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ABSTRACT

Thermal field-flow fractionation (ThFFF) combined with online multiangle light

scattering, differential refractive index and photon correlation spectroscopy (ThFFF-

MALS/dRI/PCS) detection was used to successfully characterize the composition,

architecture and molecular weigh distributions of complex polymer materials. This was

accomplished through the measurement of thermal diffusion coefficient {Dj) values.

The growth of ThFFF as a technology for macromolecular separation and

characterization has been restricted because of the need to combine measurements from

two different sources to yield Dj values, and an incomplete understanding of the

separation mechanism, which is dependent on the analyte Soret coefficient (Dt/D). The

novel pairing of ThFFF with online PCS addresses the first limitation by providing a

pathway for the acquisition of all required data from a single injection. Guidelines for the

accurate use of online PCS were established and applied to the measurement of normal

diffusion (D) values for individual components of polystyrene (PS) and PS-poly(«-butyl

acrylate) (PBA) homopolymer mixtures separated by ThFFF. Maximization of the

analyte concentration at the detector and choice of an appropriate scattering angle were

vitally important to measure accurate and precise online D values. The second limitation

was addressed by using recently proposed theories that describe thermal diffusion of

polymers in liquids to guide method development of ThFFF for polyacrylates by

pinpointing starting experimental conditions. Theoretical calculations of Dj- allowed

quick screening of a wide selection of organic solvents and identified methyl ethyl ketone

(MEK) as the appropriate carrier liquid for PBA, poly(methyl acrylate) (PMA), and

poly(methyl methacrylate) (PMMA) homopolymers and PS-PBA and PS-PMA
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copolymers. Using monomer properties such as Hildebrand solubility parameters,

density and molecular weight in place of polymer properties in the theoretical

calculations increases the flexibility of the theories to predict starting ThFFF conditions

for a wide range of polymer-solvent combinations.

Simultaneous online characterization of molar mass (MMD) and chemical

composition distributions (CCD) of linear PS-PBA and PS-PMA copolymers was

accomplished using ThFFF-MALS/dRI/PCS. CCD was determined from a Dj versus

mole fraction universal calibration curve which is independent of molecular weight,

microstructure and architecture. MMD was calculated using a weighted specific

refractive index (dn/dc) value for the copolymer calculated from experimentally

determined weight percents of each component. The method is an improvement over

competitive techniques because it allows monitoring of compositional drift across the

elution peak of complex materials without the need for two-dimensional chromatography.

Non-linear polymer architectures can be indentified by comparing theoretical and

empirical Soret coefficients (St). Theoretical St values are derived from theoretical Dt

values and can be used to establish an architecture based calibration curve specific for

linear homopolymers. The St contraction factor (g"), which is the ratio of the empirical

St of a branched polymer to that of a linear polymer [(DT/D)bd( DT/D)ij„], describes the

deviation of a non-linear polymer from the calibration curve and is related to the number

of chain ends present in the macromolecule. Successful characterization of PS

homopolymers with 6, 9 and 13 chain ends, a PS 4-arm star homopolymer, and

deuterated poly(methyl methacrylate) (d-PMMA) 4-arm and 7-arm star homopolymers

was accomplished through g". The power of this approach lies in its flexibility. The
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architecture calibration curve is chemically independent, eliminating the need for a linear

analogue of the same molecular weight and chemistry as the branched molecule under

investigation. Additionally, it can be used for the characterization of non-linear

copolymers. The number of amis in styrene-co-poly(«-butyl acrylate) and poly(n-butyl

acrylate)-co-poly(methylacrylate) miktoarm copolymers were also successfully

charaeterized.

Finally, the separation of gold nanorods (GNR) was accomplished using

asymmetric flow-field flow fractionation (AsFlFFF). The collected fraetions contain

GNR subpopulations with distinct aspect ratios, sizes and shapes which are more

narrowly disperse than the original population as characterized by UV-Vis spectroscopy

and transmission electron microscopy (TEM). The ability to isolate different size and

shape nanoparticles enabled the investigation of GNR optical properties at a level of

detail previously unattainable because of the lack of monodisperse samples. The

experimental results confirm that the longitudinal plasmon absorption maximum (SPi) of

gold nanorods is correlated with the actual particle size in addition to the aspect ratio. In

addition, the application of the newly developed AsFlFFF method to rapidly assess

changes in GNR subpopulation was demonstrated by comparing FFF elution profiles and

subsequent TEM verification of the fiactionation of large, irregularly shaped gold

nanoparticles formed during high temperature synthesis of GNRs.
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CHAPTER 1

INTRODUCTION

Ongoing innovations in the synthesis of new polymeric materials are

accompanied by a need to extend the limits of existing analytical methods and to develop

new analytical techniques with new capabilities. Polymers are polydisperse in their

molar mass, chemical composition, functionality, and molecular architecture and there is

a high demand for information on these distributed properties because of their impact on

the performance of the polymer materials. Separation and characterization of

heterogeneous polymers (polymers with more that one type of distribution) is highly

desired.

Characterization of polymers with high molecular weight (MW), non-linear

architectures and copolymer chemical composition are current frontiers of

macromolecular analysis. Size exclusion chromatography (SEC) is the most commonly

used chromatographic technique for macromolecular separations and characterization of

molecular mass distributions (MMD). Its popularity is due to its flexibility in application

to many different types of analytes including synthetic and water soluble polymers and

biological macromolecules. In SEC, an entropically controlled separation occurs

according to differences in the hydrodynamic volume or size of the molecules and their

ability to diffuse into the pores of the packing material.' The typical working molecular

weight range for SEC is 10^ to 10^ Da with the specific range dependent on the column or

series of columns utilized. This range is determined by the size of the polymer relative to

the pore size of the packing material. Small (low MW) polymers that freely diffuse in

and out of large pores will not be differentially retained and thus the lower MIT limit. On



the other hand, high MtF polymers that are too large to enter the pores will not be

retained at all. The practical consequence of this exclusion limit is that all polymers that

exceed the pore size capability of the SEC column will elute as an unretained and

unseparated plug that manifests as a large peak at the void time. If this artifact is not

recognized as such, an erroneously low MIT will be obtained. To extend the working

upper MIT range, large diameter packing materials (20 pm) with large pore sizes (lO'^nm)

are used. However this comes at a cost of decreased resolution, especially for lower MW

components that may be present in the sample. In practice, mixed bed columns, or

multiple columns cormected in series (each with different pore size packing material) are

used to extend the working MIT range for SEC. SEC has been extended to the separation

2 3
of polystyrene and polyethylene with MITs greater than 1000 kDa. '

A limitation inherent to separations in packed columns is the need to protect the

column from blockage. It is standard practice to filter samples prior to injection into an

SEC column to minimize the chances of large components, e.g., microgels, plugging the

column. Unfortunately, this procedure also removes lower MW components and

introduces a bias to the MIT results."^

Molecular mass distribution of a polymer can be characterized by SEC provided

that molecular weight standards are available to establish a MIT versus retention time

calibration. This is a valid approach for linear homopolymers. However, accurate

characterization of more complex materials, such as copolymers or non-linear polymers,

solely with SEC is difficult because multiple compositions or structures can have

identical hydrodynamic sizes and elute at the same retention times. Coupling SEC with



either a second separation stage or with different detection schemes can yield more

accurate and detailed information for complex polymers.

Characterization of cdmpositionally heterogeneous polymers can be achieved by

two dimensional (2-D) chromatography in which each distribution is separated

orthogonally from the other.^ SEC is utilized, in the first dimension to provide MMD;

followed by liquid chromatography at critical conditions (LCCC) or gradient elution

liquid chromatography (GELC) in the second dimension to provide insight into the

chemical composition distribution (CCD). 2-D chromatography has been utilized for the

6~8
characterization of complex polyacrylate copolymers and miktoarm star copolymers. '

This approach can provide a wealth of information but can be tedious to perform.

Optimum separation conditions for each dimension must be found and are usually

different from one another, equipment configurations are complicated, on-line coupling

of each dimension is not always possible, mixed mobile phases are used limiting

available detection possibilities, and analysis times are long.

Polymer characterization via Fourier transform infrared (FITR) and proton

nuclear magnetic resonance (^H-NMR) spectroscopy is common. FTIR can provide

information about composition, functional groups present in the polymer, and monomer

conversion. ̂ H-NMR can yield information about composition, structure, chain end

functionality, MW, purity and monomer conversion. Both of these methods have been

adapted for use as online detectors with SEC to achieve more detailed characterization of

complex polymers. Online coupling of 2-D GELC-SEC with FTIR was used to

characterize polystyrene-polyfmethyl acrylate) copolymers.^ FTIR detection has the

advantage of being functional group sensitive, can monitor multiple functional groups at



one time, and can characterize a wide variety of copolymers. High temperature SEC has

been combined with ̂ H-NMR (SEC-^H-NMR) for the characterization of complex

polyolefms and blends of polyethylene, poly(methyl methacrylate), and ethylene-methyl

methacrylate copolymers. The samples were separated by size via SEC at 130°C

followed by either structural and/or compositional characterization of each slice by 'H-

NMR.^°

Coupling of SEC with either multiangle light scattering (MAES) or viscometry

detectors can be used to characterize non-linear polymer architectures through the

measurement of contraction factors. A MAES contraction factor (g) is obtained by

comparing the radius of gyration (Rg) of a branched molecule to Rg of its linear analogue

(g = <Rg''>' iir/<Rg'~>^ tin) from which the average number of branch points per

molecule (or branching density) can be estimated using the Zimm-Stockmayer

approach.'^ Accurate characterization is limited to macromolecules that have an angular

dependence of their scattering intensity. A viscosity contraction factor (g') is obtained by

comparing the intrinsic viscosity of a branched molecule to its linear analogue

(g'= {rf\i,AR\iin)- The term g' can be related to g as g - g^. The exponent has been

estimated to range from .5 for stars to 1.5 for linear polymers, but is not well defined for

randomly branched polymers. Thus quantitative branching information is difficult to

obtain from intrinsic viscosity measurements of randomly branched polymers.^^''"* The

major limitations to these approaches are the need for linear analogues of the same

molecular weight and chemistry as the branched molecule, and samples with narrow

polydispersities. Both of these requirements are usually difficult to meet. In the absence

of a linear analogue, online photon correlation spectroscopy (PCS) can be used to



measure hydrodynamic radius {R^) values of narrow disperse fractions of a non-linear

polymer. The Rt, value can then be combined with Rg from light scattering to yield Rh/Rg

ratios. This provides only a qualitative assessment of polymer architecture.^^'^^''®

SEC coupled with MATS and viscometry detection has been used to fractionate

comb and centipede polystyrene ranging in molecular weight from 200 to 1500 kDa. The

exponent in the relationship between g and g' was measured to be 0.9, indicating a

structure between a star and linear polymer, however a calculation of the number of

branches was not possible because empirical g approached unity.

Chromatography methods designed to separate polymers based on differences in

architecture have begun ito emerge. Temperature gradient interaction chromatography

(TGIC) has been used to probe the structures of star and hyperbranched polystyrenes,'^"^^

H-shaped polybutadienes^° and miktoarm star copolymers.^^ For polystyrene stars,

retention was observed to increase with incremental increases in the number of arms.^^

Characterization of H-shaped polybutadiene revealed nearly equal amounts of

20
components with 1, 2 and 3 branch points in a product believed to be structurally pure.

TGIC revealed the presence of 6 different byproducts in a desired polystyrene-

polyisoprene 4-arm miktoarm star copolymer designed to have one polystyrene (PS) and

three polyisoprene (PI) arms.^^ TGIC combined with SEC in an off-line 2-D

chromatography approach was used to separate linear from star polystyrenes and quantify

the star fraction.^^ The major drawback to using TGIC is the use of binary mobile phases

and the need to identify the critical conditions for the analyte.

More recently, molecular topology fractionation (MTF) has been developed with

the motivation to probe long chain branching (LCB) of polyethylene.^^ Separation of



branched molecules in MTF is proposed to be accomplished by either force entanglement

(pinning) or relaxation/reorientation in confined spaces as polymers pass through an SEC

column packed with a submicron nonporous silica beads. More highly branched

molecules are retained longer. The potential of this technique was first demonstrated

with a successful separation of linear, 3-arm and 4-arm star polystyrene. Increases in

LCB in a hroad molecular weight polyethylene sample was detected as peak tailing.^"^

MTF combined with SEC provides a unique approach to a mapping of both the size and

branching distributions of a polymer. The major drawbacks to MTF are its extremely

long analysis times (20 hours) and a minimum critical molecular weight (usually around

500 kDa) below which the separation will revert back to size exclusion.

Thermal field-flow ffactionation (ThFFF) can overcome many of the above

discussed limitations of traditional chromatographic approaches for the characterization

of complex materials. Specifically, detailed information on the MMD and CCD can be

obtained from a single separation using a pure solvent, structural information can be

assessed without the need for a linear analog of the same molecular weight and

chemistry, and analysis times are shorter. ThFFF was introduced 40 years ago, yet it has

not received attention as a separation method of choice, in part because of the lack of

fundamental understanding of the separation mechanism. The uniqueness of ThFFF to

characterize complex materials resides in its ability to measure thermal diffusion

coefficients {Dj). Dt is the "gateway" through which detailed characterization of

polymer composition and architecture can be achieved, and improvements in ThFFF

method development can be realized. The central theme of this thesis is polymer Dt and



its use in the advancement of ThFFF for the separation and characterization of complex

macromolecules.

Chapter 2 presents a broad overview of the applications of both flow field-flow

fractionation (FIFFF) and ThFFF for the separation and characterization of hydrophilic

and lipophilic materials. The body of work for FIFFF of hydrophilic macromolecules is

much more extensive that for ThFFF of lipophilic polymers. The basic FFF channel

design and construction is discussed and the derivation of the FFF retention parameter (A)

is presented. A is the desired measured value in FFF because it is the link between

experimental data and physicochemical properties of the analyte.

In ThFFF, A is related to the analyte Soret coefficient (St) which is defined as the

ratio of the thermal diffusion to normal diffusion (Dr/D) where D is the normal diffusion

of the analyte. Dr values can be determined only if D is known. D is typically measured

independently of ThFFF. Chapter 3 focuses on the novel integration of online PCS with

ThFFF to measure D and A simultaneously under both constant and programmed

temperature conditions. Specific applications of ThFFF/PCS to the characterization of

individual components of synthetic homopolymer mixtures are shown. The importance

of fractionation of multimodal analytes prior to PCS detection is demonstrated with

FIFFF fractionation of proteins. This work provides general guidelines that can be

extended beyond ThFFF, for the use of online PCS to obtain accurate D for a wider

molecular weight range of both lipophilic and hydrophilic macromolecules.

