are two species 

present and that the molar mass of the sample decreases by more than an order-of-magnitude 

with increasing elution volume, with a small plateau in M at a retention volume of 13.5 mL.     
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Figure 6.1:  90o static light scattering (SLS) detector signal, in volts (V), linked to left y-axis. 
Red open triangles represent molar mass, in grams per mole, linked to right y-axis. 
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Table  6.1: Ellipsoidal particle molar mass determined by HDC/MALS/QELS/VISC/DRIa  

    aIn H2O with 0.02% NaN3 at 25 oC 
 

As seen in Table 6.1, the molar mass averages and polydispersity values of the silica 

sample do not change when flow rate is changed by a factor of two. From this observation, we 

conclude that the sample is not experiencing on-column, flow-induced degradation, a feature 

commonly seen in the analysis of ultra-high molar mass polymers by size-exclusion 

chromatography [76, 130, 131] and even, in extreme cases [76], by HDC. Another indication that 

the particle is not degrading during analysis comes from the close similarity between the Mw 

values determined by HDC/MALS and by off-line MALS: The HDC/MALS values obtained at 

0.5 and 1.0 mL/min (Table 6.1) not only compare quite well to each other, but also to Mw = 1.44 

± 0.08 × 107 g/mol obtained when the MALS detector was decoupled from the separation 

system. 

 

6.4.2 Particle size 

Detailed quantitation of another physical property, particle size, is also achievable with multi-

detector HDC. The presence of four physical detection methods permits for the determination of 

three independent size parameters, a statistical radius and two hard-sphere-equivalent radii. The 

statistical radius is the radius of gyration or root-mean-square radius RG, determined using multi-

angle static light scattering, which relies on measuring the angular distribution of scattered 

       Flow 
Rate 

(mL/min) 

Mn 

(g/mol) 
Mw 

(g/mol) 
Mz 

(g/mol) 
Mw/ 

Mn 

0.5 1.29 × 107 
± 0.01 × 107 

1.51 × 107 
± 0.01 × 107 

2.11 × 107 
± 0.03× 107 

1.17 
± 0.01 

1.0 1.21 × 107 

± 0.01 × 107 
1.47 × 107 

± 0.05 × 107 
2.06 × 107 

± 0.12 × 107 
1.22 

± 0.06 
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radiation. The two hard-sphere-equivalent radii, the hydrodynamic radius RH and viscometric 

radius R, were determined using QELS and a combination of MALS, VISC, and DRI, 

respectively. A detailed description of the three radii can be found in Table 2.1.  

 The number-, weight-, and z-average values for RG, RH, and R are given in Table 6.2. 

The size polydispersity of the sample can be determined from the polydispersity index ratio 

(PDI), where PDI is the ratio of the weight- to number-averages of any particular radius. As can 

be seen in Table 6.2, all three radii have a PDI > 1. The decrease in RG, RH, and R as a function 

of elution volume, seen in Figure 6.2, also provides an indication of the size polydispersity 

present in the sample. The three colloidal radii plotted as a function of HDC elution volume 

(Figure 6.2) follow the same trend as does the molar mass (Figure 6.1), with all radii displaying a 

small plateau around 13.5 mL. Both particle size and molar mass are seen to increase as function 

of decreasing elution volume.  

As was done with the molar mass, the particle radii were also measured at two different 

flow rates. As seen in Table 6.2, all averages of all three radii were essentially flow-rate-

independent. Additionally, the RG,z determined by HDC/MALS at both flow rates are virtually 

identical to the RG,z of 50 ± 1 nm determined by off-line MALS. This collection of results 

provides ample evidence that the silica particle is not experiencing degradation during HDC 

analysis. 

 

Table 6.2: Ellipsoidal particle radii determined by HDC/MALS/QELS/VISC/DRIa  

aIn H2O with 0.02% NaN3 at 25 oC 

Flow 
Rate 

(mL/min) 

  RG,n 

(nm) 

RG,w 

(nm) 

RG,z 

(nm) 

RG,w/ 

RG,n 

RH,n 

(nm) 

RH,w 

(nm)

RH,z 

(nm)

RH,w/ 

RH,n 

R,n 

(nm) 

R,w 

(nm) 

R,z 

(nm)

R,w/  

R,n 

0.5 41 
± 1 

44 
± 1 

50 
± 1 

1.1 
± 0.1

23 
± 1 

25 
± 1 

28 
± 1 

1.1 
± 0.1

25 
± 1 

24 
± 1 

27 
± 1 

1.1 
± 0.1 

1.0 39 
± 1 

43 
± 1 

48 
± 1 

1.1 
± 0.1

23 
± 1 

24 
± 1 

27 
± 1 

1.1 
± 0.1

23 
± 1 

25 
± 1 

28 
± 1 

1.1 
± 0.1 
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Figure 6.2: 90o static light scattering (SLS) detector signal, in volts (V), linked to left y-axis, 
and RG, RH, and R distributions across the elution profile, linked to right y-axis. RG, RH, 

and R are represented by open blue squares, open red circles, and open green triangles, 
respectively. 

 

 

6.4.3 Particle Shape 

A third physical property which can be determined from multi-detector hydrodynamic 

chromatography experiments is particle shape. The synergistic coupling of MALS and VISC and 

MALS and QELS provides two independent dimensionless ratios, R,w/RG,z and RG,z/RH,z, 

respectively, which inform our knowledge of particle shape and compactness. Let us first focus 
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on the ratio R,w/RG,z as a function of HDC elution volume. For our colloidal silica analyte this 

ratio ranges from 0.94 at the early-elution volume, large-radius side of the HDC profile, to 0.62 

at the late-elution volume, small-radius side, with a value of 0.63 in the plateau region seen for 

both molar mass (Figure 6.1) and the various radii (Figure 6.2). The lower the value of R,w/RG,z, 

the more extended the particle is in solution. The theoretical limit for a hard sphere is R,w/RG,z = 

3/5 , with highly extended structures having an R,w/RG,z value in the range of 0.3-0.4 [132, 

133]. As seen in Figure 6.3, the ratio R,w/RG,z decreases as a function of increasing HDC elution 

volume, indicating that the particle adopts a more extended conformation (not to be confused 

with the particle becoming larger) as both molar mass and size decrease. By combining our 

knowledge of R,w/RG,z, molar mass M, and size across the HDC elution profile we can conclude 

that the early-eluting, larger-sized, high molar mass species are more compact or more dense 

than the late-eluting, smaller-sized, low molar mass species, which appear to be less compact or 

dense. 
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Figure 6.3: Change in dimensionless ratio R,w/RG,z as a function of HDC retention volume. 
Data for sample depicted by black open triangles. Also shown are the hard sphere limit 
(red dash-dot line) and the rigid rod region (in blue). 

Information about shape and compactness can also be determined through the ratio of ρ ≡ 

RG,z/RH,z. The theoretical value of ρ is 0.778 for a homogeneous hard sphere and 2.36 for a stiff 

rod with a molar mass similar to that of the silica sample [96]. The ρ value of ellipsoids with 

axial ratios between 1 and 100 ranges from 0.875 to 0.987 for oblate ellipsoids, and from 1.36 to 

2.24 for prolate ellipsoids [134-138]. The value of ρ for the silica sample examined here 

decreases from 2.02 to 1.68 as a function of increasing HDC elution volume, a ρ range 

comparable to that of a prolate ellipsoid. By combining both ratios, R,w/RG,z and ρ, with the 

molar mass and size data reported above, we can conclude that the composition of the silica 

sample ranges from large-sized, high-molar mass, compact prolate ellipsoids (which elute early 

from the HDC columns due to their larger size) to smaller-sized, lower-molar mass, more 

elongated prolate ellipsoids (the late-eluting species). 

 The shape of the silica particle was also determined by plotting the experimentally 

determined RG,z values versus the corresponding RH,z values, along with the theoretical 

predictions of this dependence for spheres, oblate ellipsoids, prolate ellipsoids, and rods, as 

shown in Figure 6.4. Predicted values for spheres and ellipsoids were calculated based on the 

formulas given in references [96, 125, 3127, 135-137, 139]. Results for oblate and prolate 

ellipsoids were calculated for axial ratios ranging from 1 to 100. For the rigid rod, results were 

based on the weight-average molar mass of the silica sample. As shown in Figure 6.4, the 

experimental data are in good agreement with the predictions for a prolate ellipsoid and lie well 

above the predicted curves for both oblate ellipsoids and spherical particles. It should also be 

noted that while the values for the two dimensionless ratios, R,w/RG,z and ρ, both decrease as a 

function of HDC elution, the slope of the RG,z versus RH,z plot is constant and within the range of 

values of a prolate ellipsoid. This constancy in slope implies that, while the molar mass, size, and 

compactness or denseness of the analyte all decrease as a function of increasing HDC elution 

volume, the particle shape remains constant. Finally, by combining the three physical properties 

discussed here, molar mass, particle size and particle shape, we can conclude that the sample is a 

polydisperse, prolate ellipsoid spanning the molar mass and size ranges indicated in Figures 6.1 

and 6.2, and with molar mass and size averages and polydispersities given in Tables 6.1 and 6.2.     
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Figure 6.4: Radius of gyration (RG) versus hydrodynamic radius (RH): Dark blue squares 
represent experimental data for the colloidal silica particle; theoretical predictions for 
spheres, oblate ellipsoids, prolate ellipsoids, and rods are represented by a red dash dot 
line, solid green region, solid light blue region, and solid black line, respectively. 

 

6.5 Conclusions 

A polydisperse, ellipsoidal colloidal silica sample was characterized based on molar mass, size, 

shape, and their distributions using hydrodynamic chromatography with MALS, QELS, VISC, 

and DRI detection. All three physical properties were determined as a function of HDC elution 

volume. The slight bimodality observed in the chromatogram of the sample was evident much 

more strongly by the almost stepwise decrease in both molar mass and size across the HDC 
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elution profile, indicating that the sample is composed of two species of vastly different molar 

mass and size. By synergistically combining the size information obtained through the use of 

multiple physical detectors, we were able to also show that, while both species appear to be 

prolate ellipsoidal particles, the larger, high molar mass species is both more compact (more 

dense) and more spherical than the smaller, lower molar mass species, which appears to be both 

less compact (less dense) and more elongated.  

The HDC method was shown to be rapid, accurate, and precise. Complete 

characterization was achieved in less than twenty minutes, and the sample was shown to not have 

degraded during analysis, as molar mass and size values obtained by HDC/MALS at two 

different flow rates compared quite well to each other and to values obtained with the MALS 

detector off-line. Additionally, the size and shape determined using multi-detector HDC 

compared favorably to those determined by the manufacturer using microscopy. A distinct 

advantage of multi-detector HDC over other characterization methods is its ability to determine 

particle size, shape, compactness, and their distributions in a single analysis, and using 

instrumentation common to many polymer separation laboratories.   
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CHAPTER SEVEN 

SPHEROIDAL NANOCAGE DRUG-DELIVERY VESICLE 
CHARACTERIZATION 

 

7.1 Summary 

The biological application of nanoparticles has resulted in an increased need for the development 

of robust, accurate, and precise methods for quality control analysis and characterization. 

Parameters such as particle size, particle shape, and their distributions affect end-use properties 

such as chemical reactivity, diffusivity, permeability, and transport. Introduced here is a 

hydrodynamic chromatography (HDC) method utilizing multi-angle static light scattering 

(MALS), quasi-elastic light scattering (QELS), differential viscometry (VISC), and differential 

refractometry (DRI) detection for characterizing nanoscale vesicles [74]. Quadruple-detector 

HDC was used to determine multiple sizing parameters and their statistical moments and 

distributions. Molar mass and molar mass averages were determined in a calibrant-independent 

fashion. Both the sizing parameters and the molar mass were measured across the HDC elution 

profile. The shape and structure of the nanoparticle were monitored as a function of HDC elution 

volume through the dimensionless ratio ≡ RG,z/RH,z. The HDC results were comparable to those 

obtained by transmission electron microscopy (TEM), but more extensive characterization was 

possible by HDC, which provided distributions of both particle size and particle shape.  