Traditionally optimum ThFFF experimental conditions for new materials are

indentified thorough trial and error, which has been prohibited in its widespread growth.

Chapter 4 presents a new approach for method development which utilizes existing



theories describing Dj of polymers in liquids to pinpoint the best carrier liquid for ThFFF

separations for a particular class of polymers. This approach allows the quick screening

of a large number of carrier liquids to identify solvents with the potential to yield the best

analyte retention prior to any experiments being performed. Using this approach,

improved retention of polyacrylates was successfully achieved. The combination of

integrating online PCS with ThFFF, and the prior prediction of an appropriate carrier

liquid has reduced ThFFF analysis times of a new material from several days to several

hours.

An incomplete understanding of copolymer Dj has limited the use ThFFF for

compositional characterization, hi chapter 5, an examination of the fundamental

behavior of copolymer Dt in relation to molecular weight, composition and architecture

is presented. The universal calibration curve of Dj-vs. mole fraction is used with data

obtained from ThFFF in combination with online multiangle light scattering, differential

refractive index, and PCS (ThFFF-MALS/dRI/PCS) for the simultaneous online

characterization of the molar mass (MMD) and chemical composition distribution (CCD)

of novel styrene-acrylic copolymers. This approach also allows the compositional drift

of complex materials to be monitored by measurement of Dj across the sample elution

peak without the need for two dimensional separation approaches.

The combination of theoretical predictions of homopolymer Dt from chapter 4

with experimental measurements has opened up a new and important direction for

ThFFF. Chapter 6 presents the novel application of ThFFF-MALS/dRI/PCS for the

separation and characterization of branched homopolymers without the need for a linear

analogue of the same chemistry and molecular weight. The importance of this finding



should not be underestimated because all current approaches for polymer branching

characterization require comparison against a linear analogue, which is often not

available. Perhaps even more important is that the ThFFF approach is also valid for non

linear copolymers. A single technique to characterize the architecture of copolymers

does not currently exist.

Emerging applications of GNRs include bioimaging, biosensing and

nanomaterials engineered from self assembly of the GNRs, and the success of these

applications hinges on the monodispersity of the sample. Chapter 7 deviates from the

theme of thermal diffusion and demonstrates that asymmetric flow field-flow

fractionation (AsFlFFF) can produce gold nanorod (GNR) fractions that are highly

uniform in size and aspect ratio. The collected fractions are shown to differ in both size

and optical properties, and were used to corroborate observations from published

computer modeling studies describing the contribution of size and aspect ratio to the

GNR absorption spectra.

The work presented in this document details significant advancements in ThFFF

and has positioned it as a technology of choice for the separation and characterization of

complex polymers. ThFFF should be viewed, not as a competitor to existing separation

methods, but rather a complementary approach that can provide information beyond the

limitations of techniques such as size exclusion chromatography.



CHAPTER 2

AN OVERVIEW ON EIELD-FLOW FRACTIONATION

TECHNIQUES AND THEIR APPLICATIONS IN THE
SEPARATION AND CHARACTERIZATION OF POLYMERS

2.1 Introduction

The synthesis of new polymers with tailored properties is driven by scientific

curiosity, practical needs, and profit margins. Intriguing new materials include polymer

hybrids that combine biodegradable molecules with oil based monomers, novel

architectures that affect rheology, and self-assembled nanoparticle block copolymers in

an array of different structures. Ongoing innovations in the synthesis of new polymeric

materials are accompanied by a need to extend the limits of existing analytical methods

and to develop new analytical techniques with new capabilities. Polymers are

polydisperse in their molar mass, chemical composition, functionality, and molecular

architecture,^ and there is a high demand for information on these distributed properties

because of their impact on the performance of the polymer materials. Separation and

characterization of heterogeneous polymers (polymers with more that one type of

distribution) is highly desired.

A number of different chromatography techniques that exploit different separation

mechanisms are commonly used to fractionate polymers. Size exclusion chromatography

(SEC) is currently the most commonly used chromatographic technique for polymer

separations. In SEC an entropically controlled separation occurs according to

hydrodynamic volume or size of molecules.^ Smaller molecules are retained longer

because they are able to diffuse into the pores of the stationary phase, while larger

molecules elute first because they are excluded from the pores. While SEC can separate
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polymers into narrow disperse molecular weight distributions, it is limited by upper

molecular weight exclusion limits, sample adsorption to the stationary phase, shear

degradation at high pressures and flow rates, and an inability to separate analytes based

on composition. In gradient elution liquid chromatography (GELC), separation is based

*  • 27 •
on analyte precipitation and re-dissolution in a solvent gradient system. Thus gradient

elution is dependent on both the molar mass and composition of the polymer.

Limitations of GELC include the need to experimentally determine the appropriate eluent

conditions from two or more solvents, non-exclusion operating conditions, precipitation

of polymer in the packed column, and analyte detection due to a continuously changing

mobile phase composition. In liquid chromatography at critical conditions (LCCC),

entropic and enthalpic interactions are balanced through the selection of solvent and

terhperature such that the resulting separation is govemed by small differences in the

chemistry of the components.^^ It is used for the characterization of copolymers, or

functional type distributions, and is highly sensitive to temperature and solvent

composition fluctuations which can lead to peak splitting, peak broadening, analyte loss

due to adsorption to the stationary phase, and limited reproducibility. Liquid

chromatography at limiting conditions (LCLC) belongs to the so-called barrier polymer

high performance liquid chromatography (HPLC) approaches. LCLC is less sensitive to

mobile phase composition or temperature changes than LCCC. It also has a broader

analyte molecular weight operating range, accommodates column overloading, and can

handle a wide range of eluent compositions.^^ Separation with temperature rising elution

•  • • • 30 •
Ifactionation (TRLF) relies on differences in crystallizability and redissolution. Finally,

separation by hydrodynamic chromatography (HDC) occurs because analytes of different

11



sizes are excluded differently from regions of low carrier liquid velocity near the surface

of the wall. It is a size based separation method and suffers from similar limitations to

those ofSEC.^^

Two-dimensional (2-D) chromatography can be used to obtain infonnation on two

different property distributions of a polymer in a single analysis. Orthogonality of the

combined separation methods should be as large as possible. Ideally, the coupled

techniques should augment or suppress the selectivity of the separation according to one

of the molecular characteristics (i.e. molar mass or chemical composition distribution).

The technique with the highest separation selectivity for only one feature should be

chosen as the first dimension.^'^^ An additional benefit of hyphenated methods that

include a separation stage is that the complex sample is spatially separated into more

homogeneous components whose properties can be individually measured. This provides

a detailed picture of the distribution (size, molecular weight, etc.) and relative amounts of

sample components present. Reverse phase followed by normal phase liquid

chromatography of polystyrene-Z)-polyisoprene copolymers has the ability to resolve

analytes that differ by only one styrene or isoprene monomer. Clear oligomeric

separation of unique copolymers with specific numbers of each monomer was shown on

a 2-D plot. Unfortunately, this separation was not extended to molecular weights greater

than ~ 2400 Da."

Due to the need for highly detailed information about the molar mass, chemical

composition, functionality, and molecular architecture of macromolecular materials, new

analytical separation techniques with increased resolution, sensitivity, selectivity and

broader applications are constantly sought after. Field-flow ffactionation (FFF) is a

12



technique that meets many of these needs. FFF can fractionate a wide range of analytes

including macromolecules, colloids and particulates suspended in both aqueous and

organic solvent carriers.^''"^^ FFF can overcome some of the common limitations of

traditional chromatographic techniques in several ways:

• Polymers can be simultaneously fractionated based on different physico-

chemical characteristics such as size and composition.

• There is no stationary phase; therefore, there are no sample breakthrough effects

or sample loss due to adsorption to the stationary phase.

• The upper limit of FFF extends to the 10^ Da molecular weight range and

micron-size particles, thus providing effective separation of microgel

38
components simultaneously with solubilized polymer.

• Shear degradation is minimized.^'^'^^"'^^

• Materials can be separated with high resolution over a wide size range from 1

nm to 100

• Different types of samples can be accommodated because of the physical

simplicity and stability of FFF systems and the ease of adjusting experimental

conditions.

• The mild operation conditions allow the analysis of fragile analytes such as

protein aggregates, supramolecular assemblies, and whole cells.^^'"^^

Other specific features of FFF-techniques include the physical simplicity and

stability of FFF-systems, the minimum sample loss, easy to adjust or change

experimental conditions to accommodate different kinds of samples, gentle operation

conditions and easy maintenance and field strength programmability. Commercial FFF

13



systems have been available since the late 1980s and are currently available from

Postnova Analjdics (Landsberg am Lecb, Germany), Wyatt Tecbnology Corporation

(Santa Barbara, Califomia, USA), and ConSenxus (Ober-Hilbersbeim Germany). FFF

can also be easily inserted into 2-D cbromatograpby setups to provide more detailed

information on copolymers.'^^

Polymer separation techniques are combined with an appropriate detector(s) for

the online or offline determination of various molecular characteristics. The most

coimnonly utilized detectors with FFF are multi-angle light scattering (MATS),

differential refractive index (dRI), ultraviolet and visible (UV-Vis), differential

viscometry, nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR).

MATS, dRI, UV-Vis, and viscometry detectors offer the advantage of online detection.

Without the separation step, the detection methods listed above provide average values

representative of the entire sample population. Matrix assisted laser

desorption/ionization time-of-flight mass spectrometry (MALDITOF-MS) has also

become a workhorse for macromolecular analyses."^"*"^^

2.2 Field-Flow Fractionation

The following sections describe the general principles and modes of operation of

FFF along with different applied fields and channel geometries utilized in FFF.

2.2.1 General principles and modes of operation

FFF was first introduced by J. Calvin Giddings in 1966.'^^ It is an elution based

chromatography-like method in which the separation is carried out in a single liquid

14



phase. FFF is characterized by the use of an external field applied perpendicularly to the

direction of sample flow through an empty, thin ribbon-like channel (Figure 2.1a). Due

to the high aspect ratio of the FFF channel a laminar parabolic flow profile develops, with

flow velocity increasing from near zero at the channel walls to a maximum at the center

of the channel (Figure 2. lb). The perpendicularly applied force drives the sample toward

the accumulation wall. A counteracting diffusive force develops due to the concentration

build up at the wall and drives the analyte back towards the center of the channel. When

the forces balance, steady state equilibrium is reached and an exponential analyte

concentration profile is built up. Retention occurs when analytes reside in flow velocity

zones slower than the average flow velocity of the carrier liquid passing through the

channel. Separation occurs because different analytes reside in different flow velocity

zones.

The normal mode of separation, in which diffusion plays an important role in

controlling component distribution across the channel, is the most widely used

mechanism.^^'^^ A schematic illustration of the basic principle of normal mode FFF

separation and a typical resulting fractogram are shown in Figure 2.1c. The fractogram is

a detector response versus elution time (or elution volume) curve.

Analytes can be separated by different mechanisms (modes of operation) in FFF

that arise from different opposing forces. The mode of operation determines the elution

order of analytes, along with other separation characteristics such as selectivity and

resolution. Three widely used modes that can be implemented in any FFF technique are

normal, steric, and hyperlayer and are shown in Figure 2.2.^'^'^^''^^ The normal mode

(based on Brownian motion of the analyte in the channel) is usually used for analyte sizes
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smaller than ~1 |,im. Smaller component populations accumulate in regions of faster

streams of the parabolic velocity profile and elute earlier than larger components. Steric

mode is applicable for components larger than ~1 |j,m where diffusion becomes negligible

and retention is govemed by the distance of closest approach to the accumulation wall.

Small particles can approach the accumulation wall more closely than large particles and

thus the former's center of mass is in the slower flowing streamlines. The elution order in

steric mode is from largest to smallest. Finally, lift or hyperlayer mode is one in which

lift forces drive sample components to higher velocity streams located more than one

particle radius from the accumulation wall. These hydrodynamic lift forces occur when

high flow velocities are used. The elution order is the same as in the steric mode. Most

polymers are separated by the normal mode mechanism because their dimensions are less

than 1 jxm.35,39

Field

Inlet flow

s #

- ̂

Parabolic velocitv

Field force

Diffusion

■Accumulation wall

Detector
response

Void peak-
Peak B

W: Outlet flow

Zone average velocities

Peak A

Time

Figure 2. la - c. a) schematic representation of an FFF channel cut-out, b) exploded views of the
normal mode separation mechanism of two components A and B (faster diffusing B components
are located at higher elevation in faster flow velocity streamlines and are thus eluted earlier than
slower diffusing A components), and c) a typical FFF ffactogram.
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Figure 2.2. Schematic representation of different modes of operation in FFF.

The terminology used to describe different modes of operation is historically

based and follows the development of FFF. The "normal" mode was the first observed

mode of operation.^^ The term "steric" evolved later to describe a second separation

mechanism observed when FFF was extended to >1 pm particles.'^^ As the flow rate was

increased to shorten the analysis time, it was observed that the micron-sized particles

eluted significantly earlier than predicted by the steric mode retention time equation. It

became evident that these particles' centers of mass were located in flowstreams well

above one particle radius from the FFF accumulation wall.^° This led to the introduction

of the term "hyperlayer" to describe the formation of analytes above the channel wall as a

result of two opposing forces.^^ While steric mode separations are experimentally

achievable, most separations involving micron-sized analytes usually occur in the

hyperlayer mode.

2.2.2 Fields and Channel Geometries in FFF

Various fields have been used in FFF depending on the nature of the material to

be analyzed. The criteria for an effective field are sufficient strength and selectivity to

achieve separation, and ease of implementation. Each type of field interacts with a

different physicochemical property of the analyte.^^'^^ Typical fields include a cross-flow
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stream, temperature gradient, electrical potential, centrifugal force, gravitational force,

dielectrophoretic, standing acoustic wave and magnetic fields. These give rise to several

FFF techniques including flow (FIFFF), thermal (ThFFF), electrical (EIFFF),

sedimentation (SdFFF), gravitational (GrFFF), dielectrophoretic (DEP-FFF), acoustic

(AcFFF) and magnetic (MgFFF) field-flow fractionation. Analyte retention and

separation in these different FFF techniques are achieved according to different analyte

properties such as size, thermal diffusion, charge, density, mass, and magnetic

susceptibility.^"''^^'^^''^^'^^"^'^ Of these techniques FIFFF, ThFFF, and SdFFF are

commercially available with the first two being the workhorses for polymer separation

and analysis.

Field strength is the most important experimental condition in FFF because it has

a strong effect on the resolution and separation time. With field programming, the field

strength is changed according to a decay function over the course of the analysis. Field

programming is useful when studying broad distributions of molar masses or

particles.^'*'''^'^^'^^ It is used to optimize resolution and analysis time, and enhance the

detectability of fractionated analytes. Several types of field programming have been used

including linear, parabolic, exponential, and step-wise decay fimctions^'^'^^''^^'^^ Field

programming in FIFFF and ThFFF is implemented by reducing the cross-flow rates and

temperature gradients, respectively. Generally, for lower mass and smaller particles

higher field strength is required.

The FFF charmel is constructed by clamping a thin spacer (usually of Mylar or

polyimide) with the desired geometric cut-out between two blocks with flat surfaces. The

block material must be compatible with the carrier liquid and transmit the applied field.
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The ribbon-like channel in Figure 2.1a is the most commonly employed channel

geometry. With this ribbon-like structure a perpendicular orientation of most fields can

be achieved. Because diffusion is a slow process, the channel thickness (w) must be

small enough that the sample reaches equilibrium in a reasonable short time. The length

of the charmel (Z) needs to be long enough to allow adequate retention time differences

between the analjdes. Typical dimensions for the channel geometry seen in Figure 2.1a

are thicknesses of 50-500 pm, breadth of 2 cm, and tip-to-tip lengths of 25-90 cm.

Triangular end pieces are used to allow smooth inlet and outlet flow. Due to the high

aspect ratio (breadth to thickness) of-100, this type of rectangular channel can be

considered as two infinite parallel plates in between which the parabolic laminar flow

velocity can easily develop and edge flow perturbation is minimized. Trapezoidal shaped

channels (inlet breadth is greater than outlet breadth), as proposed by Litzen and

Wahlund, are used in asymmetrical flow field-flow ffactionation (AsFlFFF) to allow

more constant cross-flow along the length of the channel.^^'^'^ An exponentially

decreasing channel breadth was designed by Williams to provide constant volumetric

flow rates along the length of the asymmetric charmel.®' Another channel arrangement of

a cylindrical shape utilizing hollow fiber (HF) membranes has been also employed in

ppp 62,63 ^ j-adial cross-flow is applied to drive the components to the fiber wall. An in-

depth discussion of charmel construction for various FFF techniques can be found in

reference 16. A brief description of charmel components and construction will be given

in each respective FFF section.

Charmel miniaturization is a current research topic in both FIFFF and ThFFF, and

has been discussed in many recent reports. The benefits of reducing the channel
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dimensions include decreased sample size, carrier liquid consumption and analyte

retention times and improved resolution, portability, and disposability. Miniaturized

AsFlFFF channels have been constructed with typical dimensions of 250 - 500 pm

(thickness) x 90 - 110 mm (length) with channel a breadth of 7 mm at the sample inlet

and tapering to 3 mm at the outlet. Micro AsFlFFF (mAsFlFFF) has been utilized to

successfully separate protein mixtures ranging in MW from 29 - 669 kDa and protein

dimers from monomers. Two unique applications of mAsFlFFF include sizing of high

density (HDL), low density (LDL) and very low density (VLDL) lipoproteins and

differentiation of single strand DNA containing 50 and 100 bases. Also, single strand

DNA bound and unbound to replication protein A showed slightly different retention

times suggesting that mAsFlFFF could be used to investigate DNA-protein binding

activity. Miniaturized ThFFF charmels with dimensions of the order of 25 - 250 pm

(thickness) x 1 - 10 mm (breadth) x 50 - 100 mm (length) have been built and tested.

Most of the reported applications have focused on separations of particles (polystyrene,

silica, bacteria) ranging in size from ~60 nm to several micrometers using an aqueous

based carrier liquid. The separation of a mixture of 115, 1030, and 10,000 kDa

polystyrene standards was accomplished using THF as the carrier liquid. These results

demonstrated the range of molecular weight {MW) that can be analyzed by the micro

thermal FFF channel.^^"^^

2.2.3 Analyte Retention

The theory and development of FFF techniques have been described in detail in

many publications^"^'^^'^^'^^'^^ A general description of retention and separation
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mechanisms was given in section 2.2.1. The parabolic flow velocity profile {v(x)) across

the charmel depicted in Figure 2.1 can be described by equation 2.1:

v(x) = 6{v)
VW j ywj

(2.1)

where <v> denotes the average velocity of the carrier liquid across a channel of thickness

w and X is the distance from the accumulation wall (x = 0 at the accumulation wall).

Equation 2.1 can be derived by integration of the Navier-Stokes equation for fluid flow

(with constant viscosity) between two parallel plates.

The analyte concentration profile (c(x)) is determined by the field-induced transport of

analjhe towards the wall and the diffusion away from the wall to lower concentration

regions. When these two opposing transport processes are in equilibrium there is no net

flux of material and the concentration profile has an exponential distribution as described

by equation 2.2:

c(x) = c^e'^^^ (2.2)

where Co is the analyte concentration at the accumulation wall (x = 0), D is the ordinary

diffusion coefficient and U is the particle velocity induced by the field force (it is the

transverse velocity of the analyte toward the accumulation wall).

Diffusion of a Brownian particle depends on the friction factor (f) and can be

expressed by the Nemst-Einstein equation: D = kT/f, where k is the Boltzmarm's constant
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and T is the absolute temperature. Friction force for a particle moving with velocity {U)

in a host medium is related to the field force {F) as: F = fU, then the diffusion coefficient

becomes: D = (kT (U/F)). A mean layer thickness (/) of the sample cloud is defined as

the distance from the accumulation wall to the center of mass of sample zone. It is

expressed as the ratio of thermal energy to the applied force: / = kT/F = D/U.

A dimensionless zone thickness (A), known also as the retention parameter, is

defined as the ratio (//w). It represents the degree of zone compactness relative to the

channel thickness as well as of the volume fraction of sample layer. It is a measure of the

extent of interaction between the field force and the sample components. For general

FFF-systems, {X) can be expressed as seen in equation 2.3:

^ = = ̂  (2.3)
wF Uw

Thus, the concentration profile expression in equation 2.2 can be also written in

other forms such as that seen in equation 2.4:

c(x) = (2.4)

It can be seen from equation 2.4 that the analyte concentration decreases

exponentially as the distance from the accumulation wall increases. Therefore, with

sufficient interaction with the applied external field, the majority of the analyte will

reside within a few micrometers of the accumulation wall surface. It is assumed that the
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interactions between the particles and the wall and between the particles themselves are

insignificant.

The retention parameter (A) is directly related to physicochemical parameters of

the retained components and links theory to experiment as will be discussed in the

following sections. Different terms are substituted for F depending on the type of field

that is employed. The expression for X shown in equation 2.3 takes on different forms

specific to the type of field used and reflects the field's characteristic interactions with

different physicochemical properties of the analyte.

Retention refers to the retarding of analyte zones through their confinement to

flow streamlines with velocities less than the average velocity of the carrier liquid. This

can be described by a retention ratio {K) defined as the ratio of the average velocity of the

analyte zone (vzdhe) to the average velocity of the carrier liquid <v>. R can be calculated

from the concentration and carrier liquid flow velocity profiles by equation 2.5:

v^^_(£Wv^ .2.51
(v) (c(x))(v(x))

where v(x) and c(x) are the parabolic velocity profile and concentration profile

respectively seen in equations 2.1 and 2.2. The brackets denote average values.

Substituting equation 2.1 and equation 2.2 into equation 2.5, an expression relating X

and R is shown in equation 2.6:

coth -—IX
ylX

(2.6)

23



Empirically R is defined as the ratio of the measured void time f to the retention time tr

(R = f/tr). Under non-overloading conditions, retention times measured at peak maxima

•  • 4 • 39
are excellent approximations if the elution profiles are Gaussian distributions. For A

values less than 0.02, R can be calculated with an error of -5% using the approximation

in equation 2.7:

f V
;? = - = — (2.7)

f. U

where V is the volume of the FFF channel and U- is the retention volume. Values of A

obtained from experimentally measured retention times can also be used to calculate

various physicochemical parameters of the analyte. The retention parameter A is the link

between theoretical and measurable experimental parameters through the retention ratio

(R) or the retention time U.

The theoretical development of the FFF retention was based on a number of

assumptions which include the parabolic flow profile between infinite parallel plates, the

absence of analyte-analyte and analyte-FFF wall interactions, and uniformity of the

applied field. As mentioned earlier, most polymers are separated by the normal mode in

which the smaller molecules elute first. This is the opposite of SEC in which the larger

molecules elute first. The uniqueness of FFF-methods is their capability for high

resolution separation of components. For example, increased resolution is observed in

ThFFF compared to SEC for the separation of binary polystyrene mixtures under similar

elution times where the MW of each component of the mixture is greater than 100 kDa.^"^
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2.3 Flow and Thermal Field-Flow Fractionation

FIFFF can be further broken down into two sub-techniques: symmetric flow field-

flow fractionation (previously defined as FIFFF) and asymmetrical flow field-flow

fractionation (AsFlFFF).

2.3.1 Symmetric and Asymmetric Flow Field-Flow Fractionation

FIFFF was introduced in 1976 by Giddings.^^ In FIFFF, the charmel spacer is

clamped between two parallel plastic blocks fitted with porous ceramic frits (2-5 pm

pores) in each wall.^^ A cross-flow is applied as the 'field' perpendicular to the channel

flow. Cross-flow enters the channel through the porous frit on the top wall and exits the

channel through an ultrafiltration membrane, overlaying a second porous frit at the

bottom wall (the accumulation wall).

Ultrafiltration membranes are classified by their molecular weight cut-off

(MWCO) values: membranes with lower nominal values prevent smaller analytes from

permeating the membrane. Various types of membranes: regenerated cellulose,

polyimide/poly(ethyleneterephthalate), sulfonated polystyrene, polypropylene,

•  39polyethersulfone, polyacrylamide, and polyacrylonitrile have been used in FIFFF. When

selecting a membrane, membrane thickness, smoothness, chemical and mechanical

stability, as well as the solute size/molecular weight and interactions between solute and

membrane, should be carefully considered.

AsFlFFF was first introduced in 1987.^^ A membrane is also used here as the

accumulation wall. However, AsFlFFF differs from FIFFF in that the channel has only a

single permeable wall (the accumulation wall). The upper porous wall is replaced by a
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solid wall that is impermeable to the carrier liquid. A single channel inlet flow is split

into the charmel flow and the cross-flow. The ratio between the two depends on operator

controlled in-line flow resistances. AsFlFFF has the following advantages over FIFFF:

simpler construction and the ability to visualize the sample through a transparent upper

wall.^^ A schematic representation comparing FIFFF and AsFlFFF is shown in Figure

2.3.

a)

cross-flow in

carrier

fluid flow

block

spacer

membrane '

cross-flow out channel

b)

impermeable wall

carrier

fluid flow

profile

spacer

membrane

channel

cross-flow out porous frit lower block

Figure 2.3a and b. A schematic representation of a) symmetric (FIFFF), and b)
asymmetric (AsFlFFF) channel structures.

As mentioned previously, 2 is unique for each type of FFF 'field' and interacts to

different extents with different analyte physicochemical properties. In both FIFFF and

AsFlFFF a cross-flow is applied as the extemal field and the analjhe components are

driven to the accumulation wall with a velocity U (equal to Vc/Aac)- The surface area of
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the accumulation wall A^c is equal to the volume of the channel (F") divided by the

channel thickness. Using equation 2.3, X can be described by equation 2.8:

DVA = ̂  (2.8)
Vw'

where Vc the cross-flow volumetric flow rate and D is the diffusion coefficient of the

analyte.

For symmetric FIFFF, substitution of equation 2.7 into equation 2.8 and

rearrangement yields the analyte retention in terms of D in equation 2.9:

^  ̂ 29)

'  6X eDV DV

Where V is the volumetric flow rate along the channel: V= V^/f. Using the Stokes-

Einstein equation: D = kT/Snrjdh where t] is the dynamic viscosity of the carrier fluid, the

hydrodynamic diameter (dh) can be directly calculated from retention data using equation

2.10:

TtK (2.10)
TtJjV^W't

In AsFlFFF, X is also represented by equation 2.8 because the applied force field

is a cross-flow. However, because the channel inlet flow is split into the channel flow

27



and the cross-flow, the analyte retention time equation is different compared to that for

symmetric FIFFF. The retention time t,- can be approximately calculated from equation

2.11 and accounts for the lack of cross-flow at the upper nonporous wall.^^ Again,

substitution of the Stokes-Einstein equation for D will yield the dh in terms of t/.

w ,
t,. = In
'  6Z)

2  f V ^
1 + -

V
V  on! y

(2.11)

Sample relaxation and focusing are used in AsFlFFF whereas only the former is

used in FIFFF. These procedures serve to improve resolution and decrease peak widths.

Interestingly, AsFlFFF has been shown to produce smaller plate heights, i.e., narrower

bands, than FIFFF. Frit inlet and frit outlet FIFFF and AsFlFFF have also been used to

reduce relaxation and analysis times, minimize sample interaction with the membrane,

and concentrate the separated sample on-line. The latter is an important feature when

working with a detector, e.g. MATS, which requires higher sample concentrations.

2.3.2 High Temperature Asymmetric Flow Field-Flow Fractionation (HT AsFlFFF)

Elevation of temperature can enhance the separation and analysis time in FFF.^^'^^

The elevated temperature improves the solubility of many polymers and results in rapid

diffusion transport. A decrease in band broadening can also be gained.

Medium temperature asymmetrical flow field-flow (MT AsFlFFF) and high

temperature asymmetrical flow field-flow (HT AsFlFFF) fractionation systems have

been developed and distributed by Postnova Analytics (Landsberg am Lech, Germany).

HT AsFlEFF has been specifically developed for the separation and characterization of
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high molecular mass polyolefin resins. Different detectors such as infrared (IR),

refractive index (RI), MALS and viscometry were applied. In HT AsFlFFF, a stainless

steel channel with a flexible ceramic accumulation wall membrane is used. This allows

measurements with chlorinated organic solvents like 1,2,4-trichlorobenzene (TCB) at

temperatures up to 220 °C. The trapezoid charmel is cut from a Mylar spacer with a

thickness of 250-350 pm. The channel-length is 27.8 cm with a maximum width of 2

cm. A ceramic foil with a pore size of approximately 10 nm was used as a membrane.

To enhanee the performance of the polymer separation a special focusing flow was

implemented. This focusing flow is a second input flow, which enters the charmel close

to the middle and divides itself into two sub streams, as is shown in Figure 2.4. One part

of the flow meets the injection flow near the beginning of the charmel. Together the two

flows form a sharp barrier and leave the charmel through the membrane as cross-flow. In

the region were both flows come into contact with each other, the sample transpoifed by

the injection flow is focused laterally and will rest at the same position until the focus

flow stops. The second focus flow substream leaves the charmel through the outlet and

provides a constant detector flow during the focusing step. This new technique allows

the polymer molecules to be retained at the begirming of the charmel after the injection.