 

7.2 Introduction 

Nanoparticles, typically submicron colloidal systems ranging in size from 1 to 200 nm and 

composed of materials such as polymers, lipids, metals, and organometallic compounds are 

attracting attention in fields such as biology, chemistry, and physics because of their use as 

catalysts, optical and electronic devices, and drug delivery vesicles [15, 140-147]. The physical 

and chemical properties of nanoparticles are dramatically affected by size, shape, and 

compactness, all of which can show great variability. For instance, size and shape can determine 
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diffusivity and ability to permeate cell membranes [144]. As such, there is a manifest need for 

accurate and precise characterization of nanoparticle size, shape, and their distributions.  

 Nanoparticle synthesis is difficult to control and often results in a mixture in terms of 

either size and/or shape [14, 148-150]. Currently, particle size is generally determined using 

scanning or transmission electron microscopy (SEM or TEM, respectively), atomic force 

microscopy, off-line quasi-elastic light scattering (QELS), and related methods [151, 152], the 

most common of these being SEM and TEM. The latter techniques, however, only allow for 

direct determination of geometric size and shape but not their distributions. Moreover, because 

the nanoparticles are observed in dried conditions using SEM or TEM, the size and morphology 

determined via these methods may differ significantly from those in a liquid dispersion, where 

nanoparticles are most likely to be used [140, 146, 153]. Employing a chromatographic 

technique not only allows for the separation of the particle mixture as a liquid dispersion but, 

with appropriate detection methods, for determination of particle size and shape distributions. 

Techniques such as reversed-phase liquid chromatography [144, 145], size-exclusion 

chromatography [140, 144-146], hydrodynamic chromatography (HDC) [55, 64, 144, 154], and 

field-flow fractionation [6] coupled to various detection methods have all been previously used 

to characterize nanoparticles, with each technique possessing its own advantages and limitations.  

 In the present work, multi-detector hydrodynamic chromatography is applied to the 

characterization of a cage-like polymeric nanosphere (InovaSphere™). This “nanocage” ranges 

in size from ~15 to 30 nm, depending on the probe contained within the cage, where the probe 

may be a radionuclide, a lanthanide with long-lived fluorescence, or “cargo” of pharmaceutical 

interest [155, 156]. The number of probes can be manipulated and directly affects the size of the 

nanosphere. Potential applications of the nanocage include use in multi-analyte immunoassays, 

boron neutron capture therapy, targeted drug delivery, magnetic separations, nanoscale localized 

heating in an oscillating magnetic field, and quantum dots, as the nanocage lends itself to both 

surface functionalization and probe encapsulation [142, 155, 156].  

 Here, we present results of the on-line coupling of HDC to four detectors, namely multi-

angle static light scattering (MALS), quasi-elastic light scattering (QELS), differential 

viscometry (VISC), and differential refractometry (DRI) to characterize the distribution of 

particle size, shape, and compactness or structure of the nanocage drug-delivery vesicle 



99 
 

described above. This coupling has allowed for the determination of three colloidal radii, these 

being the root-mean-square radius or radius of gyration RG, the hydrodynamic or Stokes radius 

RH, and the viscometric radius R, as well as the statistical moments and distributions across the 

HDC elution profile of the various sizing parameters. We were also able to determine, in 

calibrant-independent fashion, the various molar mass averages of the nanoparticle. Lastly, the 

synergistic combination of MALS and QELS also permitted characterization of the particles 

based on shape and compactness as a function of both size and molar mass. Complete physical 

characterization of the nanosphere using multi-detector hydrodynamic chromatography was 

achieved in approximately twenty minutes, a fraction of the time needed for most other types of 

analysis (e.g. SEM or TEM), while simultaneously providing a more complete physical picture 

of the analyte than obtained by traditional methods. 

 

7.3 Materials and Methods 

7.3.1 Materials and Sample Preparation 

The InovaSphere™ nanocage vesicle was provided by Inovatia Laboratories, LLC (Fayette, MO, 

USA). The InovaSphere™ nanoparticle was synthesized by Inovatia Laboratories, LCC 

according to the procedures outlined in references [142, 155, 156]. To summarize, dodecyl 

sulfate sodium salt was dissolved in heptane. Terbium(III) chloride hexahydrate, sodium 

bicarbonate, and water were added under ultrasonication. The heptane was evaporated by 

flowing air at room temperature, then methyl methacrylate, 2,3-dimethyl-1,3-butadiene, 

methacrylic acid, citronellic acid, 2-hydroxyethylmethacrylate, and potassium persulfate solution 

were added in sequence. The reaction mixture was stirred at 70 ˚C under an argon flow. The 

nanospheres were then collected and cleaned using filtering, dialysis, ion exchange, or 

centrifugation. 

 

7.3.2 Experiment Conditions  

Hydrodynamic chromatography analysis was performed on the HDC/MALS/QELS/VISC/DRI 

system explained in section 3.1.The solvent and mobile phase were the HDC eluent described in 
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section 3.1. The specific refractive index increment (n/c) of the InovaSphere™ nanocage 

vesicle was determined to be 0.070  0.001 mL/g (Table 3.1). This was determined using the 

differential refractometer off-line, under the same solvent/temperature/wavelength conditions as 

described in section 3.3.  

 

7.4 Results and Discussion 

As mentioned previously in the “Introduction,” to date most nanoparticle size characterization 

has employed either SEM or TEM. With these techniques, the size obtained is the radius of the 

smallest circle circumscribing each of the observed particles (e.g. those particles shown in Figure 

7.1), as averaged over a fairly limited sample population [12, 14, 148-150, 157]. This approach 

not only leads to ambiguous interpretation of both the size and shape, but also fails to provide 

information regarding the distribution of these parameters. As described in the “Materials and 

Methods” we have coupled HDC columns to a quadruple-detector system consisting of MALS, 

QELS, VISC, and DRI detection. Below we discuss our conclusions regarding the size, shape, 

compactness, and their distributions of an InovaSphere™ nanocage vesicle intended for drug-

delivery. Previous characterization by TEM indicated the InovaSphere™ had a diameter of 25 ± 

5 nm and a spherical or slightly ellipsoidal shape (Figure 7.1).   

 

7.4.1 Particle Size  

“Size” is a versatile term in colloidal and polymer science, as a variety of size parameters 

exist and can be measured in a multi-detector HDC experiment [31, 65, 71, 119, 158]. Here, we 

have determined three independent sizing parameters, namely the root-mean-square radius or 

radius of gyration RG, the hydrodynamic radius RH, and the viscometric radius R, values of 

which are given in Table 7.1. (A detailed description of the three radii can be found in Table 

2.1.) Figure 7.2 plots the radius of gyration and the hydrodynamic radius of the nanocage vesicle 

across the HDC elution profile. The decrease in both RG and RH as a function of elution volume 

provides an indication of the size polydispersity present in the sample. The RG values determined 
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by HDC at 1 mL/min (Table 7.1) agree well with the size obtained by TEM, attesting to the 

accuracy of the HDC method. 

 

                     

Figure 7.1: TEM images of the Inovasphere™ nanocage drug-delivery vesicle. For 
experimental conditions, see reference [155]. Scale bars correspond to (a) 50 nm and (b) 20 
nm. 

 

The absolute molar mass M of the sample is also determined from the coupling of MALS 

and DRI detection, as described in section 2.41. The various molar mass averages of the sample, 

Mn, Mw, and Mz, for the InovaSphere™ can be found in Table 7.2. The ratio of the weight-

average molar mass Mw to the number-average molar mass Mn, i.e., Mw/Mn, provides a measure 

of molar mass polydispersity. As seen in Table 7.2, Mw/Mn > 1 showing that, for the size 

polydispersity observed in Figure 7.1 for both RG and RH, there is also a corresponding 

polydispersity in M. Graphical evidence of this molar mass polydispersity can be seen in Figure 

7.3, where the inner-most right ordinate plots M across the HDC elution profile. The molar mass 

of the sample shows an order-of-magnitude increase as a function of HDC elution volume. 

The weight-average molar mass and the z-average radius of gyration can also be 

determined from off-line, batch mode MALS experiments, by decoupling the MALS detector 

from the HDC system. The values from the off-line MALS experiments were 1.77 ± 0.06 × 107 

g/mol and 33 ± 4 nm for Mw and RG,z, respectively. These values provide information that can be 

directly compared to that obtained from on-line HDC/MALS, which we now proceed to do. 

(a)                                                                          (b)            
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Table 7.1: Nanocage vesicle radii, as determined by HDC/MALS/QELS/VISC/DRIa 

      aIn aqueous buffer at 25 oC  (see section 3.1). 

Figure 7.2: 90o static light scattering (SLS) detector signal, in volts (V), linked to left y-axis, 
and RG and RH distribution across the HDC elution profile, linked to right y-axis. RG and 

RH are represented by blue inverted triangles and red circles, respectively. 
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Table 7.2: Nanocage vesicle molar mass, as determined by HDC/MALS/QELS/VISC/DRIa  

    aIn aqueous buffer at 25 oC  (see section 3.1) 

 

Figure 7.3: 90o static light scattering (SLS) detector signal, in volts (V), linked to left y-axis. 
Red open squares represent molar mass, in grams per mole, linked to the inside right y-
axis; blue closed triangles represent the rho value,  RG,z/RH,z, linked to outside right y-
axis. 
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When comparing the Mw and RG,z values obtained by off-line MALS to the values in 

Tables 7.1 and 7.2, obtained when the MALS photometer is coupled to the HDC columns, the 

off-line MALS values for both Mw and RG,z are ~60% greater than those obtained from on-line 

HDC/MALS. To understand the source of this difference, we must examine the HDC 

chromatograms of the nanocage vesicle, shown in Figures 7.4-7.6. As observed in Figure 7.4, the 

chromatogram for the nanocage is bimodal, indicating the presence of two species. The early 

eluting species is present in very low concentration, evident in Figure 7.5 by the lack of DRI 

detector response. The later-eluting species is the only species present at a high enough 

concentration to be detectable both by the DRI detector and TEM (Figure 7.1). The size of the 

two species can be compared by observing the detector response of the ten MALS photodiodes, 

Figure 7.6. Molecules or particles higher in molar mass or larger in size will scatter more light 

than those of lower molar mass or smaller size. Furthermore, structures which are large 

compared to a fractional value of the wavelength of the incident radiation in the medium will 

show an angular variation of scattering intensity, with scattering intensity inversely related to 

angle of observation. Conversely, structures that are small compared to the wavelength of the 

incident radiation in the medium (Rayleigh or near-Rayleigh scatterers) will show little or no 

variation in scattering intensity as a function of angle. A large variation of this angular scattering 

intensity is seen in Figure 7.6 for the early-eluting species, indicating that this species is larger 

than the later-eluting species, which shows substantially less angular variation in the intensity of 

the scattered light. (Naturally, there must be some variation in the angular scattering intensity for 

the smaller species, or else we would be unable to measure its RG using MALS). Based on the 

results shown in Figures 7.4-7.6, we conclude that the early-eluting species is a contaminant in, 

or an aggregate of, the sample, with a RG,z of 112 ± 7 nm (five to six times larger than the RG,z of 

the main analyte), while the later-eluting peak is the nanoparticle itself. Because off-line MALS 

analysis does not allow for separation of nanoparticle and contaminant/aggregate from each 

other, the Mw and RG,z obtained by this method are both skewed towards higher values due to the 

presence of the contaminant/aggregate. HDC/MALS analysis allows for detection of the 

contaminant/aggregate, by separating it from the nanoparticle based on their relative size 

difference in solutions and also permits determination of the actual, unbiased size (RG) of the 

nanocage vesicle (as well as the size of the contaminant/aggregate). As can be seen, the 



105 
 

difference in the off-line MALS and on-line HDC/MALS results can be attributed to the 

presence of contaminant or aggregate in the sample. 