As a result the molecules can be separated with minimal longitudinal diffusion, which

results in less band broadening.

Inject Flow Focus Flow Outlet to Detector
~  ̂

Sample

trrm rrrrrmrrnrrrmrrrr Membrane

Cross Flow

Figure 2.4. Flow scheme of the MT and HT AsFlFFF focussing step.
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HT AsFlFFF is generally a complementary technique to high temperature size

exclusion chcromatography (HT SEC). It is reported that the selectivity and the efficiency

of the FFF separation are superior for high molecular weight species. However, SEC

performs better in the separation of lower molecular weight material. Due to the low

molecular weight limit of the ceramic membrane cutoff, low molar mass polymers cannot

be fractionated by HT AsElFEF. Presently, the size of the pores in the membrane causes

a polyethylene low molecular weight cutoff of approximately 5 x lO'^ Da, leading to a

very low recovery for polydisperse samples with a high amount of small molecules.

New membrane architectures and materials need to be developed to solve this problem.

The slot outlet technology should be realized for HT AsFlFFF in the near future. During

elution the sample moves close to the accumulation membrane. The thickness of the

sample layer is typically 1-10 pm. The remainder of the channel contains only pure

solvent. In passing through the detector, the sample layer and the solvent layer are mixed

together leading to lower concentration. Using the slot outlet technology, the solvent

layer can be removed by a separate pump. The remaining solute layer then passes

through the detector and the peak heights are thus amplified. The signal-to-noise ratio

has been shown to improve 5-8 times for a polymer separation using low temperature

AsFlFFF.^^ In the future, the HT AsFlFFF should be a universal and suitable tool next to

HT SEC, because there are no restrictions such as shear degradation or limited separation

of ultra high molecular weight analytes. Presently, the problem of losing small molecules

is resolved partly for linear polyolefins by combining HT SEC and HT AsFlFFE

77
measurements.
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2.3.3 Thermal Field-Flow Fractionation (ThFFF)

ThFFF is one of the most useful FFF techniques for polymer analysis and has

been proven to be suitable for the molecular weight analysis of various synthetic

polymers in organic solvents. The main advantages of ThFFF over SEC are its

sensitivity to both molecular mass and chemical composition and its higher resolution

and selectivity for polymers with molecular weights greater than 100 kDa.^"^

Thermal FFF systems are produce by Postnova Analytics (Landsberg am Lech,

Germany). The ThFFF channel is constructed by clamping a spacer with a geometric

cutout between two metal blocks. The metal blocks are made of copper and have mirror

finished plating applied to the surface. The plating must be inert to a wide variety of

solvents. Chlorinated solvents should be avoided as carrier liquids because they will etch

common nickel or chromium plating. A temperature gradient is applied perpendicularly

to the axial carrier liquid flow. To achieve the temperature gradient, the hot wall is kept

at an elevated temperature {Th) through the use of software controlled heating rods and

the cold wall is kept cool at lower temperature (7).) using a recirculating chiller. A

temperature drop {AT) equal to Th minus Tc is usually in the range of 30-100°K, which

results in a strong temperature gradient (up to lO'^ K cm"' in a ICQ pm thickness channel).

ThFFF channels are usually pressurized to 8-10 bars to elevate the boiling point of the

carrier liquid. Analytes are driven to the cold wall (accumulation wall) by their

interaction with the applied temperature gradient. This mass transport is termed thermal

diffusion, and is represented by the thermal diffusion coefficient {Dt). This is balanced

by diffusion away from the accumulation wall. A schematic illustration of a cross

sectional view of the ThFFF channel is presented in Figure 2.5.
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Figure 2.5. A schematic illustration of a cross section of a ThFFF channel.

Assuming the applied temperature gradient is linear across the channel thickness,

X can be represented by equation 2.12:

D

Djl^T
(2.12)

where D is the ordinary diffusion coefficient. Dt is affected by the chemical composition

of polymers and the carrier liquid and is independent of the molar mass of many

homopolymers.^^ As a consequence, ThFFF can be used to fractionate polymers and

copolymers according to chemical composition.

In ThFFF, R can be measured experimentally and related to X. However, a

modified form of equation 2.6 must be used to account for the deviation from the

parabolic velocity flow profile that arises from changes in carrier liquid viscosity and

thermal conductivity across the channel thickness due to the applied dT. (The velocity

profile is skewed upwards, with the maximum velocity located above the midplane of the

channel). The modified equation includes a velocity distortion factor term (v) as shown

in equation 2.13. 80
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r = — =6A
t,.

v + (l-6;iv)rcoth^—2A|T (2.13)
L  21 JJ

When V is equal to zero, the parabolic profile is regained. Values of v for

commonly used carrier liquids can be found in reference 58. The use of binary solvents

can have a pronounced effect on the velocity profile shape and the retention levels. For

example, a binary solvent mixture can enhance polymer retention if the better solvent for

the polymer is partitioned towards the cold wall when under the influenee of the thermal

gradient.^^ The opposite effect can also be observed. As with FIFFF, field programming

can be employed in ThFFF by varying the applied thermal field dT during the separation

process. The same types of programming used in FIFFF can be applied to ThFFF, but the

most commonly applied programming is a power decay function for A T.

ThFFF is an absolute molecular mass characterization method only if the Soret

*  4 82 83
coefficient (Dt/D) is known, otherwise a system calibration is required. ' ' Calibration

of the ThFFF channel can be accomplished using narrow polymer standards to establish

the relationship between the molar mass of polymers and retention volume. A calibration

curve is constructed by plotting log D/Dj versus log M, or log M versus log retention

time where M is an average molecular weight. The ratio D/Dt is calculated from the

•  • 4 39 82 83
measured retention times for each standard using equations 2.12 and 2.13. ' ' '

2.4 FFF Applications to Polymer Analysis

While this review focuses on the application of FFF for the separation and

analysis of polymers it should be noted that FFF can be used to characterize a broad
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range of analytes including proteins, polysaccharides,^^'^^'^'' synthetic

macromoIecules,^^"^°^ microgels,^^'^'^^ nanoparticle suspensions,'^^"^°^ environmental

pollutants,^ humic and fulvic substances, and chemical mechanical polishing

slurries. It can also be used to quantitatively determine analyte adsorption to

membrane and nanoparticle surfaces.

FIFFF and ThFFF are the most commonly used FFF techniques for polymer

analysis. These techniques can be used for the determination of molar mass or particle

mass and their distributions, hydrodynamic radius or particle diameter, diffusion

coefficient, thermal diffusion coefficient, Soret coefficient, physicochemical and surface

properties and sample polydispersity.

2.4.1 The Universality of Flow Field-Flow Fractionation and its Applicability to
Polymer Analysis

FIFFF and AsFlFFF are considered the most universal FFF technique because all

analytes will be transported by a flowing stream. It is applicable to a wide size range,

with the lower limit determined by the molecular weight cutoff of the membrane and the

upper limit determined by the channel thickness. Coupling FIFFF or AsFlFFF with light

scattering and concentration detectors such as dRI and UV-Vis provides powerful

methods to fractionate and characterize polymers and eliminates the need for standards.

The FFF separation, on the other hand, produces the monodisperse samples essential to

MATS. Until recently, FIFFF and AsFlFFF applications were limited to aqueous

systems. However, organic compatible channels (ambient and high temperature) with

suitable membranes have recently been introduced and successfully applied to

2 112
polyethylene homopolymers and styrene-butadiene rubber. '
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FIFFF has been successfully used to fractionate mixtures of sulfonated

113 •polystyrene standards with molecular weights ranging from 18-3000 kDa. Linear

cross-flow field programming was used and shown to improve the separation efficiency

for the high molar mass and broadly dispersed polymer samples. FIFFF was used to

characterize core-shell particles with cores made from 20/80 weight percent styrene/butyl

methyl acrylate and shells composed of various acrylic acids with either carboxylated or

hydroxylated end groups. The swelling behavior of the particles was measured as a

function of pH and ionic strength of the carrier liquid. By measuring differences in

particle retention times it was determined that the carboxylated shells showed greater

swelling than the hydroxylated shells. Additionally, the swelling was found to be a

function of only the shell as the cores did not show changes in retention times under

different carrier liquid conditions.

Ftydrophobically modified pullulans in aqueous solutions have been studied by

FIFFF-MALS and SEC.^^ Better results and more information were obtained by FIFFF

as it did not suffer the interactions between the hydrophobic segments and the stationary

phase as observed in SEC.

Frit inlet AsFlFFF was used to fractionate five different sizes of polystyrene latex

bead standards (0.050, 0.135, 0.222, 0.300, and 0.426 pm) with different ratios of sample

injection flow rate to frit inlet flow rate as shown in Figure 2.6.^^'^ This figure

demonstrates the capability of flow FFF techniques to quickly fractionate analytes with

high resolution across a broad size range. Water soluble poly(N-isopropylacrylamide)

was studied by AsFlFFF, SEC and DLS.^^^ Results obtained using the three methods

were in good agreement with the exception of the high molar masses, where the average
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molar mass obtained by SEC was lower than that obtained by AsFlFFF. This may be due

to shear degradation of the polymer in the SEC column.

a)

a. V^/V,^ 50/50

0.135
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0.426^11)
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Figure 2.6. Separation of 0.050, 0.135, 0.222, 0.300, 0.426 pm polystyrene latex
standards by stopless flow injection in a frit inlet AsFlFFF obtained at two different ratios
of sample injection flow rate to frit inlet flow rate: a) 50/50 and b) 4/96. Reprinted from
ref. 114 with permission from ACS.

The analysis of various polysaccharides including starch, cellulose, pullulan,

sodium hyaluronate, and gelatin nanoparticles have been accomplished by FIFFF or

AsFlFFF. Weight average molecular weight and radius of gyration (Rg) of cationic

potato amylopectin (CPAP) starch derivatives were found to be 5.2 x 10^ g moF^ and 340

nm, respectively.^' It was also observed that charge interactions with the membrane
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increased with the cross-flow rate and the sample concentration. This can lead to sample

loss on the membrane surface and iiTeproducibility of the fractionation. Charge

interactions between the membrane and analyte are not uncommon in FIFFF and can be

overcome by adding a surfaetant to the carrier liquid or adjusting the ionic strength of the

carrier liquid to shield the respective charges. AsFlFFF coupled with MATS and dRI has

been employed for the analysis of amylopectins with molar masses in the range of 10^-

10^ g moF^^^ Flow rates and steric/hyperlayer effects were observed due to the large

hydrodynamic radius of the amylopectin macromolecules.

AsFlFFF connected to MALS and RI detectors (AsFlFFF-MALS/dRI) has been

utilized to determine the molar mass distribution and molecular radius of

ethylhydroxyethyl cellulose at different cross-flow rates.^" Results presented in Figure

2.7 show the potential of the AsFlFFF-MALS combination to fractionate and characterize

analytes with molecular weights of 10^ Da which would correspond to extremely large-

sized structures. The capability of FFF to fractionate materials of such large sizes is one

of its biggest advantages over SEC.

AsFlFFF-MALS/dRI has been used to characterize starch polysaccharides and it

was possible to evaluate the branching features of amylopectins and glycon.'^® Good

ffactionation and high mass recoveries were observed, which allowed the calculation of

accurate values of Rg. The same method involving programming cross-flow rate was

applied to a mixture of polydisperse standard pullulans (molar size range 5.8 x 10 -1.6 x

10^ g moF^).^^ Linear and exponential cross-flow decays, both with and without the

initial step of constant cross-flow were applied. The results show that exponentially

decaying cross-flow gave higher molar mass selectivity for the higher molar mass range.
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Figure 2.7. Weight-average molar mass of ethylhydroxyethyl cellulose obtained at two
different cross-flow rates (A: 0.21 and B: 0.42 mL min"^) using AsFlFFF coupled with
MALS and RI. Reprinted from ref. 90 with permission from ACS.

Online coupling of field programmed frit inlet AsFlFFF with MALS has been

used for the separation of higli molecular weight sodium hyaluronate.^^^ It was found

that in order to achieve a successful separation an optimization of field programming

(cross-flow rate) and experimental conditions, such as ionic strength of carrier liquid,

sample concentration and injection amount should be considered.

Gelatin nanoparticles were evaluated using AsFlFFF-MALS to determine their

size distribution and drug loading capacity. By developing conditions that separated the

gelatin nanoparticles from an unbound model protein it was possible to determine the

amount of protein that was loaded onto the gelatin nanoparticle surface through peak area

comparisons."^ A follow-up study evaluated the PEGylation of gelatin nanoparticles

using AsFlFFF-dRI. The amount of PEGylation could be determined from a comparison

of dRI peak areas. PEGylation is an important surface modification for gelatin

nanoparticles in bio-applieations because it increases the lifetime of the nanoparticle in

the body, allowing it to deliver its required drug dosage."^
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Size distributions of polyelectrolyte complexes (PECs) were investigated

separately by AsFlFFF and DLS. In pure water, the individual anionic polymer and

cationic polymer hydrodynamic diameters ranged from 20-48 nm. However, when

mixed in a 1:1 ratio in salt-free deionized water, steric mode elution occurred and a

bimodal distribution was observed with dh values of - ICQ nm and 2000-4000 nm. This

was supported by DLS measurements of the PECs in pure deionized water. Upon

addition of 20-160 mM NaCl the bimodal distribution was eliminated. The PEC

nanoparticle sizes ranged from 70 to 120 nm and elution in normal mode was observed.

The formation of the large, micrometer-sized particle in pure water is believed to result

from PEC aggregation due to strong Coulombic interaction between charges on different

particles. The number average distribution of particles was not calculated, therefore, it is

possible that only a small amount of very large aggregates actually formed in pure

water.^'^'' FIFFF is an ideal choice for this type of analyte because the integrity of the

PECs, and aggregates, can be maintained in the channel due to the gentle separation of

FEE.

One of the largest areas of active research in symmetric FIFFF and AsFlFFF is in

the area of proteins and subcellular structures. FIFFF has been combined with MALDI-

TOF-MS for the separation of intact E. coli and P. putida bacteria cells in different

growth stages and the finger printing of the dominant proteins in the cell."^^ Frit inlet

AsFlFFF has been shown to be a unique tool for the analysis of lipoprotein profiles in

healthy persons and people with coronary artery disease (CAD).^^ By staining blood

plasma with sudan black B, the lipoproteins could be selectively identified with UV-Vis

detection at 610 nm without interference from plasma protein such as albumin. High
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density lipoproteins (HDL) and low density lipoproteins (LDL) were completely

resolved. AsFlFFF results were used to confirm that patients with CAD had lower levels

of HDL and small, more compact LDL particles than healthy patients. Figure 2.8 shows

the slight decrease in LDL retention time and a decrease in HDL peak intensity in

patients with CAD compared to healthy patients. The easy sample preparation and short

analysis time demonstrates the potential of AsFlFFF for use in clinical diagnostic

settings.
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Figure 2.8. AsFlFFF fractionation of HDL and LDL profiles in healthy persons (top
trace) and people with known CAD (lower trace). HDL peaks appear around 10 minutes,
and LDL peaks appear around 25 minutes. Reprinted from ref. 85 with permission from
Elsevier.

AsFlFFF has been used as a high throughput screening technique to

reduce the harvesting time of ribosomes from cells and to identify and relatively quantify
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308, 508, and 708 ribosomal units. By using AsFIFFF to monitor ribosome

concentrations at every step of the cell culturing, harvesting and washing process, the

total ribosome analysis time was reduced from 100 min to 16 min. AsFIFFF was able to

fractionate ribosomes from lysed cells by direct collection of the cells from the culture,

and to optimize the cell culture time by providing fast (8 min) analysis of ribosome levels

every 30 minutes during cell culture. Complete resolution was observed between the

308, 508, and 708 ribosomes. This demonstrates the ability of FFF to be used in a

bioprocess control setting.

2.4.2 Application of HT AsFIFFF for Analyzing Polyolefins

HT AsFIFFF combined with IR, MAL8 and viscosity detectors has been used to

analyze different samples of high molecular weight (7.0 x 10^ - 1.7 x 10^ Da) high

density polyethylene (HDPE) and low density polyethylene (LDPE). The measurements

^  2

have been compared with the corresponding HT 8EC measurements. In the 8EC

measurements a high molecular weight shoulder appeared in the chromatogram for the

LDPE samples, which was not observed in the associated fractograms (Figure 2.9). The

shoulder occurred as a consequence of the low size separation at the exclusion limit of

the 8EC column. Due to the missing separation of the high molecular weight fraction the

molecular weight average and long chain branching were calculated incorrectly as seen

by plotting the Rg or the intrinsic viscosity versus M. Using HT AsFIFFF molecular

masses up to 10^ Da could be separated and characterized. In the 8EC measurements

such molecular weights could not be detected due to shear degradation or the size
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exclusion limit. The presence of shear degradation during the HT SEC measurements

was verified by the comparison with offline LALS measurements.

Another phenomenon, observed in HT SEC of LDPE is the abnormal late elution

of a small amount of (probably branched) high molecular weight material. The coelution

of this fraction with the regularly eluting small molecules was visible as a slight upward

curvature in the Rg versus Mplot of LDPE in HT SEC, as shown in Figure 2.10. These

results demonstrate the numerous advantages of HT AsFlFFF compared with HT SEC.

Once the recovery problems of the high temperature membranes are eliminated, the HT

AsFlFFF should become a major tool for analyzing high molecular weight polyolefins
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Figure 2.9a and b. Elution curves and molecular weight plots of LDPE and HDPE
samples; a) separation with HT AsFlFFF, and b) separation with HT SEC mixed A
eolumns. Reprinted from ref. 2 with permission for Elsevier.
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Figure 2.10a and b. Comparison of the conformation plots of HDPE and LDPE; a) HT
AsFlFFF and b) HT SEC mixed A columns. Reprinted from ref. 2 with permission for
Elsevier.

2.4.3 Thermal Field-Flow Fractionation

Three polymer classes for which ThFFF is uniquely suited are high molecular

weight (greater than 10^ Da) homopolymers, copolymers, and microgel-containing

polymers. ThFFF is often coupled with MATS, dRI, UV-Vis or viscometric detectors for

absolute molecular weight or size characterization. The use of a viscometer to obtain

molecular weight distributions requires knowledge of appropriate Mark-Houwink

constants which are available for a variety of polymer solvent systems at different

temperatures.^^ Combination of MAES with either a dRI or UV-Vis concentration based

detector can provide absolute molecular weights and size for each slice of the eluting
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polymer peak.

ThFFF separation of polystyrene samples was first reported in 1969.'

Polystyrene standards with molecular masses ranging from 5.1 x lO"^ to 1.8 x 10^ Da in

tetrahydrofuran (THF) carrier were fractionated at a constant dT of 41 °C.^^ When a

collected fraction with a nominal molar mass of 20.6 x 10^ Da was reinjected into the

ThFFF channel no significant change in elution time was observed, indicating the

absence of polymer shear degradation. High resolution fractionation of a mixture of

polystyrene standards across a broad molecular weight range has been accomplished in

the authors' laboratory (Figure 2.11). ThFFF has increased resolution and selectivity

compared to SEC for synthetic polymers with molar masses greater than ICQ kDa.^"^
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Figure 2.11. Fractionation of a mixture of polystyrene standards by ThFFF. Separation
conditions: programmed temperature gradient - initial zfT - 80°C decaying to a final AT
of 0°C, carrier liquid - tetrahydrofuran, flow rate - 0.1 mL min'^ Peak MWs are in kDa.
Work done by J. Ray Runyon, CSM.

One of the advantages of ThFFF over other separation techniques that utilize a

packed separation column is the upper molecular weight or size limit of the analytes that

can be characterized in the open FFF channel. ThFFF has been used to analyze the

44



microgel content of industrial polyvinyl acetate (PVAc) formulations as shown in Figure

2.12.^^ PVAc prepared under emulsion polymerization contains ultrahigh molar mass

microgels due to chain-transfer reactions. The microgel components are critical to the

rheological properties of the polymer. Figure 2.12 shows the fractionation results of a

PVAc sample used in an adhesive formulation. A programmed zlT had to be used for the

sample with broad polydispersity. The eluted components were analyzed by online

MATS. The estimated Rg increased from 10 to approximately 800 nm as the elution

volume increased from 2 to 20 mL. The results clearly demonstrate the ability of ThFFF

to separate polymers with broad polydispersity and ultrahigh molar mass components.
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Figure 2.12. ThFFF/MALS analysis of polyvinyl acetate with microgel components in
the mixed solvents of dimethyl acetamide/acetonitrile 50/50 v/v. Conditions: flow rate,
0.1 mL min'\ programmed AT. Work done by D. Lee, CSM.

ThFFF has the additional capability of separating on the basis of compositional

differences. According to equation 2.15, ThFFF retention is related to the polymer's

diffusion coefficient and thermal diffusion coefficient, D and Dj, respectively. The value
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for Dt is characteristic for different polymer-solvent systems and thus different

composition polymers have different Dj values. Schimpf and Giddings conducted a

broad systematie study of Dj using synthetic homopolymers in various pure organic

•  123
solvents and concluded that Dt for homopolymers is independent of molecular weight.

Rauch and Kohler extended this study by investigating low molecular weight polystyrene

in toluene and found that Dj is only constant for molar masses above 10"^ Da in dilute

solutions and decreases for lower molar masses due to end group effects.^^ The

magnitude of Dt is low in water, which puts a limitation on the use of ThFFF for the

analysis of water soluble polymers.

Since Dt is unique for each polymer-solvent system ThFFF has promise to

measure the composition of copolymers."^^'^^^'^^^'*^^"^^^ Support for this arises from the

faet that Dt values of random copolymers follow a linear trend with respect to the mole

fraction of one of the constituent homopolymers, as shown for PS-co-PMMA in

toluene. This has also been found to be true for block copolymers in a selective

solvent such as polystyrene-6-polyisoprene in THF.^^^ Additionally, it has been

demonstrated that Dt for copolymers is governed by radial segregation of the respective

monomers, with copolymer Dt being biased towards the Dt of the monomer at the

polymer-solvent interface. Figure 2.13 shows differences in the retention times for

polystyrene-Z)-poly(«-butyl acrylate) copolymers of different compositions but similar

MWs (105 kDa). An increase in retention time is observed as the weight percent of

7  2
polystyrene increases. This is related to the higher Dt for polystyrene (~ 1.6 x 10" cm

sec"^ K"' in MEK) compared to poly(n-butyl acrylate) (~ 0.8 x 10"^ cm^ sec'^ K"^ in

MEK). The inset in Figure 2.13 shows the potential to calibrate retention time to weight
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percent of one component of a copolymer. Random, diblock, and triblock polystyrene-

polybutadiene (PS-PB) copolymers with similar composition have been shown to have

different retention times due to their microstructure differences. These observations

demonstrate that ThFFF can be used to evaluate the composition of a copolymer through

its Dt value, provided D is measured independently.
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Figure 2.13. ThFFF fractograms of polystyrene-co-poly(77-butyl acrylate) diblock
copolymers of different compositions (PBA: 100%, 80%, 20%, 0%) but similar MlFs
(105 kDa). Retention time differences are a result of differences in Dt for each
copolymer. Conditions: carrier liquid — MEK, AT — 80°C (constant), flow rate — 0.2 mL
min''. Work done by J. Ray Runyon, CSM.

2-D separations combining SEC with ThFFF have been used for the

determination of the chemical composition of polydisperse samples of polymer blends

and copolymers.''^ Samples of PS with broad molecular mass distribution, a blend of

polybutadiene (PB), polytetrahydrofuran and PS were first separated by SEC according to

their size. SEC sample fractions were collected and then injected into ThFFF where

separation was based on differences in Dj values. The method enabled a study of the
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chemical composition in each slice of the molecular mass distribution for polydisperse

samples. Additional examples of 2-D separations involving ThFFF can be found in

literature.^^'^^^ This approach to compositional analysis is limited on the lower molar

mass end by the inability of ThFFF to sufficiently retain and separate analytes below <20

kDa without extreme temperature gradients, and on the upper molecular weight end by

the stationary phase in the SEC dimension. By using a binary solvent mixture the lower

129
molecular mass limit capability of ThFFF was reduced 10-fold to ~ 2.6 kDa.

Compositional separations by ThFFF have also been extended to polymer latex

beads of similar size but different chemical composition.^'^ Figure 2.14 shows the

different retention times for 0.232 pm PS, 0.232 pm PB, and 0.229 pm PMMA. This

differential retention is due to differences in the Dj values for each type of particle. Note

that the 0.230 pm PS/PMMA particle has a similar retention time to 0.229 pm PMMA

particle. The former is a core-shell particle, with the PMMA as the shell. This example

demonstrates that ThFFF is sensitive to the surface composition of particles.

Processed natural rubber has been analyzed by field programmed ThFFF

using TFIF solvent as a carrier liquid.'"' The determined molecular mass distribution was

used to monitor the degradation of rubber during the mastication process. Additionally,

the short term variability (repeatability) and long term variability (reproducibility) of

130
ThFFF was evaluated by performing analyses over the course of several days. It was

found that samples differing by only 6600 Da could be resolved if analyzed on the same

day, and samples differing by 15600 Da could be resolved using the same calibration

curve over the course of 4 days. This demonstrates the stability of the ThFFF instrument.
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Figure 2.14. Separation of particles of similar size that have different chemical
composition by ThFFF. Reprinted from ref. 104 with permission from Elsevier.

The combination of ThFFF-MALDI-TGF MS has proven to be ideal for

analyzing polymer samples with broad molar mass distributions.'^^'''^. This coupling

addresses the limitations of each individual technique. For polydisperse samples

MALDI-TOF MS is selective for the lower molecular mass components, and

polydispersity values are erroneously low. This problem is addressed by using ThFFF to

fractionate the sample into more monodisperse fractions which are then collected and

subjected to different optimum MALDI-TOF MS conditions. On the other hand, the use

of MALDI TOF-MS eliminates the need to calibrate the ThFFF channel with a series of

polymer standards. This work was extended by the design and implementation of an

oscillating capillary nebulizer interface to directly deposit the fractionated polymer
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sample, together with an organic matrix, onto the MALDI sample plate in real time."^®

This greatly simplifies the ThFFF fraction collection for MALDI analysis and provides a

picture of the spatial separation of the fractionated polymer. MALDI analysis at

increasing times along the collected fractions showed an increasing molar mass

distribution. This corroborates the elution pattern in ThFFF from lowest to highest molar

mass.

ThFFF is commonly used to measure Dt values for different polymer-solvent

combinations. Dt values are often reported with an associated Tc. The rule of thumb is

that Dt will vary 1% proportionally with a I°K variation in Tc when Tc is 300°K. Well

retained analytes reside in compact zones near the accumulation wall (k ~ O.I), and the

temperature at the center of gravity of the analyte zone can be approximated by Tc- An

increase in Tc results in an increase D used to calculate Dt (see equation 2.12). Due to

the incomplete understanding of the thermal diffusion phenomena, a predictive theory for

Dt has yet to be developed. Choosing appropriate ThFFF conditions (solvent, AT) is

traditionally a trial and error approach, which is very time consuming. This is one reason

ThFFF has not experienced explosive growth despite its promising capabilities. Efforts

have been made to predict Dt values of various polymer-solvent combinations so that

appropriate ThFFF experimental conditions can be estimated. Recently, two theories

have been published that show promising results and yield predicted Dt values of

polystyrene of the same order of magnitude as experimental Dt values in several different

organic solvents.'^^"^^^ Ongoing work in this area will help to establish ThFFF as a major

analytical tool for polymer fractionation and characterization.
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2.5 Conclusions

FIFFF and ThFFF are very powerful techniques for fractionating synthetic,

natural, and biological polymers. Each has a unique niche in polymer separations: FIFFF

is more suitable to water soluble and natural polymers and ThFFF is more applicable to

organosoluble polymers. However, with the recent introduction of organic compatible

FIFFF systems, more applications of FIFFF to organosoluble polymers are bound to

follow. When combined with MALS, dRI, UV-Vis, MALDI-TOF MS, or viscometric

detection, FFF is a powerful tool for both separation and characterization of polymer

molar mass and chemical composition distribution.

FFF can overcome many of the limitations of current separation techniques,

especially conceming ultrahigh molecular weight analytes and microgels. For example,

fractionation of the microgel content from industrial polymer formulations is possible

because of the absence of a stationary phase in FFF. Therefore, FFF-MALS/dRI can

provide valuable, and previously unobtainable, information about microgel content from

a single sample injection. This data can be correlated with rheological measurements to

determine properties of the end material.