 

Figure 7.4: 90o static light scattering (SLS) detector signal at 0.5 mL/min (red circles) and 
1.0 mL/min (blue squares). 

 

Figure 7.4 overlays the elution profiles of the analyte at flow rates of 0.5 and 1.0 mL/min. 

For this particular sample and experimental conditions there is no apparent shift in retention 

volume with increase in flow rate. The change in area observed for the early-eluting peak is due 

to the change in chromatographic resolution as a function of flow rate. The difference in RG 

values, seen in Table 7.1, between 0.5 and 1.0 mL/min is due to the change in chromatographic 
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to the greater influence of the early-eluting species as a result of diminished resolution at this 

flow rate. While RG and molar mass are both statistical averages, a variation in chromatographic 

resolution is only seen to affect RG. The molar mass averages remain relatively constant as a 

function of flow rate due to the fact that these averages depend on concentration (see equation 

2.23) which, as seen in Figure 7.5, is negligible for the early-eluting species. It is also apparent 

from the lack of retention volume shift in Figure 7.4, along with the consistency of the values 

reported in Tables 7.1 and 7.2, that the nanoparticle is not experiencing on-column, flow-induced 

degradation, a feature commonly seen in the analysis of ultra-high molar mass polymers when 

using size-exclusion chromatography [134, 135].   

 

Figure 7.5: 90o static light scattering (SLS) detector elution profile (blue squares) and DRI 
elution profile (black circles) at 1.0 mL/min, for early-eluting peak corresponding to 
contaminant or aggregate. 
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Figure 7.6: Static light scattering (SLS) detector overlay for 10 different angles ranging 

from 43o to 142o. 

 

7.4.2 Particle Shape and Structure 

The chemical and physical properties of nanoparticles are directly related to their size, shape, and 

compactness. It is evident that the most basic function of nanoparticles intended for drug 

delivery, namely degradation to release therapeutic agents, depends on particle shape [15, 140, 

144].  The compactness or structure of nanoparticles also determines whether the particle will act 

as a nanosphere or nanocapsule [140]. Shape and compactness can be determined using the size 

parameters obtained from the different light scattering techniques employed, namely RG from 

MALS and RH from QELS. Through the dimensionless parameter rho, ρ ≡ RG,z/RH,z. we can 

assess whether a particle has a spherical or a more extended ellipsoidal shape, among others. A 

spherical particle can be a homogeneous hard sphere, for which the theoretical value of  = 
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0.778; a soft sphere, for which the theoretical value of  = 0.977; or a spherical particle of 

intermediate degree of compactness, with a theoretical value of   between 0.778 and 0.977 [71, 

97]. A particle with different axial ratios, such as an ellipsoid or a spheroid, will have a 

theoretical value of  > 1 [121, 128, 135, 139, 159]. The actual  value for any particular particle 

can be higher than the value predicted by theory if the shell of the particle is denser than the core, 

e.g., if the particle has non-homogeneous density [128]. Such is the case of the nanocage 

examined here, the interior of which is hollow; a design feature intended to facilitate the 

transport of cargo. 

The shape factor  of the nanocage vesicle is plotted in Figure 7.3, along with molar 

mass, both as a function of HDC elution volume. The  value decreases from 1.37 at the early-

elution-volume, low-M (but large RG and RH; see Figure 7.2) side of the HDC profile, to 0.89 at 

the late-elution-volume, high-M, small RG and RH side. A  value of 0.89 corresponds to a 

spherical particle with a degree of compactness intermediate to that of a hard and a soft sphere 

[71], while a  value greater than 1.0 can be attributed to an ellipsoidal- or spheroidal-shaped 

particle [121, 128, 135, 139, 158]. As particle shape progresses from ellipsoidal or spheroidal to 

spherical, molar mass is seen to increase (Figure 7.3) and size to decrease (Figure 7.2). We 

interpret these results to indicate the nanocage becomes both more spherical and more compact 

as HDC elution volume increases: The larger particles appear to have an extended, non-spherical 

(ellipsoidal or spheroidal) structure and lower molar mass compared to the smaller particles, 

which have a higher molar mass and a more compact, spherical structure in solution. 

 

7.5 Conclusions 

A nanocage drug-delivery vesicle was characterized based on particle size, particle shape, and 

their distributions using quadruple-detector HDC with MALS, QELS, VISC, and DRI detection.  

With this technique, we were able to determine various sizes, namely the viscometric radius R, 

the hydrodynamic radius RH, and the radius of gyration RG, and were able to measure the particle 

size distribution as a function of elution volume. The size of the nanocage is slightly 

polydisperse, as shown by the decrease in both RG and RH across the elution profile. 
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The molar mass and shape of the nanocage can be accurately characterized using multi-

detector HDC at a flow rate of 1.0 mL/min without the analyte experiencing flow-induced 

degradation. Molar mass was shown to increase by approximately one order of magnitude as a 

function of HDC elution volume. By observing both the molar mass across the elution profile 

and the molar mass polydispersity Mw/Mn, we concluded that the vesicle is polydisperse with 

respect to M, in addition to the size polydispersity noted above. 

We were also able to take advantage of the synergistic coupling of MALS and QELS to 

determine the shape and relative compactness of the nanocage, via the dimensionless ratio ≡ 

RG,z/RH,z. This ratio showed that shape and compactness of the analyte changed as a function of 

the HDC elution volume. The nanoparticles with lower molar mass were found to have an 

ellipsoidal or spheroidal shape, while those with higher molar mass have a spherical shape and a 

compactness between that of hard and soft spheres. The nanocage is seen to become both more 

spherical and more compact as M increases and size decreases. 

By comparing off-line MALS results to those obtained when the MALS and DRI 

detectors are coupled to the HDC columns, and by noting the variation in on-line MALS 

photometer response as a function of scattering angle, we were able to determine that the 

nanocage dispersion contains a contaminant or aggregate. The contaminant/aggregate has a 

radius of gyration RG,z five to six times greater than that of the nanocage itself and was shown via 

DRI to be present at a negligible concentration, making it virtually impossible to detect via TEM. 

One advantage of using HDC/MALS/QELS/VISC/DRI for characterizing nanoparticles is the 

ability to separate larger- (or smaller-) sized contaminants, allowing strict characterization of the 

analyte of interest. 

Hydrodynamic chromatography with multiple detection has shown its ability to 

characterize latexes [71, 72], ultra-high molar mass polymers [76], and nanoparticle drug 

delivery vesicles. The method is rapid, accurate, and precise and complete characterization with 

four detectors can be obtained in under-twenty minutes. Lastly, analysis of nanoparticles via a 

separation method not only allows for the separation of the nanoparticle from contaminants, but 

also for the characterization of the analyte as a liquid dispersion, in an environment similar to 

that of its end-use.  
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CHAPTER EIGHT 

COMPARISON OF MULTI-DETECTOR SIZE-BASED METHODS FOR 
CHARACTERIZING A STRING-OF-PEARLS COLLOIDAL ASSEMBLY: 

HDC VERSUS SEC 

 

8.1 Summary 

The ability to accurately characterize the size and shape of polydisperse analytes with string-of-

pearls type morphology is beneficial to the study of proteins, vesicles, bacteria, and synthetic and 

biological polymers. Here, we introduce a multi-detector solution based method for 

simultaneously characterizing the size, shape, compactness, and their distributions of a colloidal 

silica particle with a string-of-pearls morphology [74]. Initially we characterized the particle 

using multi-detector size-exclusion chromatography (SEC) composed of multi-angle static light 

scattering (MALS), quasi-elastic light scattering (QELS), and differential refractometry (DRI) 

detection. Characterization of the string-of-pearls sample via SEC was shown to result in 

degradation of the sample, as the particle size of the strings was much less than that obtained 

during off-MALS analysis, a method which employs no separation. As an alternative to SEC, 

hydrodynamic chromatography (HDC) coupled to the aforementioned detection methods with 

the addition of differential viscometry (VISC) was employed as a method for characterizing the 

string-of-pearls sample. Particle size and molar mass measured by HDC compared favorably 

with those from off-MALS.  In addition to molar mass and particle size, the synergetic coupling 

of multiple detection methods with HDC provided information on particle shape and 

compactness. All properties and their distributions were determined across the HDC elution 

profile. Multi-detector HDC results were comparable to those obtained by transmission electron 

microscopy (TEM). The advantage of multi-detector HDC over TEM however, lies in the ability 

of the former to provide complete particle analysis based on molar mass, particle size, shape, 

compactness and their distributions, for the entire sample population, in less than twenty 

minutes. 
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8.2 Introduction 

Colloidal particles are used as major components in industrial products such as foods, inks, 

paints, papers, cosmetics, photographic films, and rheological fluids. The applications of 

colloidal particles are endless, as they are found in the form of slurries, clays, minerals, aerosols, 

and foams in material science; as macromolecules, aggregates of surfactant molecules, gold and 

silver sols, semiconductor nanocrystallites, silica colloids, and polymer latexes in chemistry; and 

as proteins, viruses, bacteria, cells, and drug delivery vesicles in biology [74, 109, 124, 143, 160-

165]. All these applications of colloids require knowledge of the particle size, shape, and their 

distributions, properties which directly influence the processing and post-processing 

characteristics of materials [123]. For example, the electronic, optical, magnetic, and 

electrokinetic properties of stable colloidal suspensions or crystalline arrays are known to be 

governed by the uniformity of both particle size and shape [14, 161]. More specifically, the 

strength, fracture toughness, polish retention, and surface morphology after daily wear and tear 

of adhesive bonding composites in dental fillings are all affected by particle size and shape as 

well: A small, uniform filler results in smaller defects in the surface morphology from wear and 

tear and a better gloss retention than does a filler with a larger, less uniform size distribution [84, 

161].  

 

 The numerous applications of colloids require detailed and accurate knowledge of 

particle size and shape, as the effectiveness of a material with respect to a particular end-use 

property can change dramatically with a small change in its size and/or shape. Typically, 

methods such as microscopy, X-ray crystallography, laser diffraction, sedimentation, laser light 

scattering, and nuclear magnetic resonance spectroscopy are employed for particle 

characterization [1, 14, 16, 71, 74, 84, 109, 123, 143, 160-166].  The most commonly employed 

methods are forms of microscopy such as  transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), and atomic force microscopy (AFM), as these techniques can 

provide information on size and shape for a broad range of particles in a fast, robust fashion. 

However, microscopy requires the use of dried analytes. In the dry state, the size and shape of 

particles can be quite different from their size and shape in a suspension, an environment more 

closely associated with the particle’s end-use. Also, microscopy methods only allow for the 
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direct determination of geometric size and shape (but not their distributions) over a fairly limited 

sample population [1, 12, 15, 73]. Determination of particle size and shape using microcopy is 

only ideal for monodisperse spherical colloidal particles the morphology of which does not vary 

between solid and solution state. Accurate determination of both of these parameters and their 

distributions for polydisperse, irregular shaped particles is unfeasible by microscopy for the 

reasons mentioned above. Therefore, characterization must be achieved by either fractionating 

via sedimentation or by separating the sample components into essentially monodisperse aliquots 

prior to detection using size-based techniques such as size-exclusion chromatography (SEC), 

hydrodynamic chromatography (HDC), or field flow fractionation (FFF). By fractionating or 

separating the sample components, the particle size and shape data represent each individual 

species in the sample population, rather than an average of the entire sample population.  

   

Here, we have chosen to use two different chromatographic methods, SEC and HDC, 

coupled to multiple detection methods to obtain a detailed description of the physicochemical 

properties of a polydisperse string-of-pearls colloidal assembly of silica particles (“pearls) 

connected to each other through –Si-O-Si- bonds, (Figure 8.1). The generic term “string-of-

pearls” is meant to imply a pearl necklace-like colloidal structure of connected spherical particles 

with a primary particle (“pearl”) size of 10-50 nm and a “string” length of 50-400 nm. In the 

sample examined here, bonding between the silica particles in the necklace is formed by 

dehydration of –SiOH groups located on the surface of the silica particles [167]. String-of-pearl-

shaped colloidal silica are used for coating paper, plastics, and metals; as modifiers for paints, 

inks, and coating agents; and for such as that examined here fiber treatment and as binding 

agents, as these colloids have a relatively high viscosity and have been shown to increase the 

porosity and strength of materials [167, 168]. Along with the unique shape of these particles, 

their size is also important for determining applications, as the binding force of the particles is 

inversely proportional to particle size, i.e., the smaller the particle, the greater the binding force 

[167]. The ability to accurately characterize the size and shape of a polydisperse string-of-pearl 

sample is thus beneficial to the study of protein complexes [169], vesicles [170-171], bacteria 

[172, 173], and synthetic and biological polymers [162, 174], among others.   
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Figure 8.1: Schematic of string-of-pearl bonding. 

 

The chromatographic methods we chose, SEC and HDC, are both solution-based 

separation methods which separate analytes based on size. We chose SEC as our first separation 

method, as it is the most common technique for determining the molar mass and size of natural 

and synthetic polymers [31, 65, 175]. However, the large shear rates (on the order of 105 to 106 

sec-1) to which the analyte is exposed during its passage through the packed, porous medium of 

the SEC column, have been shown to result in on-column, flow-induced degradation of large 

analytes, even when analyzed at very low flow rates [76, 130, 131].  As we shall see, this type of 

degradation is observed to occur in the present case. Employing low flow rates also results in 

impractically long analytical SEC runs. Because of these issues, HDC was chosen as an 

alternative method, in this study, as it is faster and gentler than SEC, relatively inexpensive, and 

requires only the addition of new columns to the separation system used for SEC analysis. Other 

separation methods such as FFF, on the other hand, require costly new instrumentation and limit 

the choice of detection methods. 

 

Here, we compare the molar mass, particle size, and particle shape obtained for a 

commercially-available polydisperse string-of-pearls colloidal silica sample using HDC coupled 

to multi-angle static light scattering (MALS), quasi-elastic light scattering (QELS), differential 

viscometry (VISC), and differential refractometry (DRI) detection to the same parameters 

obtained using SEC/MALS/QELS/DRI and off-line MALS, all of the same experimental 

conditions. Multi-detector HDC is shown to be superior to SEC for characterizing the 

physicochemical properties of the sample. The HDC experiments allowed for particle 

characterization based on molar mass, three colloidal radii and their statistical moments and 
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distributions across the HDC elution profile, and particle shape and compactness through the 

synergistic combination of the four detection methods. Complete characterization by HDC was 

achieved in a fraction of the time need for SEC analysis and was found to be both comparable to 

and more informative than the information obtained from TEM analysis.  

 

8.3 Materials and Methods 

8.3.1 Materials and Sample Preparation 

A SNOWTEXT® ST-PS-M colloidal silica string-of-pearls sample was obtained from Nissan 

Chemical America Corporation (Houston, TX, USA). Dynamic light scattering analysis by the 

manufacturer indicated a particle (“pearl”) diameter between 18 and 25 nm and a string length 

between 80 and 150 nm. Sodium azide was obtained from J.T. Baker (Phillipsburg, NJ, USA). 

 

8.3.2 Off-line, Batch-mode MALS and DRI 

Off-line MALS experiments were performed by decoupling the DAWN EOS MALS photometer 

from the separations module, as described in section 3.3. Off-line MALS data were fitted using 

the Zimm model, for data from fourteen angles ranging from 26o to 164o.  

The specific refractive index increment (n/c) of the SNOWTEXT® ST-PS-M sample 

in deionized H2O with 0.02% NaN3 at 25 oC was determined using the differential refractometer 

off-line at a wavelength of 685 nm as described in section 3.2. For the SNOWTEXT® ST-PS-M 

sample, the n/c was 0.079  0.007 mL/g (Table 3.1).  

 

8.3.3 Size-exclusion Chromatography (SEC) 

Size-exclusion chromatography analysis of the SNOWTEXT® ST-PS-M colloidal silica was 

performed on a system consisting of a Waters 2695 separations module with on-line degasser 

and in-line 0.2 µm nylon filter, connected in series to a DAWN EOS MALS photometer (Wyatt), 

a QELS photometer (Wyatt), and an Optilab rEX DRI detector (Wyatt), with the MALS and 

QELS units in the same housing. Separation of unfiltered 100 µL injections occurred over a 
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column bank consisting of two different columns maintained at 25 oC. The first column used in 

the series was a PL Aquagel-OH 60 with a particle size of 15 m and an estimated exclusion 

limit, based on polyethylene oxide standards, of 1 × 107 g/mol. The second column was a PL 

Aquagel-OH 50 with a particle size of 15 m with an estimated exclusion limit of 1 × 106 g/mol. 

Both columns were obtained from Agilent/Polymer Laboratories (Amherst, MA, USA). The 

solvent and mobile phase were deionized H2O with 0.02% NaN3, at flow rates of 0.25, 0.5, and 

1.0 mL/min. Detectors and injection compartment were maintained at 25 C. For all 

chromatographic determinations, results are averages of at least four injections, two each from 

two separate sample dispersions. Calibration and normalization of the MALS unit was performed 

as described in section 3.1.  

 

8.3.4 Hydrodynamic Chromatography (HDC) 

The same system as described above for the SEC experiments was used for HDC experiments, 

except for the use of different chromatographic columns and the addition of a Viscostar 

differential viscometer (Wyatt) prior to the DRI detector (described in detail in section 3.1). The 

solvent and mobile phase were deionized H2O with 0.02% NaN3, at flow rates of 0.5 and 1.0 

mL/min.  

 

8.3.5 Transmission Electron Microscopy 

The SNOWTEXT® ST-PS-M colloidal silica was separated in two 1 mL centrifuge tubes and 

then vacuum dried while being centrifuged (lyophilized) for 24 hrs to remove the solvent 

(liquid). The resulting powder was then deposited on a 200 mesh copper/carbon grid. The 

morphologies of the samples were observed by transmission electron microscopy (TEM, FEI 

CM120 120 keV) and recorded using a Tietz Tem-Cam F224 slow scan CCD (2k × 2k). 
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8.4 Results and Discussion 

8.4.1 Off-line MALS Analysis 

Our initial approach to determining the molar mass and size of the colloidal silica sample was 

off-line MALS analysis, as this method permits results to which data obtained from on-line 

SEC/MALS and HDC/MALS analysis can be directly compared. In an off-line, batch-mode 

MALS experiment, the MALS photometer is decoupled from the separation module and sample 

solutions are injected directly into the detector without prior separation [31, 65], thus eliminating 

the possibility of on-column degradation [76, 130]. Off-line MALS experiments permit only for 

the determination of the weight-average molar mass Mw and one sizing parameter, the z-average 

radius of gyration RG,z. (One also obtains the second virial coefficient of the dispersion from this 

type of analysis, a datum not germane to the present discussion). The radius of gyration RG is 

defined in detail in Table 2.1. Both the Mw and RG,z determined from off-line MALS are averages 

of the entire sample population and provide no information as to the molar mass and/or size 

distribution of the sample. The values for Mw and RG,z, from the off-line MALS experiments via 

a Zimm plot (Figure 8.2) were 2.05 ± 0.152 × 108 g/mol and 101 ± 6 nm, respectively.  
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Figure 8.2: Zimm Plot, determined from nine concentrations, ranging from 0.1 to 0.5 
mg/mL, of the SNOWTEX ST-PS-M sample in water with 0.02% NaN3 at 25 oC at a flow 
rate of 0.1 mL/min and fourteen different angles ranging from 26o to 164o.  
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8.4.2 SEC/MALS/QELS/DRI Analysis 

As noted earlier we coupled SEC columns to a triple-detector system composed of MALS, 

QELS, and DRI detection to determine the molar mass, size, and shape of the string-of-pearls 

colloidal silica sample. SEC was our first choice of separation method as it is the most 

commonly used technique for polymer characterization. The SEC elution profile of the sample, 

as measured by the DRI detector, is shown in Figure 8.3 for three different chromatographic flow 

rates, 1.0, 0.5, and 0.25 mL/min. The chromatogram is observed to shift by approximately 0.66 

mL towards larger elution volumes when the flow rate is increased from 0.25 mL/min to 1.0 

mL/min.  This shift which is accompanied by the development of a bimodal elution profile when 

going from 0.50 to 0.25 mL/min indicates the string-of-pearls sample is likely experiencing on-

column, flow-induced degradation during its passage through the SEC columns, a phenomenon 

previously observed during the SEC analysis of ultra-high molar mass polymers [130]. 

 

That degradation of the string-of-pearls sample during SEC analysis actually occurred 

was confirmed by comparing the molar mass and sizes averages obtained by SEC at various 

chromatographic flow rates (Table 8.1). The three molar mass averages Mn, Mw, and Mz, 

measured by SEC analysis at the three different flow rates (0.25, 0.5, and 1.0 mL/min) are 

calculated via equation 2.23. As seen in Table 8.1, the molar mass averages of the sample 

increase as flow rate decreases supporting the conclusions derived from the chromatograms that 

the string-of-pearls sample degrading during SEC analysis.  

 

The averages of the two colloidal radii, RG and RH, obtainable by SEC/MALS/QELS/DRI 

are also given in Table 8.1. RG, determined from MALS was defined by equation 225. RH is the 

hydrodynamic radius determined from QELS and is defined as the radius of an equivalent hard 

sphere that feels the same force due to flow as does a macromolecule or particle in solution and 

is defined in equation 2.27. All averages of both RG and RH increase with decreasing flow rate, 

providing further support that the sample degrading SEC analysis.   
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Table 8.1: String-of-pearls particle molar mass and radii determined by SEC/MALS/QELS/ DRIa and 

HDC/MALS/QELS/VISC/DRIa  

 

a In H2O with 0.02% NaN3 at 25 oC. 

 
Flow 
Rate 

(mL/min) 

Mn 

(g/mol) 
Mw 

(g/mol) 
Mz 

(g/mol) 
Mw/ 

Mn 
RG,n 

(nm) 
RG,w

(nm)
RG,z 
(nm)

RG,w/  
RG,n 

RH,n 

(nm) 

RH,w 

(nm)
RH,z 

(nm)
RH,w/ 
RH,n 

R,n 
(nm)

R,w 
(nm)

R,z 

(nm)
R,w/  
R,n 

 

SEC 

0.25 1.10 × 108 
 0.03 × 108 

1.41 × 108 
 0.05 × 108 

1.72 × 108 
 0.09× 108 

1.28  
 0.05 

84 
 3 

81 
 3 

83 
 3 

1.0 
 0.1 

44 
 1 

44 
 1 

46 
 1 

1.0 
 0.1

--- --- --- --- 

0.5 1.20 × 108 
 0.10 × 108 

1.44 × 108 
 0.02 × 108 

1.58 × 108 
 0.05× 108 

1.21 
  0.11 

80 
 4 

78 
 2 

79 
 2 

1.0 
 0.1 

42 
 4 

40 
 2 

41 
 1 

1.0  
 0.1

--- --- --- --- 

1.0 8.57 × 107     
 0.04 × 107 

1.00 × 108 
 0.08 × 108 

1.07 × 108  
 0.09 × 108 

1.17 
 0.11 

67 
 3 

64 
 3 

64 
 3 

1.0 
 0.1 

36 
 1 

34 
 1 

34 
 1 

1.0 
 0.1

--- --- --- --- 

 

HDC 

0.5 8. 31× 107 
 0.47 × 107 

2.09 × 108 
 0.14 × 108 

4.50 × 108 
 0.18× 108 

2.61 
  0.23

82 
 4 

91 
 1 

124 
 1 

1.1 
 0.1 

34 
 1 

42 
 1 

57 
 1 

1.2 
 0.1

32 
 5 

47 
 4 

74 
 5 

1.6 
 0.1 

1.0 1.06 × 108 
 0.02 × 108 

2.08 × 108 
 0.03 × 108 

4.37 × 108 
 0.06 × 108 

1.95 
 0.05 

81 
 1 

91 
 1 

119 
 2 

1.1 
 0.1 

35 
 1 

38 
 1 

45 
 1 

1.1 
 0.1

35 
 1 

49 
 3 

67 
 2 

1.3 
 0.1 



119 
 

The first confirming evidence that the string-of-pearls assembly degrades during SEC 

analysis is provided by comparing the Mw and RG,z obtained at the lowest SEC flow rate, 0.25 

mL/min, to those obtained from off-line MALS analysis, where on-column degradation is absent. 