FFF currently lacks the maturity of liquid chromatography as far as number of

instruments and manufacturers, and published methods. However, as FFF continues to

grow it should be viewed as a complementary technique to already established separation

methods that will yield additional valuable information to gain a more global

understanding of the analytes and systems in question.
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CHAPTER 3

ONLINE PHOTON CORRELATION SPECTROSCOPY AS A DETECTION

METHOD FOR LIQUID PHASE SEPARATIONS

3.1 Introduction

The combination of separation methods, such as size exclusion chromatography

(SEC) and field-flow fractionation (FEE), with different detectors has proven fruitful in

the determination of molar mass, size, shape, composition and architecture of

macromolecules. Multiple detection strategies usually include a combination of UV-

Visible, differential refractive index, multiangle light scattering (MATS), viscometry

and/or mass spectrometry detectors. Recently, photon correlation spectroscopy (PCS),

also known as quasi elastic light scattering (QELS) and dynamic light scattering (DLS),

has been incorporated in multiple detector schemes as a viable teclmique for on-line

sizing of analytes.^^"^

PCS measures the normal diffusion coefficient (D) of analytes in a liquid

medium. D is converted to a hydrodynamic diameter (dh) through the Stokes-Einstein

equation (D = kT/SjuridhV^here k is Boltzmann's constant, Tis the temperature in K, and 1/

is the solvent viscosity). The traditional approach of batch mode PCS provides average

D values for the entire sample and is best suited to characterize monodisperse or

•  • 136 139
multimodal samples with populations that differ by 2 - 3x in size.

Online PCS detection can be a powerful technique to characterize the size

distribution of polydisperse materials when combined with a separation stage that can

provide the needed monodisperse fractions. It has been successfully used with particles,

polyelectrolyte complexes, protein, and water soluble macromolecules.^^'^'^'^"^'^^ However
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its use with synthetic polymers has been limited.^^'^^'^^'^^® There are several reasons for

this. One, relatively high analyte concentrations are needed to overcome the elevated

background scattering intensity of common organic mobile phases. On column dilution

of analytes results in weak signals which are especially problematic for polymer-solvent

combinations with a low specific refractive indices (dn/dc) and low molecular weight

polymers. Injection of highly concentrated samples can lead to decreased resolution

of the separation, column overloading, or worse yet column plugging. Two, PCS is much

more sensitive to larger sized analytes. Previous studies concluded that online PCS is

best used with relatively high molecular weight samples (> 300kDa).^^'^^'^^ Polystyrene

as low as 12 kDa and poly(hexylisocyante) below 100 kDa have been characterized,

although there was a larger amount of scatter in the data.'^'^^*^ Three, most online PCS

detectors have preset scattering angles usually between 90 - 110° and the chosen

scattering angle is important. Low molecular weight polymers (isotropic scatters) are

best measured at small angles to increase the time scale of data collection. For high

molecular weight polymers (anisotropic scatters) small scattering angles yield the true

translational diffusion, while large scattering angles can provide information about the

intermolecular motion of the polymer.^^'^"^^'^^' No systematic trends of angular

dependence on D were found for online PCS of 200 nm polystyrene latex particles,^'^^ but

were observed in batch mode measurements of a 13 million Da PS.^^^ Finally, the time

interval for data collection is dictated by the flow rate used to achieve the separation.

Thermal field-flow fractionation (ThFFF) is a chromatography-like technique that

uses a temperature gradient perpendicular to a flowing carrier liquid to fractionate

lipophilic macromolecules in an open ribbon-like channel.^^ Analyte retention is
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dependent on its Soret coefficient (Dt/D) an and can be described by equation 3.1 where

Dt is the thermal diffusion coefficient, J f is the temperature gradient and X is the ThFFF

retention parameter.

A = —^ (3.1)

Provided D is accurately known Dt, which is a unique property of the polymer-solvent

pair, can be calculated using equation 3.2 (A is calculated from equation 2.13).

(3-2)

On-line PCS has never been combined with ThFFF. The coupling of the two

would provide a way to simultaneously measure D and X to obtain online Dt values

which would significantly decrease the time needed for ThFFF characterization of

polymer materials. Dt could be used to monitor composition drift of copolymers,

indentify unknown polymer materials or investigate existing polymer thermal diffusion

theories. In addition to the above mentioned reservations about online PCS, the applied

temperature gradient in ThFFF adds an additional complication because of the elevated

temperature of the organic carrier liquid passing through the detector.

The objectives for this study are to 1) establish general operational guidelines for

the use of online PCS for polymer characterization that are applicable to a wide range of

separation techniques, and 2) novel integration of online PCS with ThFFF (ThFFF/PCS)
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Variables such as analyte concentration, flow rate used to achieve the separation,

scattering angle of the measurement, analyte molecular weight (MW), and of particular

importance to ThFFF, temperature of the carrier liquid were investigated for their

contribution to measured flow-through D values. Simple modifications to both the PCS

detector and the ThFFF channel are easily made to achieve accurate D values for analyte

MW as low as 20 kDa. This work sets the foundation for a new approach to polymer

characterization rich with potential applications.

3.2 Photon Correlation Spectroscopy

Photon correlation spectroscopy is a non-destructive technique that provides

absolute values for analyte diffusion coefficients, i.e., no calibration is needed. PCS

measures the time scale of fluctuations in the detected intensity of scattered light from

analytes undergoing Brownian (random) motion in a liquid. A plot of intensity (i) vs.

time shows 1 fluctuating about an average value due to the phase of scattered light

reaching the detector. This fluctuation carries information that is used to derive D

through an autocorrelation function. PCS is different from static light scattering in that

the latter measures a time-averaged scattering intensity.^^'^^'^^^'^^^ For PCS, the intensity

normalized autocorrelation function is seen in equation 3.2

-i —3 '- = l + bg2{T) (3.2)
{')

where I(t) is the intensity at time t, I(t + r) is the intensity shifted by a delay time of t, and

b is an optical coherence factor that ranges from 0 to 1. Initially, at t —» 0,1(t) equals
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I(t+T) and <l(t)l(t+r)> equals </"> (where <f> is the average of the squared scattering

intensity). At long delay times (r oo), the solutes greatly change their position in

solution relative to one another and I(t) and I(t + t) become less correlated and

<I(t)I(t+T)> equals <I>^ (where </>' is the square of the average scattering intensity).

The rate of decay of the autocorrelation function from <f> to <I>^ holds the information

on the diffusion of the analyte. It is assumed that the long time average of the scattered

intensity is equal to the ensemble average or the average over all possible positions and

shapes of the analyte in solution. Averaging over the total duration of the experiment

yields equation 3.3

g.(T) = + r)dT (3.3)
t ->00 Q J

where Q. is the experiment duration. g2(T) is converted to the electric field normalized

auto correlation function igi(T)) by equation 3.4

5^2(0 = {^>ll + %i(^)rj (3-4)

where b is the optical coherence factor. If giff) is plotted against the log of the delay time

(t), the decay of the autocorrelation function can be represented as a function of the

analyte diffusion coefficient by equation 3.5

|g,(r)| = e<-''" (3.5)
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where F is the decay rate which is related to the analyte diffusion through equation 3.6.

T = Dq- (3.6)

q is the scattering vector seen in equation 3.7

q = ^sin— (i./)
2

where rio is the refractive index of the solvent, Ag is the wavelength of the incident light,

and 0 is the scattering angle normal to the path of the incident light. This relationship

holds true for D values at infinite dilution (Do). At Do, polymer analytes can be

considered point masses that move independently of one another and intermolecular

interactions or motions that may contribute to measured D values can be eliminated. The

above discussion is based on the ability to precisely control the analyte concentration and

data collection times to achieve accurate D measurements (e.g. batch mode PCS). In

flow-through PCS, data collection times are determined by the flow rate used to achieve

SEC or FFF separation, and the sample concentration is difficult to control due to on-

column dilution of the analyte and the nature of the Gaussian sample peak. Investigation

of the contribution of variables such as analyte concentration, flow rate and scattering

angle to the accuracy of measured D values, along with understanding of the magnitude

of the error associated with each variable, is important in establishing guidelines for

accurate flow-through PCS detection.
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3.3 Experimental

Initially, batch mode D values for polystyrene and protein standards were

measured and used as the nominal values for comparison with flow-through D values.

Flow-through D values for the same standards were collected by injecting the sample

directly into the PCS detector under flowing conditions. Once the variables with the

greatest impact on the accuracy and measurement error of flow-through D values were

identified, then D values for samples separated by FFF were measured and compared to

the nominal values. Flow-through D values acquired for analytes eluting an FFF channel

are referred to as either ThFFF/PCS (thermal field-flow ffactionation combined with

PCS), or FIFFF/PCS (flow field-flow fractionation combined with PCS) D values.

3.3.1 Materials and Sample Preparation

Table 3.1 provides information about the polymer and protein standards

Table 3.1. Polymer and protein standards used for flow-through PCS studies.
Standard Ml, tkDaT PDI" SuDDlier*^

Polystyrene (PS20) 20.4 1.06 PCC

Polystyrene (PS52) 52 1.02 Waters

Polystyrene (PS90) 90 1.04 PCC

Polystyrene (PS254) 254 1.17 PE

Polystyrene (PS411) 411 1.1 Mann

Polystyrene (PS575) 575 1.06 PCC

Polystyrene (PS 1800) 1800 <1.20 PCC

Polystyrene (PS250BR) 250 2.5 APSC

Poly(«-butyl acrylate) (PBA263) 263 1.13 PSI

Myoglobin 17,000 SA

Bovine Serum Albumin (BSA) 66,000 SA

Fibrinogen 340,000 SA

Thyroglobulin 670,000 SA

^weight average molecular weight, Polydispersity index "^PCC - Pressure Chemical
Company, PE - Perkin Elmer, Mann - Mann Research Laboratories, APSC- American Polymer
Standards Corporation, PSI - Polymer Sources, Inc. SA - Sigma-Aldrich.
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3.3.1.1 Polystyrene Solutions

For batch and flow-through PCS experiments, polystyrene (PS) standards were

prepared at concentrations of 0.01, 0.07, 0.1, 0.4 and 1.0 mg mL"^ (w/w) in uninhibited

THF (Mallinckrodt Chemicals, Phillipsburg, NJ, USA). The density of THF was assumed

to be 0.89 g mT.'f Five milliliters of these solutions were filtered through a 0.2 pm PTFE

13 mm syringe filter (Millipore, Billerica, MA, USA) and collected in a 20 mL glass

scintillation vial.

ThFFF/PCS D values were measured from the separation of three different

samples all prepared in methyl ethyl ketone (MEK) (Mallinckrodt Chemicals,

Phillipsburg, NJ, USA) . First was a separation of a mixture of PS standards with narrow

polydispersity indices (PDls) consisting of 23.8 (100 mg mL"'), 411 (5 mg mL"'), and

1800 kDa (1.7 mg ml,"'). Second was a separation of a broad MW PS standard

(PS250BR) prepared at 30.0 mg mL"'. Third was a separation of a mixture of PS and

poly(«-butyl acrylate) (PBA) low PDI homopolymers (PS390 and PBA263) prepared at

concentrations of 4 and 20 mg mL"' respectively.

3.3.1.2 Protein Solutions

Lor batch and flow-through PCS experiments, protein solutions were prepared at

concentrations of 0.01, 0.07, 0.1, 0.4, 1.0 mg mL"' in 50 mM phosphate buffer saline

(PBS). The same PBS solution was used as the carrier liquid for flow-through PCS

measurements. PBS was prepared using mono- (NaH2P04-2H20, 155..99 g mol"') and

di-basic sodium phosphate (Na2HP04-7H20, 268.07 g mol"') at 30.8 mM and 19.6 mM

concentrations respectively. 1.0 M NaOH was added drop wise to raise the pH to 7.0 and
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0.05 % w/w NaNs was added to prevent bacteria growth. Five mLs of the protein

solutions were filtered through a 0.1 pm Durapore (Millipore, Billerica, MA, USA)

inorganic membrane filter and collected into a 20 mL glass scintillation vial.

FIFFF/PCS D values were measured for bovine serum albumin (BSA) and

thyroglobulin mixtures prepared at concentrations of 11.0 and 2.0 mg mL"^ respectively

in the 50 mM PBS.

3.3.2 Instrumentation and Data Collection

The following sections describe the instrumentation used for this study. In all

cases, diffusion values for each sample solution were measured in triplicate.

3.3.2.1 Photon Correlation Spectroscopy

PCS measurements were made with a Wyatt QELS (Wyatt Technologies, Santa

Barbara, California) that consisted of a fiber-optic cable attached to a DAWN-EOS multi-

angle light scattering (MATS) detector. The wavelength of the laser is 690 nm. The

Wyatt QELS detector was used as configured by the manufacturer in which the fiber

optic cable replaced detector 13 on the MATS instrument (108° normal to the incident

light). Angle dependent studies were performed by replacing detectors 4, 8, 11, 13, and

16 (38°, 64°, 90°, 108°, 134°) with the fiber optic cable. Data was collected using ASTRA

V software (v. 5.1.8). The PCS data collection rate was set at 2.0 seconds for batch

mode, 1.0 second for a flow rate of 0.1 and 0.5 mL min"', 0.5 seconds for a flow rate of

1.0 mL min"', and 0.25 seconds for a flow rate of 1.5 mL min"'. The data collection rates
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were varied to obtain a high number of data points across the entire plateau region of the

sample peak at each flow rate. The data collection time for batch mode was 3 minutes.

For flow-through PCS, sample was injected using a Valco injector (VfCl Valco

Instruments Co. Inc., Houston, TX, USA) equipped with a 500 pL sample loop which

was placed between the pump and the PCS detector. The large volume sample loop

ensured a constant analyte concentration flowing through the detector and the formation

of a peak plateau suitable for measuring D values. A Waters 510 HPLC pump (Milford,

MA, USA) was used to set the carrier liquid flow rates at 0.1, 0.5, 1.0, and 1.5 mL min'\

The 0.5 and 1.5 mL min"' were used only with 0.1 mg mL"^ samples of PS254, PS411,

PS575, and PS 1800 to obtain a more detailed examination of the effect of flow rate on

measured D values.

3.3.2.2 Thermal and Flow FFF

A ThFFF system (Model TF2000, Postnova Analytics, Salt Lake City, Utah) was

used to evaluate the accuracy of D values obtained for lipophilic macromolecules in an

organic solvent. MEK was used as the carrier liquid and the flow rate was 0.4 mL min"'.

For the low PDl PS standards mixture a programmed zIT was used where the initial zlT

was set to 80°C for five minutes and then decayed to 0°C using a power decay function

with an exponent of 2 (which is typical for ThFFF programmed dT runs).^^ For the

PS250BR standard and the PS390-PBA263 mixture a constant zIT of 70°C was used.

A symmetrical FIFFF system (Model F-1000, Postnova Analytics, Salt Lake City,

Utah) equipped with a 5 kDa regenerated cellulose (RC) membrane was used for protein

separations. The volumetric cross flow rate (Vcross) was set at 2.85 mL min"' and the
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channel flow rate (Vchwmei) at 1.25 mL min'\ The 50mM PBS was used as the carrier

liquid.