Even at 0.25 mL/min the sample still experiences degradation, as the Mw by SEC is ~30% lower 

than that determined from off-line MALS likewise, the RG,z value obtained by SEC is ~20% less 

than that obtained by off-line MALS.  
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Figure 8.3: Degradation of the string-of-pearls sample during SEC/MALS/QELS/DRI 
analysis. Elution profiles as monitored using the DRI detector at 0.25 mL/min (dashed blue 
line), 0.50 mL/min (dotted red line), and 1.0 mL/min (solid black line). 

 

  



120 
 

8.4.3 HDC/MALS/QELS/VISC/DRI Analysis 

To more accurately determine the molar mass, particle size, shape, and their distributions for the 

string-of-pearls, we analyzed the sample using HDC/MALS/QELS/VISC/DRI, a gentler and 

more robust technique than SEC [76]. (It should be noted that the differential viscometer was 

omitted from the SEC set-up for expediency as, at 0.25 mL/min, it took three hours to perform 

one SEC run due to the need to wait for the viscometer hold-up reservoir to empty in between 

runs, a process the duration of which is directly proportional to flow rate. The lack of viscometric 

radius data from the SEC experiments was not considered crucial here). The robustness of HDC 

is seen in Figure 8.4, which overlays the HDC elution profiles from the DRI detector response, 

obtained at two different flow rates. As seen, there is little change in the elution profiles when 

the flow rate is doubled. The main difference observed between the two flow rates is in the 

increased peak height of the shoulder present at a retention volume of ~ 14.0 mL. This increase 

at 0.5 mL/min can be attributed to a slight increase in chromatographic resolution with 

increasing flow rate. In HDC, there is a weak dependence on the coupling of eddy diffusion and 

resistance to mass transfer on band broadening, thus, resolution increases with decreasing flow 

rate [37]. We have previously shown, however, that the poor resolution inherent to HDC as a 

result of it being a low plate count technique has little effect with respect to the measured particle 

size and shape distributions [72].  

 

 Given in Table 8.1 are the molar mass and radii averages for the string-of-pearls 

sample obtained by HDC/MALS/QELS/VISC/DRI at two different flow rates, 0.5 and 1.0 

mL/min. In this HDC experiment, we measured three independent colloidal radii, RG, RH, and R 

(previously defined in Table 2.1). As seen in Table 8.1, all averages for the molar mass, RG and 

R were essentially flow-rate-independent, an indication that sample degradation is absent or 

minimal during HDC analysis. The values for RH, however, increased as a function of decreasing 

flow rate. This is because Brownian motion speed is inversely proportional to analyte size, so 

larger analytes diffuse more slowly in solution than do smaller ones; therefore, larger analytes 

require longer times in order to measure their diffusion coefficients and, hence, their 

hydrodynamic radii. At fast flow rates, the larger analytes in a polydisperse sample are not in the 

flow cell long enough to be able to measure their RH and, consequently, the RH averages of the 
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sample are underestimated, as they are biased toward the sizes of the smaller components, for 

which size can be measured during this time. As the flow rate decreases, larger analytes now 

spend enough time in the flow cell for their size to be measured (i.e., the maximum measureable 

size increases) and the RH averages of a polydisperse sample increase, as the larger components 

of the sample are now included in the averaging procedure. Our results are consistent with 

calculations from Rolland-Sabaté et al [176], who showed that the maximum measureable RH 

increases with decreasing flow rate, tend are not an indication that the sample is experiencing on-

column, flow-induced degradation during HDC. 
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Figure 8.4: Elution profiles as monitored using the DRI detector at 0.50 mL/min (dotted 
red line) and 1.0 mL/min (solid black line) of the string-of-pearls sample during 
HDC/MALS/QELS/VISC/DRI analysis. 
 

The absence of sample degradation during HDC analysis was confirmed by comparing 

the weight-average molar mass Mw and the z-average radius of gyration RG,z obtained by HDC to 

those obtained by off-line MALS. The Mw values obtained by HDC at 0.5 and 1.0 mL/min 

compare quite well to that obtained by off-line MALS. This similarity between Mw values 
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indicates that the string-of-pearls sample does not degrade during HDC analysis, contrary to 

what was observed in SEC.  

  

The RG,z determined by HDC/MALS at both flow rates is ~20% greater than the radius 

measured by off-line MALS. The larger values obtained by HDC/MALS can be attributed to the 

presence of a high concentration of single “pearls” (e.g., of unattached spherical beads), 

detectable using DRI (the concentration-sensitive detector), but undetectable by MALS, as their 

size is below the size determination limit of the latter (≈ o/40no ≈ 13 nm, where o is the vacuum 

wavelength of the laser in the MALS unit, and no is the refractive index of the solvent, 1.333).  

Because of their small size (relative to the wavelength of the incident radiation in the medium), 

unattached “pearls” show little or no variation in scattering intensity as a function of angle (a 

property needed for the determination of RG,z but not Mw), resulting in an RG,z skewed towards a 

smaller size in off-line MALS as compared to HDC/MALS. This is because in off-line MALS 

the size is determined based on the equal distribution of the concentration of the bulk solution 

across the entire sample population. Conversely, in HDC/MALS the size averages are 

determined based on the concentration measured for each slice eluting from the HDC columns 

(i.e., in HDC/MALS the concentration is weighted differently across the sample population 

while in off-line MALS the concentration is consent for the entire sample population). 

Additionally, in HDC/MALS we are able to exclude the portion of the sample undetectable by 

MALS from the size distribution. The high concentration of single, unattached pearls, 

undetectable by off-line MALS, can be observed by HDC/MALS/DRI, as seen in Figure 5. The 

MALS detector response for the sample is a single peak with a slight shoulder and an elution 

window between 11.5 and 14.5 mL. The DRI detector response shows a bimodal peak with a 

larger shoulder and an elution window that extends from 11.5 to 16.0 mL, with single, 

unattached pearls most likely eluting between 15.0 and 16.0 mL, as the sample present during 

this elution window is below the MALS detection limits.  

The sample appeared to be more polydisperse with respect to both molar mass and size 

when analyzed by HDC than when analyzed by SEC (Table 8.1). The Mw/Mn values by 

HDC/MALS are nearly twice those obtained by SEC/MALS, indicating a broader molar mass 

range is accessible by HDC/MALS. This broader range results from the degradation of the 

sample that occurs during SEC analysis, discussed previously. Additional evidence of the molar 
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mass polydispersity of the string-of-pearls sample is seen in Figure 8.5, where M is plotted 

across the HDC elution profile. As seen, there are three species present. Also the molar mass 

decreases almost two orders-of-magnitude across the elution profile, with small plateaus in M 

between 13.4 and 13.6 mL and between 14.0 and 14.3 mL.  
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Figure 8.5: 90o static light scattering (SLS) (black solid line) and differential refractometer 
detector (blue dashed dotted line) signals, both in volts (V), linked to left y-axis. Red open 
triangles represent molar mass, in grams per mole, linked to right y-axis. HDC analysis.  

 

The size polydispersity of the sample is seen in Table 8.1 and Figure 8.6. For all three 

radii, RG, RH, and R, obtained by HDC analysis PDI > 1, indicating the sample is polydisperse 

with respect to size. This size polydispersity is also observed in Figure 8.6, as RG, RH, and R all 

decrease as a function of increasing HDC elution volume, providing further indication that the 

sample contains strings varying in number of pearls (e.g., of varying degree of polymerization) 

as well as individual, unattached pearls. The three colloidal radii plotted in Figure 8.6 follow a 
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similar trend with elution volume as does the molar mass (Figure 8.4), with the radii displaying a 

small plateau between 13.4 and 13.6 mL.  The plateau in M observed between 14.0 and 14.3 mL 

is not observed in the retention volume dependence of the particle size measurements due to the 

low signal-to-noise ratio of the detectors in this region for this particular sample at the given 

experimental conditions. 
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Figure 8.6: 90o static light scattering (SLS) detector signal, in volts (V), linked to left y-axis, 
and RG, RH, and R distributions across the HDC elution profile, linked to right y-axis. RG, 
RH, and R are represented by open blue squares, open red circles, and open green 
triangles, respectively. 

 

8.4.4 Particle Shape  

Multi-detector hydrodynamic chromatography experiments not only provide an accurate 

determination of molar mass, particle size, and their distributions, but also allow for the 

determination of particle shape, compactness, and their distributions. The relative compactness 
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of the string-of-pearl sample can be determined from the synergistic coupling of MALS and 

VISC, through the dimensionless ratio R,w/RG,z. The lower the value of R,w/RG,z, the more 

extended a sample is in solution. The theoretical limit for a hard sphere is R,w/RG,z = 3/5 , with 

highly extended structures having an R,w/RG,z value in the range of 0.3-0.4 [133]. For the string-

of-pearls sample, the particle becomes more extended as a function of increasing HDC elution 

volume, as the value of R,w/RG,z decreases from 0.77 at 11.8 mL to 0.42 at 13.8 mL. By 

combining our knowledge of how R,w/RG,z, molar mass M, and size vary across the HDC elution 

profile, we conclude that the late-eluting, low-molar mass, smaller-sized, short strings-of-pearls 

(i.e., dimers) adopt a more extended structure in solution than their earlier-eluting, higher-molar 

mass, larger-sized or longer counterparts (i.e., strings composed of four, five, or more pearls). (It 

should be noted that a more extended structure does not correspond to the dimer “strings” 

occupying a larger hydrodynamic volume in solution than do the tetramer or pentamer “strings”. 

Rather, the dimers have less conformational freedom in solution that do tetramers, pentamers, 

etc.).   

 

From another synergistic coupling, that of MALS with QELS, a second, independent size 

ratio is determined, ρ ≡ RG,z/RH,z which informs our knowledge of particle shape. The ρ value for 

non-overlapping beads on a random coil chain with a diameter-to-length ratio between 0.05 and 

0.02 (an acceptable range based on the sizes supplied by the manufacturer) is between 3.5 and 

2.0 [177]. For our string-of-pearls analyte, the value for ρ ranges from 3.66 at the early-elution 

volume, large-radius side of the HDC elution profile, to 1.67 at the late-elution volume, small-

radius side. The decrease in ρ as a function of HDC elution, in conjunction with the decrease in 

both molar mass and particle size, indicates that the number of individual pearls on a given string 

also decreases as a function of increasing HDC elution. As the number of pearls on a string 

decreases, the shape of the particle approaches a prolate ellipsoid, the ρ value which ranges from 

1.36 to 2.24 for axial ratios between 1 and 100 [73, 134, 136, 138]. These are ρ values similar to 

the ρ value of the late-elution volume, small-radius side of the HDC elution profile. By 

combining both dimensionless ratios, R,w/RG,z and ρ, with the molar mass and size data reported 

above, we conclude that the string-of-pearls sample contains strings ranging from large-sized, 

high molar mass tetramer or pentamer strings, to shorter, smaller-sized, lower-molar mass, more 

extended dimer strings which adopt a prolate ellipsoidal shape, to unattached, single pearls.  
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The presence of strings-of-pearls with varying degrees of polymerization, as well as the 

presence of individual pearls, was confirmed through transmission electron microscopy (TEM), 

experimental results from which are shown in Figure 8.7. TEM images of the string-of-pearls 

sample show strings varying in degree of polymerization from two to five. The images also 

confirm that the sample contains a large number of single, unattached pearls. Single beads 

notwithstanding, the higher the degree of polymerization, the less frequently the strings appear in 

the TEM images. In the small sample population observed by TEM, single pearls appear more 

frequently than do strings with degree of polymerization of five. This result is consistent with 

results from the concentration sensitive detector (i.e., the DRI) in the HDC experiments: The 

detector response is significantly larger at the early-eluting, large-sized, high-molar mass side of 

the HDC chromatogram than of the later-eluting, smaller-sized, lower-molar mass side (Figure 

8.5).  It should be noted, though, that while particles of varying degrees of polymerization were 

observed by both TEM and HDC, as mentioned in the “Introduction” TEM only provides 

information on particle size and shape as averaged over a fairly limited sample population and 

also tells use nothing about the compactness of the sample. Additionally, complete sample 

preparation and triplicate analysis by HDC can accomplished in several hours, while for TEM 

sample preparation alone takes over a day.  

 

 

          

 

Figure 8.7: TEM images of the string-of-pearls sample. For experimental conditions, see 
“Materials and Methods”. Scale bar in both (a) and (b) corresponds to 100 nm. 
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8.5 Conclusions 

A sting-of-pearls colloidal silica particle was characterized based on molar mass, particle size, 

particle shape, compactness, and their distributions using three different methods, off-line 

MALS, triple-detector size-exclusion chromatography, and quadruple-detector hydrodynamic 

chromatography. Off-line MALS was employed to determine the Mw and RG,z values of the 

sample without prior chromatographic separation. The molar mass and two sizing parameters 

and their distributions were determined using size-exclusion chromatography, the most common 

separation technique for polymer analysis. Analysis of the string-of-pearls sample by SEC 

resulted in on-column, flow-induced sample degradation. To overcome these degradation issues, 

quadruple-detector HDC was employed. Here, degradation appeared to be absent, as evidenced 

by the Mw and RG,z values obtained by HDC/MALS being extremely close to the values obtained 

by off-line MALS analysis, regardless of a two-fold change in HDC flow rate.  

 

 Multi-detector HDC was not only shown to be superior to SEC with respect to 

characterizing the ultra-high molar mass string-of-pearls sample, but was also able to determine 

various important physicochemical properties of the sample. First, the sample was shown to be 

broadly polydisperse with respect to both molar mass and size. Second, by comparing the HDC 

MALS and DRI detector responses with the measured molar mass and size across the HDC 

elution profile, we were able to determine that the sample contained a high concentration of 

individual, unattached pearls, a conclusion which was subsequently confirmed by TEM analysis.  

These were only detectable using DRI, as the individual pearls are outside the MALS size 

determination limit. Third, we were able to determine that the sample contains strings ranging in 

degree of polymerization from two to five, although the concentration of pentamers in the 

sample was shown to be relatively low (this was also confirmed by TEM analysis). Lastly, 

through the synergistic combination of the various size parameters obtained from the multiplicity 

of detectors employed, we were able to show that the strings-of-pearls with higher degrees of 

polymerization appear to have a shape similar to the theoretically predicted shape of a random 

coil chain of non-overlapping beads, while the strings with lower degrees of polymerization have 

a prolate ellipsoidal shape. 
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The present work shows that HDC can provide accurate and complete characterization of 

the molar mass, size, shape, compactness, and their distributions for fragile particle assemblies, 

in a fraction of the time needed by methods such as TEM. The gentleness of the multi-detector 

HDC technique, in conjunction with the wealth of information it provides, should make it 

attractive for the analysis of protein complexes, vesicles, and large synthetic and biopolymers.  
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CHAPTER NINE 

HYDRODYNAMIC CHROMATOGRAPHY (HDC) VERSUS SIZE-
EXCLUSION CHROMATOGRAPHY (SEC) CHARACTERIZATION OF 

ALTERNAN, AND COMPARISONS TO OFF-LINE MALS 
 

9.1 Summary 

Alternan is an ultra-high molar mass polysaccharide composed of alternating -(13) and -

(16) repeat units and which also possesses long-chain branching. Its molar mass distribution 

(MMD) can extend into the hundreds of millions of g/mol. Characterizing alternan by means of 

size-exclusion chromatography is a lengthy process and an incomplete one as, even under the 

best possible experimental conditions, the polysaccharide appears to degrade during its passage 

through the SEC columns. As an alternative to SEC, we have investigated the use of 

hydrodynamic chromatography (HDC) as a possible characterization technique for alternan. 

Results from packed-column HDC with multi-angle static light scattering (MALS) detection 

compare favorably to results from off-line MALS analysis, and HDC results are obtained in a 

fraction of the time needed for SEC [76]. The largest molar mass alternan did appear to undergo 

some degradation during HDC, as a result of interstitial stresses in the column bed. This could be 

remedied by the use of columns with larger packing particles. Evidence for long-chain branching 

in alternan is provided via a comparison of the intrinsic viscosities and viscometric radii of the 

polysaccharide to those of a pullulan standard and of a theoretical pullulan of molar mass equal 

to those of the alternans examined. 

 

9.2 Introduction 

The polysaccharide alternan, the proposed structure of which is shown in Figure 9.1, has a 

number of interesting properties. It is a broad molar mass distribution (MMD), ultra-high molar 

mass (M), long-chain branched polymer, with backbone and branches possessing a statistically 

alternating -(13), -(16) repeat unit structure. Precisely because of its high M and 

concomitant susceptibility to flow-induced degradation during chromatographic analysis, 
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characterizing the molar mass averages and distribution of alternan has proven a challenge. 

Knowledge of these properties is important, as alternan has great potential as a domestic 

replacement for gum Arabic in applications ranging from coatings for time-released 

pharmaceuticals to binders for ink, food, and paint, and also has a reduced caloric value due to its 

high resistance to enzymatic hydrolysis [178-180]. 

 

 

Figure 9.1: Proposed structure of the building block of alternan [179]. 

 

The branching in alternan is at glucose units substituted at both positions 3 and 6.  At 

present, it is nearly impossible to determine whether branching is at position 3 of a (16) unit or 

at position 6 of a (13) unit. Except as regards the biosynthetic mechanism of alternan, this 

point is largely irrelevant. If the polymer were a perfectly alternating sequence, it would be more 

meaningful, perhaps, but because there is an excess of (16)-linkages, branching positions are 

harder to determine. The sequence seems to be kinetically controlled and, therefore not perfectly 

alternating, only statistically so [179]. 

The most common technique for determining the M averages and MMD of natural and 

synthetic polymers is size-exclusion chromatography (SEC) [31, 65, 175, 181]. We have 

previously reported on the limitations of this technique to properly characterize alternan [130]. 
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Even using very low flow rates and columns with large particle size packing material to 

minimize the shear forces operating on the polymer, some degree of on-column, flow-induced 

degradation occurs during analysis. The problem is exacerbated by the fact that, in order to 

minimize degradation, the low flow rates employed (0.05–0.2 mL/min) result in impractically 

long analytical runs that last between 3 and 12 hours each. This problem has also been observed 

by others in characterizing amylopectin, the ultra-high M component of starch [182]. The need 

thus exists for faster, gentler techniques by which to characterize alternan and related 

polysaccharides. 

 Two promising dilute solution polymer characterization techniques that are both faster 

and gentler than SEC are field flow fractionation (FFF) and hydrodynamic chromatography 

(HDC) [71, 113]. Because of the tendency of alternan to aggregate in aqueous media, the paucity 

of commercially-available FFF systems compatible with organic solvents (and the unavailability 

of one in our laboratory) and because, if one has an SEC system only new columns are needed to 

perform HDC, not new instrumentation (as is the case with FFF), we have opted to explore 

packed-column HDC as an alternative to SEC for characterizing this polysaccharide. 

 Here, we compare the molar mass and size data obtained for alternan using HDC with 

multi-angle static light scattering (MALS) detection to that obtained using SEC/MALS and off-

line MALS under the same experimental conditions. While HDC still has some limitations, it is 

shown superior to SEC for the purpose at hand, with respect to both accuracy and speed of 

analysis, and is a technique with great promise for the characterization of ultra-high-M 

polysaccharides in general and of alternan in particular. 

 

9.3 Materials and Methods 

9.3.1 Materials and Sample Preparation 

The alternan samples used in these experiments were a native alternan produced by Leuconostoc 

mesenteroides NRRL B-1355 mixed enzymes, twice-precipitated (designated herein as “B-

1355”), and a native alternan produced by Leuconostoc mesenteroides NRRL B-21297 
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alternansucrase (designated herein as “B-21297”). Preparation of the alternans is described in 

detail in reference [179]. 

 

9.3.2 Off-line, Batch-mode MALS and DRI 

Off-line MALS experiments were conducted using a DAWN EOS MALS photometer, using 

twelve of the available photodiodes ranging from 38o to 155o, as describe in section 3.3. Neat 

DMSO was used as solvent and the detector temperature was maintained at 50.0 ± 0.1 oC. 

Samples were prepared the day before analysis, dissolved by gentle stirring, and left stirring very 

gently overnight to ensure dissolution and solvation.  

The specific refractive index increment (n/c) of the alternan samples in DMSO was 

determined using the differential refractometer off-line as describe in section 3.2. The n/c was 

0.072 ± 0.003 mL/g and 0.066 ± 0.002 mL/g for alternans B-1335 and B-21297, respectively.  

 

9.3.3 Size-exclusion Chromatography (SEC) 

SEC analysis of alternan was performed on a system consisting of a Waters 2695 separations 

module (which includes an on-line degasser and an in-line 0.2 μm PTFE filter prior to the 

injector), connected to a DAWN EOS MALS and an Optilab rEX differential refractometer 

(DRI), both detectors from Wyatt Technology Corp. The solvent and mobile phase was neat 

DMSO. Several flow rates were used, as described in Results and Discussion, in order to study 

the possibility of on-column, flow-induced degradation during analysis. Two individual 100 μL 

injections from two separate, unfiltered 1 mg/mL sample solutions were injected onto a set of 

two PLgel Mixed-A 20 μm particle size SEC columns from Varian/Polymer Laboratories 

(currently Agilent, Santa Clara, CA, USA), with a nominal polystyrene-equivalent exclusion 

limit of 4 × 107 g/mol. It should be noted that this 1 mg/mL solution concentration is over an 

order of magnitude lower than the critical overlap concentration (c*) of alternan in DMSO at 50 
oC. Studies with high-M polymers [183, 184], have shown the importance of working well below 

c*, which we calculated here using the relation 
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wMA
c

2

1
*              (9.1) 

where A2 is the second virial coefficient (Table 9.1) determined from off-line, batch-mode 

MALS analysis as described above [65]. Equation (9.1) is generally considered the most 

consistent equation for calculating c*[96]. The injector compartment was maintained at 40 oC, 

the column compartment and detector temperatures were maintained at 50 oC. The DAWN EOS 

MALS detector was calibrated by the manufacturer using toluene. A sample recovery of 94% 

was achieved from the SEC columns. 

 

9.3.4 Hydrodynamic Chromatography (HDC) 

From each of two unfiltered 1 mg/mL dissolutions of alternan in DMSO, three 100 μL injections 

were made into the same (except for the chromatographic columns) system as described above 

for the SEC experiments. Separation was performed using a 300 × 7.5 mm HDC column packed 

with 15 μm particle size, 100 Å pore size silica particles (a pore size sufficiently small to ensure 

the alternans sampled only the interstitial volume of the column), courtesy of Varian/Polymer 

Laboratories (currently Agilent). The mobile phase was neat DMSO at flow rates ranging from 

0.5–2.0 mL/min. Sample recovery from the HDC columns exceeded 90%. 