3.3.3 FFF/PCS

The D value of each separated component in the PS standards mixture was

measured using the manufacturer's standard PCS configuration and the optimal PCS

configuration determined in this study. The concentration of the sample eluting from the

ThFFF channel was varied by injecting two different sample volume-concentration

combinations. The original PS standards mixture prepared in MEK was diluted (v/v)

1:10 and 4:5 and injected using a 20 pL and 0.4 pL sample injection loop volumes

respectively to avoid channel overloading. MEK was chosen as the carrier liquid because

improved analyte retention and separation is observed compared to THF. A minimum of

three injections were made for each sample loop volume and each measurement angle

(108° and 38°). Data for the broad molecular weight PS250 standard and the PS390-

PBA263 mixture was collected using the 0.4 pL sample loop and a scattering angle of

38°. Data for FIFFF/PCS of BSA and thyroglobulin were acquired at a scattering angle

of 3 8°.

3.4 Results and Discussion

The effect of sample concentration, flow rate, analyte MW, scattering angle and

carrier liquid temperature on D values are reported and initially discussed individually.

Examples of flow-through D value measurements for sample components eluting from

FFF are then shown. Two very different cases involving lipophilic macromolecules in
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organic solvent (ThFFF of PS and PBA standards) and hydrophilic macromolecules in

aqueous solution (FIFFF of BSA and thyroglobulin) were studied.

3.4.1 Effect of Sample Concentration

PCS measurements of D values made in batch mode and flow-through mode were

conducted for solutions in the dilute regime, i.e. concentrations below the overlap

concentration (c*). c* was calculated to be 6.7 mg mL'^ for PS 1800 (c* = MW/NApRg

where MW is the molecular weight, Rg is the radius of gyration, p is the polymer density

and Na is Avogadro's number). This is important because above c* the polymer chains

overlap and this entanglement can lead to errors in measured D values resulting from

•  12 15
intermolecular motions or the presence of large aggregated species in solution. '

Diffusion at infinite dilution {Do) values are compared because at this concentration the

polymer chains can be considered point masses that move independently of one another.

Figure 3.1 shows the effect of analyte concentration on the measured D values for PS in

THF for concentrations between 0.01 - 1.0 mg mL"^ at different flow rates. The values

were within 5% of previously reported batch mode Do values measured across a large

concentration range from 1.0 - 20.0 mg The lower end of the concentration

range Figure 3.1 is representative of analyte concentrations eluting from an SEC or FFF

column, while the upper end is typical of injected concentrations. D is obsei-ved to

increase as the concentration increases.

The diffusion coefficient is known to increase with increasing concentration

12 153
according to equation 3.8: '
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■ Batch

• 0.1 mL min"

A 1.0 mL min"'

PS254

PS575

PS1800

0.0 o"!2^"'o!4^"a6""^o!8''^0
Concentration (mg mL'^)

Figure 3.1. Effect of analyte concentration on measured D values (at different flow rates)
for selected PS standards prepared in THF. The black lines are linear regressions for
batch mode measurements. Scattering angle: 108°.

T) = D„(l + V + ...) (3.8)

where c is the analyte concentration and ko is concentration coefficient. The term kn can

be expressed for polymers in the form seen in equation 3.9,

kj^ = IMAj - kf-2v (3.9)

where Mis the MW,A2 is the second virial coefficient, ̂ is the contribution of the

ffictional coefficient, and v is the partial specific volume of the solute. The third term can

be ignored in dilute solutions. In a good solvent, the thermodynamic effect outweighs the

ffictional effect {A2 is positive) and the diffusion coefficient will increase with increasing
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polymer concentration. This is observed in Figure 3.1. ko should increase with

increasing MW and reported values increase from 0.007 to 0.3 mL mg"' for PS molecular

152weights ranging from 20 - 1800 kDa. Values for our data ranged between 0.2 - 0.4

mL mg"\ but did not show a systematic increase with increasing molecular weight. This

is attributed to the low concentration range (0.01 - 1.0 mg mL"^) at which the

152
measurements were conducted.

Figure 3.2 shows that at concentrations below 0.1 mg mL"^ (typical analyte

concentrations eluting from an SEC column or FFF channel) the error in the

measurement increases significantly even for the high molecular weight PS 1800. At

concentrations of 0.1 mg mL"^ or higher, less than 10% error in D is observed for PS

MWs as low as 52 kDa. A significant increase in concentration is needed to achieve the

same precision in D measurements for PS20.

.PS20

.PS52

PS254

PS1800

1.2

—I

1.6

Concentration (ing mL"')

Figure 3.2. D measurement error as a function of PS concentration in THF for batch
mode measurements.
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Figure 3.3a and b show the analogous data for proteins. The protein standards

followed a similar pattern of increasing D values with increasing analyte concentrations,

and also showed a concentration threshold of 0.1 mg mL'\ For low JffPFproteins the

measurement error was less than for low molecular weight polystyrene standards. For

example, myoglobin had an error of 1.6 % at a concentration of 0.4 mg mL"' compared to

PS20 which had an error of 8.9 % at the same concentration. This is a result of the

compact globular configuration of the proteins in PBS compared to the random coil

configuration of the linear PS standards in THF, and the lower background scattering

intensity of water compared to THF.

a)

b)

0.0 0.2 0.4 0.6 0.

Concentration (mg mL )

S 15-

■ Batch

# 0.1 mL min"

^ 1.0 mL min '

BSA

Fibrinogen

Thyroglobulin

H Myoglobin
i-BSA

I  Fibrinogen

Thyroglobulin

Concentration (mg mL")

Figure 3.3a and b. a) Effect of analyte concentration on measured D values (at different
flow rates) for protein standards prepared in 50 mM PBS. The black lines are linear
regressions for batch mode measurements. Scattering angle 108°. b) D measurement
error as a function of protein concentration in PBS for batch mode measurements.
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If the analyte concentration at the detector is 0.1 mg mL"\ then the measured D

values would be within 2 - 4 % of Do according to equation 3.8. This would be

acceptable when reporting measured D values by flow-through PCS as it is within

measurement error. Achieving this concentration at the detector is a challenge because of

significant dilution of the analyte as it passes through an SEC column or FFF channel.

Fifteen to one hundred times dilution can occur during a ThFFF experiment. To avoid

channel overloading sample injection concentrations need to be below 10.0 mg mL"^ for

PS20 and 0.2 mg mU' for PS 1800 when using a typical 20 pL sample loop and a

constant JT of 80°C (values determined from channel overloading experiments).

Injection of these concentrations results in sample elution concentrations of 0.1 - 0.002

mg mL"' which yield inaccurate online D values.

One way to increase the sample concentration eluting the ThFFF channel is to

reduce the band broadening. Band broadening in ThFFF results from axial diffusion of

the analyte in the channel, non-equilibrium effects, sample polydispersity, instrumental

effeets, sample relaxation, detector volume, interdetector volume and finite sample

injection volume.^^ The easiest modification that can be made to the ThFFF system to

minimize band broadening is to reduce the volume of the sample injection loop. The

contribution of sample injection to band broadening can be represented by equation 3.10

where Oinj^ is the sample injection variance and Ati„j is the time needed for the sample to

flush out of the sample loop.

(3.10)
u,j
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Reducing the sample loop volume 50-fold from 20 pL to 0.4 up theoretically

results in a 50-fold decrease in the sample injection volume contribution to the band

broadening. Eight to ten times higher sample concentrations can be injected into the

ThFFF channel using the 0.4 pL sample loop without any observed channel overloading.

Figure 3.4 shows a comparison of fractograms for PS411 in MEK injected with the 0.4

pL (solid line) and the 20 pL (dashed line) sample loops. An increased signal intensity at

the detector is observed, and a more accurate and precise D value is measured with the

smaller sample loop volume (3.43 x 10"^ cm^ sec'^ is the expected D value of PS411 in

MEK based on batch mode measurements).

0.4pL:

D = 3.44±.ll
(U
Tt

G
O
a
1/1

<u
20pL:

O
+->

o
(U

"S
Q

D = 2.91 ± 1.33

0  21 4 6 8 10 12

Retention time (min)

Figure 3.4. Comparison of ThFFF fractograms for PS411 in MEK obtained using a 0.4
pL (solid line) and a 20 pL (dashed line) sample loop. D values are indicated for each
peak (x 10^ cm^ sec"').

3.4.2 Effect of Flow Rate

Figures 3.5a and b show the effect of carrier liquid flow rate on the measured Do

values for PS and protein standards, respectively. It is observed that flow rates in the
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typical ranges used for SEC and FFF separations do not have a significant effect on the

measured D values in agreement with data previously reported for BSA measured at

various flow rates from 1-10 mL min"\ The scatter in the data is observed to

increase with decreasing molecular weight of the analyte. This is likely a result of

analyte concentration rather than changes in flow rate as discussed previously.

3.2- ■

■
■ i t PS254

^ 2.8-
T

"a 2.4-•• • % PS411

2 2.0-
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Q 1.6-
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A ▲
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1.2- ▼t t ▼ y PS1800

1

0.0 0.4 0.8 1.2 1.6
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0.0 0.4 0.8 1.2 1.6
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Figure 3.5a and b. a) Effect of carrier liquid flow rate on measured D values for PS
standards in THE (0.1 mg mL"'). b) Effect of carrier liquid flow rate on measured D
values for protein standards in 50 mM PBS (0.1 mg mL ').
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Table 3.2 compares Do values for PS in THF and proteins in 50mM PBS under

different flow conditions and with literature values. Less than a 6% deviation was

observed between batch and flow-through mode D values. Good agreement is observed

between PS and fibrinogen flow-through and literature D values.^^'^^^'^^"^ Unseparated

BSA and thyroglobulin include contributions from dimers or higher order aggregates, and

therefore measured D values are lower than reported literature values for protein

monomers.^^^"^^^. It is concluded that the flow rate used for separation has an

insignificant effect on accuracy of D values obtained by flow-through PCS.

Table 3.2. Flow-through PCS: Comparison of Do values for PS in TFIF and proteins in
PBS under different flow rates.

Dn X 10^ cm^ sec"^
Analvte Batch 0; % A" l.O" % A'

PS90 5.68 ±.06 5.58±.06 -1.8 5.53 ±.06 -2.6

PS254 3.24 ±.03 3.11 ±.11 -4 3.14 ±.22 -3.1

PS411 2.43 ±.01 2.44±.11 0.4 2.48 ±.12 1.6

PS575 2.07 ± .04 2.11 ±.09 1.9 2.04 ±.01 -1.4

PS1800 1.19±.01 1.19±.03 0 1.24 ±.01 4.2

BSA 5.15 ±.08 5.31 ±.13 3.1 5.05 ± .47 -1.9

Fibrinogen 2.12 ±.08 2.25 ±.09 6.1 2.06 ±.14 -2.8

Thyroglobulin 1.59 ±.02 1.66± .02 4.4 1.68 ±.06 5.7

Literature

5.54''^
3.09^'-
2.35*'-
1.95'^^
1.01^^^

6.0, 5.35^^^"^^^
1 9839,154

2.32-2.57'""'^^

^Percent change from batch mode measurements, "O.l and 1.0 mL min^ scattering angle:
38°.

3.4.3 Effect of Sample Molecular Weight

Diffusion coefficient and MW are related through the well known

equation D = AM''' where A and b are the intercept and slope of a plot of log D vs. log

MW. Diffusion behavior as a function of MIT for PS in THF can be seen in Figure 3.6a.

Experimentally determined b values for batch mode measurements of polystyrene in THF

have been reported to lie between 0.55 - 0.575. Experimentally, b values of 0.548, 0.559,
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and 0.586 were obtained in batch mode, 0.1 mL min"\ and 1.0 mL min"', respectively.

Additionally, experimentally determined values of 2.92 x 10""*, 3.27 x 10"^, 4.5 x lO"'*

(for batch mode, 0.1 mL min'^, and 1.0 mL min"' respectively) were also in good

-I c'y 1 CO

agreement with literature. ' PS 1800 was observed to be an anomaly and was not

included in the linear regressions of Figure 3.6a. ThFFF analysis of PS 1800 returned a

weight average molecular weight (M,,,) of (1.42 ± .23) x 10^ Da which partially explains

the small deviation above the regression line. The data shown for PS 1800 in Figure 3.6a

was measured at a scattering angle of 108° resulting in a bias to larger D values due to

contributions from internal motions of the macromolecule.^^'^'*^'^^^

Figure 3.6b shows that the diffusion behavior of proteins as a function of 37fF also

follows the D = AM''' relationship. The linear regression for batch mode and flow-

through modes yielded b values of ~0.50. The slope of the line is expected to be 0.33 for

globular proteins like BSA and thyroglobulin while fibrinogen should be below this

expected line because of its rod-like conformation. Table 3.2 shows that the measured D

value for thyroglobulin of 1.59 x 10"^ cm^ sec"^ is significantly lower than the literature

value of ~ 2.6 x 10"^ cm^ sec"' for a thyroglobulin monomer due to the presence of

aggregates.'^^''^^ In addition, the D values for BSA are in better agreement with the

values for dimer proteins. These aberrations are explained in further detail and

evidence of aggregation is provided in section 3.4.7. Despite the apparent discrepancy of

the slopes in Figure 3.6b from expected values, the overall conclusions that can be drawn

are that the relationship between the measured D values and the MW were similar for

batch mode and flow-through mode and that reproducible B values can be obtained for a

wide range of molecular weights under typical flow conditions used in FFF or SEC.
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Figure 3.6a and b. a) Effect of analyte molecular weight on measured D values for PS in
THF. b) Effect of analyte molecular weight on measured D values for protein standards
in 50 mM PBS.

3.4.4 Effect of Scattering Angle

Figure 3.7 shows the relationship between the angle at which data is acquired and

the measured D value for PS575 and PS1800. The D values obtained for PS575 at

different scattering angles did not reveal any systematic upward or downward trend to
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indicate any angular dependence associated with the D measurement. However, angular

dependence is observed for PS 1800 with measured D values increasing 25-30% as the

measurement angle increased from 38° to 134°. The observed increase in D values at

larger scattering angles for higher molecular weights can be attributed to internal motions

of the macromolecule.^^''^''"^^'^^' For accurate D measurements, consideration of the

measurement angle must be taken into account, especially for high molecular weight

samples that exceed isotropic scattering dimensions {dh > 1/10''^ the wavelength of the

incident light).
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Scattering Angle

Figure 3.7. Effect of scattering angle on measured D values (at different flow rates) for
polystyrene standards prepared in THF (0.1 mg mL"^).

The decay rate described in equation 3.6 is linearly dependent on the square of the

scattering vector q, so that the timescale of the decay can be increased by collecting data

at smaller angles. A small scattering angle can be advantageous for low molecular weight

polymers, where very small sizes result in extremely fast decay rates when measured at

standard 90° settings. Also, in the limit ofq^O, contributions of intemal motions of the
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polymer chain to D are eliminated and the true center-of-mass diffusion is

obtained.^^'^^'^^^ A small scattering angle is recommended for flow-through PCS.