 

9.4 Results and Discussion 

9.4.1 Off-line MALS Analysis 

In off-line MALS, sample solutions are injected directly into the detector without prior 

separation [65, 69], thus eliminating the possibility of on-column degradation. No information 

regarding molar mass averages other than the weight-average molar mass Mw, nor about the 

MMD of polymers, is obtained from the off-line approach, however, which is one of the main 

reasons why the detector is often coupled to a separation system [31, 65, 175, 181, 185]. We 

initially performed off-line MALS analysis of the alternan samples to obtain Mw and RG,z values 

to which we could compare molar mass and radius data subsequently obtained by SEC/MALS 
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and HDC/MALS under identical solvent/temperature conditions. Results from Berry plots, such 

as that shown in Figures 9.2 and 9.3, constructed from off-line MALS analysis are given in 

Tables 9.1a and 9.1b. 
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Figure 9.2: Berry plot of B-1335 in DMSO at 50 oC. Solution concentrations, in mg/mL: 
0.460, 0.652, 0.834, 0.922, 1.015, and 1.211. Nominal scattering angles, in degrees (o): 44, 50, 
57, 64, 72, 81, 90, 99, 117, 126, 134, and 141.  
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Figure 9.3: Berry plot of B-21297 in DMSO at 50 oC. Solution concentrations, in mg/mL: 
0.486, 0.722, 0.890, 1.066, 1.378, and 1.584. Nominal scattering angles, in degrees (o): 44, 50, 
57, 64, 72, 81, 90, 99, 117, 126, 134, and 141.  
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Table 9.1: Mw and RG,z of alternan measured by off-line MALS, HDC/MALS, and 
SEC/MALSa for alternan (a) B-1335 and (b) B-21197. 

   

 
B-1335 

 
Off-line MALS 

 
SEC/MALSb,c HDC/MALSb,c 

 

Mw (g/mol) 
 
 

 
4.95  107 
 0.05  107 

 
4.41  107 
 0.22  107 

 
4.85  107 

 0.13  107 

Mw/Mn 

 

 

--- 1.06 
 0.16 

1.19 
 0.06 

RG,z (nm) 57 
 1 

47 
 1 

59 
 2 

 
A2 

(mol mL/g2) 
 

1.317  10-6 
 0.107  10-6 

--- --- 

 
   

 
B-21197 

 
Off-line MALS 

 
SEC/MALSb,c HDC/MALSb,c 

 

Mw 
(g/mol) 

 

 
5.98 107 
 0.16 107 

 
4.86  107 
 0.13  107 

 
5.08  107 
 0.05  107 

Mw/Mn --- 1.02 
 0.04 

1.61 
 0.45 

RG,z (nm) 63 
 2 

 

45 
 1 

57 
 2 

A2 
(mol mL/g2) 

3.157  10-6 
 0.201 10-6 

 

--- --- 

        aIn DMSO at 50 oC.  
        bWith DRI detection. 
         cFlow rate: 0.2 mL/min for SEC, 1.0 mL/min for HDC. 

 

(a)                                                                             

(b)                                                                             
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9.4.2 Degradation During SEC Analysis 

As mentioned in the Introduction, the extremely high molar mass and large size of alternan 

facilitates degradation during SEC analysis. In SEC/MALS analysis of B-1335 in DMSO at 50 

oC, Mw decreased from 4.4  107 g/mol and RG,z from 47 nm, to 3.5  107 g/mol and 41 nm, 

respectively, when the flow rate increased from 0.2 to 1.0 mL/min (the compact nature of 

alternan as a result of long-chain branching, discussed below, means that a large change in molar 

mass corresponds to a relatively small change in size). The accompanying shift in the elution 

profile, toward larger retention volumes as a function of increasing flow rate, is shown in Figure 

9.4. An in-depth discussion of this degradation is provided elsewhere [180].  

 

 

Figure 9.4: Degradation of B-1335 during SEC/MALS/DRI analysis. Elution profiles as 
monitored using the DRI detector, M and RG determined from MALS. At 0.2 mL/min 
(solid black line), Mw = 4.4  107 g/mol and RG,z = 49 nm. At 1.0 mL/min (dash-dot red line), 
Mw = 3.5  107 g/mol and RG,z = 43 nm [130]. 
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The particle size of the SEC columns is actually larger than that of the HDC columns (20 

versus 15 μm) yet, as discussed below, less degradation occurs during HDC than during SEC 

analysis. Thus, it would appear that all or most of the degradation of alternan in SEC occurs at 

the pores of the column packing material. This degradation could be in the form of shear at the 

pore boundary or during passage through the pores. At this point, it is not clear which of these 

two mechanisms operates or predominates, though similar behavior has recently been observed 

in the degradation of ultra-high M polystyrenes [131]. 

Even at 0.2 mL/min, some degradation of alternan appears to occur during SEC analysis. 

As seen in Table 9.1a and 9.1b, for both B-1335 and B-21297 the Mw and RG,z obtained at this 

flow rate are still lower than the values obtained using off-line MALS. We note that the Mw and 

RG,z obtained at 0.1 and 0.05 mL/min by SEC/MALS are virtually identical to the values 

obtained at 0.2 mL/min [130], indicating that the values in Table 9.1 are likely to be the best that 

can be obtained by SEC with current state-of-the-art commercial column technology. 

The MMDs of both alternans examined, as obtained by SEC/MALS, are shown in 

Figures 9.5 and 9.6. Next, we compare the SEC results to those from HDC analysis. 

 

 

Figure 9.5: Overlay of cumulative and differential MMDs of B-1335 as obtained by both 
SEC/MALS (red) and HDC/MALS (blue) in DMSO at 50 oC. 
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Figure 9.6: Overlay of cumulative and differential MMDs of B-21297, as obtained by both 
SEC/MALS (red) and HDC/MALS (blue) in DMSO at 50 oC. 

 

9.4.3 Hydrodynamic Chromatography Analysis of Alternan 
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analytes traverse not only the region in between the packing particles but also the intraparticle 

pore space. Compaction of the streamlines of flow at a pore entrance, and expansion at the exit, 
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the rest of the chain is being pulled away by the flowing mobile phase outside the pore. It would 

appear that the latter are chiefly responsible for the degradation of alternan by SEC because, as 

mentioned earlier, the packing particles in the SEC columns are actually larger than those in the 

HDC columns, corresponding to the polysaccharide experiencing less “interstitial stress” in SEC 
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than in HDC. However, the polymer experiences no “pore stress” in HDC, which is certainly not 

the case in SEC. 

The robustness of the HDC method is seen in Figure 9.7, where the HDC elution profiles 

of B-1335, obtained at three different flow rates, are overlaid. As seen, there is no shift in the 

elution profile when increasing the flow rate from 0.5 to 1.0 mL/min. At 2.0 mL/min, there is 

actually a very small, but still noticeable, narrowing of the profile. The latter is due to Taylor 

dispersion in the interstitial HDC channels [187], which is beyond the topic of the present 

discussion (Taylor dispersion effects will be treated more in depth in a separate manuscript 

dealing with retention and band broadening in HDC). As seen in Figure 9.8, analysis of alternan 

by HDC/MALS at 1.0 mL/min was accomplished in approximately 12 minutes, taking into 

account elution of the system solvent/air peaks (not shown). For each sample, the hexuplicate 

HDC analyses performed were finished in about 1 hour, whereas SEC/MALS analysis at 0.2 

mL/min took approximately 3 hours for an individual run (while still degrading the sample). 

 

 

Figure 9.7: HDC/MALS/DRI of B-1335 at various flow rates: 0.5 mL/min (black open 
circles), 1.0 mL/min (blue open squares), and 2.0 mL/min (red open triangles). Elution 
profiles as monitored using the DRI detector. 
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Figure 9.8: SEC (red) and HDC (blue) elution profiles, as determined by 90o static light 
scattering (90o SLS, in volts) of (a) B-1335 and (b) B-21297, in DMSO at 50 oC. In both 
cases, flow rate was 1 mL/min. 
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168 million g/mol). It is quite possible that the smaller packing particles in the HDC columns 

(vis-à-vis those in the SEC columns) generate shear rates of a magnitude sufficient to degrade 

the larger alternan chains in B-21297 (on-column “interstitial stress” shear rates are inversely 

proportional to packing particle diameter) [130, 131, 188]. The degradation fragments, then, 

appear as the low-M portion of the MMD of this alternan, as determined by HDC/MALS. 

Indeed, evidence for some degradation of B-21297 by HDC is seen in Table 9.1b, where the Mw 

and RG,z of this alternan, as determined by HDC/MALS, are both lower than the corresponding 

off-line MALS values (though still larger than the SEC/MALS values, and obtained in a fraction 

of the time needed for SEC analysis). It would appear that an even gentler technique than HDC, 

perhaps field-flow fractionation, is required to accurately characterize the MMD of B-21297. 

Alternatively, HDC columns with larger packing particles might suffice (we have found no 

suitable commercially available columns of this sort, however). 

We cannot, at present, rule out the possibility that some degradation of B-21297 may 

have occurred in parts of the system other than the columns, e.g., in the injector. This type of 

degradation does not appear have occurred, however, for B-1335, given the close similarity in 

Mw and RG,z values obtained by off-line MALS (where the sample does not go through the 

chromatographic system) and by HDC/MALS. 

Lastly, we note that alternan elution in HDC is, indeed, by size, as seen in Figures 9.9a 

and 9.9b, where larger analytes are observed to elute prior to smaller ones for both alternans 

examined. A few points are worth mentioning with respect to this observation. First, while we 

have chosen to plot the radius of gyration across the HDC elution profile, as it is the radius that is 

measured with the MALS detector, there is no conclusive evidence that RG is “the” size 

parameter governing elution in HDC [42, 65]. This is analogous to the case of SEC, where 

analytes are known to elute according to hydrodynamic volume but, as yet, there is no consensus 

on how this volume should be defined (i.e., should it be defined as the product of the intrinsic 

viscosity and the molar mass? As the cube of one of the radii, RG, RH, or R? As something else?)  
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Figure 9.9: Radius of gyration RG,z (red open squares) across HDC elution profiles (black 
solid lines) as determined by 90o static light scattering (90o SLS, in volts) of (a) B-1335 and 
(b) B-21297. 

 

9.4.4 Long-chain Branching in Alternan 
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    690.021095.1][ M     (9.1) 

which is expected to be negligibly different from that in neat DMSO at the same temperature, we 

would expect an intrinsic viscosity of ~4300 mL/g, over 300 times higher than the intrinsic 

viscosity of the alternans examined. As seen, the LCB in alternan affords the polysaccharide a 

highly compact conformation in solution, thereby decreasing the hydrodynamic volume occupied 

by the molecule, with consequent impact on the intrinsic viscosity of its solutions. 

The counterbalance between M and [] for alternan is also seen when comparing the 

viscometric radii R of the alternans to that of pullulan (equation 2.32). For the 1.6  106 g/mol 

pullulan, R = 44 nm, similar to the values for the alternans, for which R = 44 nm for B-1335 

and R = 49 nm for B-21297. For the theoretical pullulan with molar mass similar to that of the 

alternans (i.e., with M = 5.5  107 g/mol), however, R = 334 nm. 

 

9.5 Conclusions 

To overcome the problems accompanying SEC characterization of the ultra-high M, long-

chain branched polysaccharide alternan, we employed packed-column hydrodynamic 

chromatography with multi-angle static light scattering and differential refractometry detection. 

Hydrodynamic chromatography is a gentler technique than is SEC, as separation in packed-

column HDC occurs in the interstitial medium, thus precluding analyte degradation at pore 

boundaries or during passage through the particle pores, which is seen to occur in SEC. The Mw 

and RG,z values obtained by HDC/MALS were closer to the values obtained by off-line MALS 

analysis than were the Mw and RG,z determined by SEC/MALS, while also providing the MMD 

of the polysaccharides. Moreover, analysis by HDC was completed in a fraction (< 1/15th) of the 

time needed for SEC analysis. Evidence for long-chain branching in alternan was seen in the 

intrinsic viscosity of the polysaccharide, which is over 300 times lower than would be that of an 

equivalent-M pullulan and, consequently, in the viscometric radius of alternan, which was 

approximately one seventh that of the equivalent-M pullulan. 

 For the higher molar mass alternan examined, B-21297, some degradation by HDC was 

evident. The MMD of this sample extends to well over 200 million g/mol, and the interstitial 
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shear rates generated in an HDC column packed with 15 μm particles can reach several thousand 

sec-1. It is thus not entirely surprising that some degradation of this alternan occurred. 

Degradation could likely be avoided with the use of larger particle size HDC columns (currently 

non-existent) or by employing field-flow fractionation using a DMSO-compatible channel. 

 While multi-detector HDC shows great promise as a characterization technique for ultra-

high M polymers and particles [71, 74], a number of limitations must still be overcome. Among 

the latter are limited resolution, which can be compensated for by using longer columns, smaller 

packing material, a different (either higher or lower) flow rate, a different solvent (if possible), or 

a combination of these; degradation in the interstitial medium, which can be compensated for by 

using a lower flow rate (though our experience here showed this approach to have negligible 

effect for B-21297), larger packing material, or both; and local polydispersity effects, which can 

only be partially compensated for through increased resolution and reduced band broadening. As 

can be seen, a change in a single parameter, such as packing particle size, can result in an 

improvement in one area, such as resolution, but in an exacerbation of another problem, such as 

degradation in the interstitial medium. Perhaps the type of multi-variate optimization approach 

that has been applied to small-molecule HPLC separation can find a place in HDC, as well [190]. 
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CONCLUSIONS 

 

The systematic development and refining of multi-detector hydrodynamic chromatography 

methodology has successfully shown that the technique is suitable for characterizing particles 

based on a molar mass, size, shape, compactness, and their distributions. We began by applying 

the technique to one of the simplest and best characterized analyte in particle and polymer 

science, namely monodisperse spherical polystyrene standards. Through these analyses, HDC 

was shown to be both accurate and precise when characterizing particle size and shape, but 

provided very little advantage over traditional particle characterization methods.  

The true test that multi-detector HDC could establish a place for itself among current 

particle sizing techniques was the ability of HDC to characterize broadly polydisperse, and non-

spherical analytes, as these have generally proven to be an insurmountable challenge for the 

traditional characterization methods. The success of multi-detector HDC in this regard was 

demonstrated through the analysis of several groups of samples that varied in size, shape, 

compactness, and chemistry. Overall, HDC analysis was shown to be rapid, accurate, and precise 

for mono- and polydisperse and spherical and non-spherical analytes, as complete 

characterization was achieved in less than thirty minutes and the particle size and shape 

information obtained was comparable to that obtained from other traditional methods. 

Additionally, application to the study of nanoparticles, specifically of a nanocage drug-delivery 

vesicle, extended the scope of technique significantly, showing the potential of multi-detector 

HDC for characterizing ‘real world’ samples.  

Multi-detector HDC was shown to be superior to methods such as transmission and 

scanning electron microscopy (TEM and SEC, respectively) for characterizing particles ranging 

in size from approximately 20 to 400 nm. While microscopy methods only allow for the 

determination of geometric size and shape (but not their distributions), over a fairly limited 

sample population, HDC coupled to multiple detection methods provides numerous sizing 

parameters, several dimensionless ratios informative of particle shape, as the distributions of 

all/most of these. Another advantage of HDC over microscopy is that HDC allows the analyte to 

be characterized as a suspension, in an environment similar to the analyte’s end-use state. In 
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microscopy analysis, on the other hand, the sample must first be dried and is then analyzed under 

vacuum. Most importantly, unlike microscopy, HDC characterizes the entire sample population, 

there by measuring the distributions of properties of interest, such as molar mass, size, shape, etc. 

Extension of multi-detector HDC to the analysis of ultra-high molar mass polymers was 

successfully achieved and the technique shows great promise in this regard. Ultra-high molar 

mass polymers are traditionally analyzed by size-exclusion chromatography, so implementing 

HDC as an alternative characterization method requires minimal expense, as the instrumentation 

needed is usually already available in a typical polymer separations laboratory. HDC is 

advantageous over SEC in characterizing polymers with molar masses greater than ~ 106 g/mol, 

as the HDC separation mechanism imposes significantly less stress on the analytes than occurs in 

SEC. The smaller likelihood that an analyte will experience on-column, flow-induced 

degradation during an HDC experiment makes the method an ideal alternative to SEC for 

analytes that are suspected to degrade during the latter, even at extremely low flow rates. The 

robust nature of HDC, permits the use of analytical flow rates (e.g., ~ 1mL/min); therefore, 

analysis times are substantially shorter than in ultra-low flow rate SEC experiments. 

Collectively, the application of HDC to ultra-high molar mass polymer analysis fills a key void 

in the realm of polymer characterization techniques, one that has prevented accurate 

characterization of challenging analytes such as amylose, glycogen, amylopectin and other ultra-

high molar mass polysaccharides.  

While multi-detector HDC has been shown applicable for the characterization of particles 

as well as ultra-high molar mass polymers, a number of limitations must still be overcome to 

fully utilize the technique. The biggest limitation of the technique is its low resolution. This can 

be improved, to a greater or lesser extent, by using longer columns, smaller packing materials, 

different solvents, or combinations of these parameters. Optimization of the chromatographic 

method, while possible, might require the same type of multi-variate approach used in small 

molecule chromatography [190]. The poor resolution of HDC may be problematic in the 

characterization of select analytes, such as multi-component systems more similar in size than 

those studied here. In such cases the overlap between peaks in the mixture into each other could 

lead to the underestimation of same sizes and the overestimation of others. However, the poor 

resolution of the technique was shown to only minimally affect the particle size distribution for 
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broadly polydisperse analytes, the blends study, as accurate particle size and shape 

characterization were both achievable even in the presence of sub-optimal resolution. Further 

research into optimizing resolution in HDC might assist in developing and/or optimizing 

methods for the analysis of “real world” samples of greater complexity that those examined here.   

Particle characterization and ultra-high molar mass polymer analysis by multi-detector 

HDC is also limited by the fundamentals of the detection methods employed. The detection limit 

of the multiple detectors is problematic in being able to extend the technique to particles larger 

than 400 nm. In terms of the multi-angle static light scattering detector (MALS), measuring the 

size of particles larger than ~ 400 nm requires a full solution to the Mie scattering equation (a 

decidedly non-trivial task, both experimentally and computationally). The simplifications and 

assumption that are made when calculating sizes in the Rayleigh and Rayleigh-Gans-Debye 

scattering regimes are no longer valid for particles of a size comparable to the wavelength of the 

incident radiation in the medium, i.e., for particles in the Mie scattering regime. Unfortunately, 

there currently exist no commercial light scattering instruments with a flow-through cell (i.e., 

light scattering detector) able to adequately characterize the double-lobed, lopsided envelope 

representative of Mie scattering. Development of this type of hardware, and the accompanying 

software would certainly extend the capabilities of HDC in the 500+ nm region.   

 MALS detection of larger analytes (> 400 nm) is also problematic, as large analytes tend 

to have high molar masses, thereby producing an extremely large light scattering signal. While 

the scale of the light scattering signal can be adjusted by decreasing the analyte concentration, 

the detection limit of the concentration-sensitive detector (i.e., the differential refractomer) is of a 

concern. The size of the particle can be determined without a signal from the DRI, but not so the 

molar mass, as signals from MALS and DRI detectors are required to calculate molar mass 

averages and distributions. Initial investigations into determining the molar mass of solutions of 

analytes with a high scattering signal but a low concentration were performed during the initial 

stages of our systematic development of multi-detector HDC and showed great promise; 

however, further development may be needed when analyzing larger particles of even higher 

molar mass than those examined here. The size regime accessible to multi-detector HDC is also 

limited by QELS detection, as the sizing parameter determined by QELS, the hydrodynamic 

radius RH, for larger particles is both flow rate and angularly dependent (i.e., RH varies depending 
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on the position or angle of which the QELS measurement is performed). This limitation can be 

overcome by measuring the RH of a given sample at various flow rates and angles and 

extrapolating both these measurements to zero; this however is a very time consuming process. 

The limits of the multiple detection methods coupled to HDC are thus seen to restrict extension 

of the method to larger particles. 

Future work in the realm of multi-detector HDC involves extending both the applications 

of the technique and the detection methods employed. The use of HDC as a separation method 

prior to multiple detection could be expanded to include applications such as characterization of 

various nanoparticles, starches, copolymers, colloids, viruses, etc., as the potential applications 

are numerous. When characterizing synthetic systems (e.g., nanoparticles), HDC, provides a 

means of separating the nanoparticle from unreactive species or tags used during synthesis. 

Likewise, HDC coupled to other detection methods such as UV-VIS or inductively coupled 

plasma mass spectrometry (ICP-MS) can provided even more in-depth analyte characterization. 

For example, HDC coupled to both DRI and UV-VIS (two concentration sensitive-detection 

methods) can be used to determine the relative percentage of monomers among copolymeric 

chains of different molar mass, i.e., the chemical heterogeneity of an analyte, and can also be 

employed to study analytes of varying chemistry that may co-exist in a sample. Addition of ICP-

MS as a detection method should allow for characterization based on both size and elemental 

composition. The success of HDC for the analysis of ultra-high molar mass polymers makes the 

method an ideal candidate for 2-dimensional chromatography experiments with these types of 

polymers. The use of HDC as the second dimension separation, rather than a method such as 

SEC, should provide a fast (a necessary trait for the second dimension) and gentle method for 

separating ultra-high molar mass polymers, with minimal degradation, yielding more accurate 

molar mass and size data for the polymers. 

Investigation into the fundamentals of the separation mechanism of hydrodynamic 

chromatography should also be a topic of interest in the near future. In the process of developing 

multi-detector HDC for particle characterization and ultra-high molar mass polymer analysis, it 

was observed that polydisperse analytes appear to experience a process known as Taylor 

dispersion in the interstitial channels of the HDC columns, at high flow leading to a narrowing of 

the chromatographic peak but not to analyte degradation with increasing flow rate. The 
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understanding of this phenomenon was beyond the scope of this study. However, Taylor 

dispersion effects on retention and band broadening in HDC should be explored further. The 

fundamentals of HDC can be studied through analysis of mono- and polydisperse polymer 

standards such as polystyrene or poly(methyl methacrylate), at various experimental conditions, 

e.g., by systematically varying flow rate, solvent, temperature, and column packing size 

individually. A better understanding of the effects of Taylor dispersion on retention and band 

broadening in HDC should also assist in improving the resolution of HDC.  

In conclusion, multi-detector hydrodynamic chromatography was developed in a 

systematic fashion for the characterization of particles based on molar mass, size, shape, 

compactness, and their distributions. The applicability of the technique was shown to extend 

from monodisperse spherical particles, to polydisperse spherical particles, to polydisperse non-

spherical particles and to ‘real world’ particles polydisperse in both size and shape. Through a 

series of increasingly challenging analyses, multi-detector HDC was shown to be a fast, accurate, 

and precise method for characterizing a broad range of particles. The HDC method was also 

extended to include the analysis of ultra-high molar mass polymers, where it was found to be a 

suitable method for characterizing polysaccharides which degraded during SEC analysis.  Now 

that multi-detector HDC has been proven to be an appropriate method for particle 

characterization and ultra-high molar mass polymer analysis, the range of applications and the 

detection methods that can be coupled to the technique can both be expanded, to further the 

advancement of the method and deepen our understanding thereof.    
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