3.4.5 Carrier Liquid Temperature

Figure 3.8 shows the temperature of the carrier liquid as it passes through the

MALS flow cell for both constant and programmed decay d 7. In the temperature

programmed runs the applied d7 decays over time according to equation 3.11 where ATg

is the initial d7, 7 is the length of time zl7o is held, t is the run time, and is a decay

parameter. A p value of 2 is normally used to allow enough time for continuous

redistribution of the sample to steady-state conditions as it passes through the channel.

Any p value greater than 2 would be considered a fast programmed decay.

A7(0 = A7„ (3.11)
_ t + pt^ J

Serendipitously, the carrier liquid temperature remains constant between 25 -

26°C for up to 4 hours. This allows tabulated solvent viscosities reported at 25°C to be

used for accurate calculation of Rh and comparison of flow-through D values with

reported literature values. The solvent viscosity does not directly enter into the

calculation of 7) values measured by PCS (see section 3.2), however comparison between

analyte D values is best done for measurements made at the same temperature. Changes

in carrier liquid viscosity as a result of the applied d 7 across the ThFFF channel could

result in a change in the decay rate of the PCS autocorrelation function leading to

variations in flow-through D values. Large variations would not be expected because the

74



carrier liquid temperature is shown to be fairly constant while passing through the flow

cell, and the viscosity of organic solvents commonly used as ThFFF carrier liquids is

expected to vary by only 5% if the solvent temperature changes by 5°C either direction

from 25°C. Small variations in the carrier liquid temperature can be considered

insignificant for flow-through D measurements so long as the temperature is near 25°C.
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Figure 3.8. Temperature of the carrier liquid as it passes through the MALS flow cell
versus the length of time A T was applied across the ThFFF channel thickness. ThFFF
conditions: carrier liquid: MEK, flow rate: 0.4 mL min"\ For programmed dT runs
was held at 80°C for 10 minutes and exponents of 2 and 10 were used with equation 3.11
for slow and fast decays respectively.

Large changes in solvent viscosity will result in large discrepancies in

calculated Rh values according to the Stokes-Einstein equation, therefore it is important to

accurately known the temperature at which the flow-through D measurement is taken. It

should be noted that even though the temperature of the eluting carrier liquid is constant

for the ThFFF/PCS setup used in this study it should be evaluated for each individual

ThFFF channel.
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3.4.6 ThFFF/PCS of Synthetic Polymers

The above studies demonstrate the relative importance of analyte concentration,

scattering angle, flow rate, and analyte molecular weight on the accuracy of flow-through

D measurements. While it is important to examine the effect of each parameter

individually and identify the major contributor(s) to potential inaccuracies in D

measurements, it is also important to note that their effects are interdependent. For

example, high MfFFS exhibits higher scattering intensities and thus the threshold

concentration for accurate D measurement is lower than that for a lower A/TF PS. This

becomes significant when coupling a separation stage with flow-through PCS as the

eluting sample peak varies in concentration and possibly composition (for poorly

resolved broad distribution samples). For this reason, it is important to define a universal

parameter that takes all experimental variables into account and that can be used to guide

the selection of the optimum region for averaging D values of components separated by

FFF or SEC.

The scattering intensity is a direct product (and culmination) of analyte properties

and experimental conditions and hence, can be related to percent errors in D. Figure 3.9

shows a plot of percent error in measured flow-through D values as a function of

normalized scattering intensity constructed from data for PS20 and PS575 in THF. The

normalized intensity is calculated by dividing the average signal intensity of the analyte

by the average signal intensity of the measured solvent baseline. This curve should be

independent of solvent and analyte molecular weight. Figure 3.9 shows that the

normalized intensity should be greater than 2.5 if errors in Z)< 10% are desired. This

76



was used to guide the interval over which D values were averaged and reported for

analjdes separated by FFF.
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Figure 3.9. Percent error in D values measured by flow-through PCS as a function of
analyte normalized scattering intensity.

Figure 3.10 shows a ThFFF separation of a mixture of three low PDI PS standards

in MEK. Three components can be easily identified and the elution order is as expected

from low to high molecular weights. The shaded regions around each peak signify the

ranges over which flow-through D values (ThFFF/PCS D) have less than 10% error.

The separation seen in Figure 3.10 was performed under both the manufacturer's

instrument configuration (20 pL sample loop and 108° scattering angle) and the

recommended instrument configuration (0.4 pL sample loop and 38° scattering angle).

Measured ThFFF/PCS D values for each PS component in the separated mixture and are

compared in Table 3.3. Using the recommended configuration, the error in the

measurement is reduced by almost 50% and an accurate value for D is obtained for the
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high MW sample which was not obtained using the manufacturer's instrument

configuration (recall PS1800 in Figure 3.6a).

PS23.8

00 PS411

PS1800

Retention time (min)

Figure 3.10. ThFFF separation of a three component mixture of low PDI PS standards in
MEK. ThFFF conditions: carrier liquid: MEK, dT: programmed temperature decay
(exponent of 2) initial dF: 80°C for 5 min, flow rate: 0.4 mL min"\ injection volume: 0.4
|xL, scattering angle: 38°.

Table 3.3 Comparison of ThFFF/PCS D values measured from a separation of PS
standards in MEK under different instrument configurations.

D X lO' cm^ sec"

Sample

PS23.8

PS411

PS1800

Manufacturer config.'

17.30 ± 1.35

3.61 ±.34

2.53 ± N/A°

Recommended config.

16.93 ±.76

3.48 ± .20

1.55 ±.11

"20 gL sample loop volume, low injection concentration, 108° scattering angle, MEK
*^0.4 up sample loop volume, high injection concentration, 38° scattering angle, MEK
"only one of three injections yielded data

Figure 3.11 compares the ThFFF/PCS D values seen in Table 3.3 for each PS

standard to their nominal batch mode values in a log-log plot. The linear regressions

between the recommend instrument configuration (dashed line) and batch mode (solid
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line) data are in excellent agreement and the slopes of these lines are shown in Figure

3.11. The linear regression for the manufacturer's instrument configuration (dotted line)

and the batch mode data is not in agreement. This is because of the increase in D for the

high MW PS standard. It is not possible to discem whether this increase in D is due to

contributions from internal motions of the polymer or from the fact that data was

acquired from only one of the three replicate injections.
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Figure 3.11. Comparison of ThFFF/PCS D values measured in MEK under the
recommend instrument configuration (solid triangles - dashed line) and the
manufacturer's instrument configuration (solid circles - dotted line) with nominal batch
mode values (solid squares - solid line). The equations are from the best fit lines of the
recommended instrument configuration and batch mode data only.

Figures 3.12a and b show that accurate ThFFF/PCS D values can be measured for

much weaker scattering polymers such as polyacrylates using the 0.4 pL sample loop and

a scattering angle of 38°. Figure 3.12a shows excellent agreement between batch mode

and flow-through D values for PBA as shown in a log-log plot. The linear regression

equations are also shown on the plot. Figure 3.12b shows the same for PMA. The PBA

79



and PMA homopolymer standards used in Figure 3.12a and b were provided by National

Starch and Chemical Company and ranged in molecular weight from 80 - 360 kDa (PDI:

1.03 - 1.5) as measured by ThFFF-MALS/dRI.

a) -5.6n

<
PQ

Q
M
O

b)

-6.8-

4.0

-5.6-i

-6.0-

Batch PCS
X

y = -.54x - 3.46

- ThFFF/PCS

y = -.54x-3.44
1  , . 1  » 1 1 1 • 1

Q -6.4H
bfl
O

-h-1

-6.8-

4.5 5.0 5.5

Log MW PBA

6.0 6.5

Batch PCS

y = -.56x - 3.38

THFFF/PCS

y = -.56x - 3.40
'  1

4.0 6.54.5 5.0 5.5 6.0

Log MW PMA

Figure 3.12a and b. Comparison between batch mode and ThFFF/PCS D values
measured in MEK under the recommend instrument configuration for a) PBA and b)
PMA homopolymers.

The main purpose in this study for measuring accurate ThFFF/PCS D values is to

obtain accurate Devalues for analytes eluting the ThFFF channel. Figures 3.10 - 3.12
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demonstrate that accurate average ThFFF/PCS D values can be measured for each

separated component of a mixture of homopolymers of the same chemistry. The

separation seen in Figure 3.10 can be extended to a mixture of homopoljmiers of different

chemistries. Figure 3.13 shows a near baseline separation of a mixture of PBA and PS

linear homopolymer standards. ThFFF separation of compositionally different samples

has been previously demonstrated with mixtures of PS and poly(methyl methylacrylate)

(PMMA) and PS and PI homopolymers in

Successful online characterization of average D and Devalues of both PS and

PBA was achieved by ThFFF/PCS. Dt values are calculated according to equations 3.1

using the ThFFF/PCS D values and the retention time at peak maximum to calculate X {X

is calculated according to equation 2.13). The dashed line across the entire separation

represents the average D and Dt values of the homopolymer mixture. The solid line

across the width of each peak is the measured ThFFF/PCS D values for each

homopolymer. The dotted line across the width of each peak is the calculated average Dt

value for each homopolymer. The similar D values measured for each homopolymer

indicate they have similar sizes in solution (according to the Stokes Einstein equation).

According to equation 3.1 and Figure 2.5 the separation results from the different Dt

values of each homopolymer. The average Dt values across each peak for PBA263 and

PS390 in MEK were calculated to be (1.00 ± .04) x 10"^ cm^ sec"^ and (1.69 ± .03) x 10 ̂

cm^ sec"' respectively, which are in excellent agreement with in lab established Dt values

of 1.0 X 10'^ cm^ sec"' and 1.67 x 10'^ cm^ sec"' from individual homopolymer

measurements. As expected longer retention time is observed for the analjde with the

larger Dt value.
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Figure 3.13. ThFFF separation of a mixture of PS and PBA homopolymer standards with
similar D values (solid lines), but different Dt values (dotted lines). The separation
occurs because of differences in Dj- ThFFF conditions: carrier liquid: MEK, flow rate:
0.4 mL min-1, AT: 70°C constant, sample loop volume: 0.4 pL, PCS probe: 38°.

The separations seen in Figures 3.10 and 3.13 demonstrated that average

ThFFF/PCS D values across the entire sample peak can be accurately measured using a

small sample injection volume and scattering angle. The ThFFF-MALS/dRI/PCS

method used in this study allows D and Dt to easily be monitored at different slices of the

elution peak. This differs from the approach taken by Mes in which Dt values for

polystyrene-polyacrylonitrile (SAN) copolymers were calculated from MATS

measurements of the radius of gyration (Rg) value of each slice of the elution. Rg was

converted to Rh according to = O Rh were O was determined from SEC measurements.

Rh was then converted to D values at each slice of the elution peak using the Stokes-

Einstein relationship.
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A broad molecular weight PS standard with a weight average molecular weight of

250 kDa and a PDI of 2.5(PS250BR) was fractionated by ThFFF using a zIF of 70°C. D

values were measured at one minute intervals across the peak. The choice of data

collection intervals is justified by previous studies demonstrating that accurate D values

can be measured for lysozyme and polydimethylsiloxane (PDMS) in only 10

seconds. Figure 3.14 shows an overlay of the MATS (solid line) and dRI (dashed

line) fractograms along with D (solid squares) and Dt (open squares) at each time slice.

The MATS and dRI traces do not overlay one another as expected for low PDI samples.

The peak maximum of the dRI trace is shifted towards shorter retention times compared

to the MALS trace and is a result of an increased concentration of lower molecular

weight species in the sample.
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Figure 3.14. ThFFF separation of a broad MIF PS standard. MALS (solid line) and dRI
(dashed line) fractograms are overlaid with D (solid squares) and Dj (open squares)
values taken at one minute intervals across the peak. ThFFF conditions: carrier liquid -
MEK, flow rate - 0.4 mL min"\ AT- 70°C constant, sample loop - 0.4 pL, PCS - 38°.
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The average Dj values calculated using the dRI and MATS peak maxima are 40%

lower (0.98 ± .02) x 10'^ cm^ sec"' and 10% higher (1.83 ± .07) x 10"^ cm^ sec"'

respectively than the expected values for PS in MEK (1.67 ± .14) x 10"^ cm^ sec"'.

This split in Dt measured values is not seen for narrow disperse samples because the dRI

and MATS traces overlay one another and the peak maxima have the same retention

time. The decrease in expected Dt calculated from the dRI trace can be attributed to the

shift in the retention time of the peak maximum. The slight increase in Dt calculated

from the MATS trace can be attributed to the shift in the peak maximum to longer

retention times because of a slight overloading of the ThFFF channel, which is difficult to

detect with high PDI samples. The retention times taken at the peak maximum of the

PS250BR and PS254 low PDI standard agree perfectly for ThFFF injections performed at

AT = 50°C indicating that the peak maximum for the PS250BR sample is not a result of a

MATS detector bias toward high molecular weight species. Figure 3.14 indicates

average Dt values should be calculated form the peak maximum of the MATS traces for

improved accuracy, especially for polydisperse samples.

D is shown to significantly decrease across the peak width, while Dt slightly

increases across the peak. The increase in Dj can be attributed to the contribution of

instrumental effects and sample polydispersity to band broadening which leads to lower

resolution of the separation and a bias in the measured D values. Contamination of each

slice from neighboring fractions leads to an underestimation of D a short retention times

and an overestimation at longer retention times, which translated to the observed increase

in Dt across the peak width (see equation 3.1).'^" Increasing zIT across the channel
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thickness would improve the resolution of the separation. Dj values calculated at specific

time intervals across the peak are not subject to peak maximum discrepancies.

3 .4.7 FIFFF/PCS of Proteins

Figure 3.15 shows an overlay of FIFFF fractograms for BSA and thyroglobulin.

A major BSA peak is attributed to monomers and the tailing to a dimer subpopulation. A

very distinct bimodal distribution of thyroglobulin monomer and aggregates is observed.

Flow-through D values (FIFFF/PCS D) measured for each peak are denoted on the

fractogram.

BSA

o
ON

h-l

monomer D = 5.94 ± .4

Thyroglobulin

monomer D = 2.63 ± .3

aggregate D = 1.67 ± .2

5  10 15 20 25 30

Retention time (min)

Figure 3.15. FIFFF overlay of BSA (solid line) and thyroglobulin (dashed line)
separations. FIFFF/PCS D values are indicated for each peak (x 10^ cm^ sec"').

Again, the shaded boxes signify the region over which the D values have errors

below 10% (according to Figure 3.9 guidelines). Excellent agreement is observed

between FIFFF/PCS D values for BSA eluting the FIFFF charmel and literature values for
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BSA monomers (see Table 3.2). The FIFFF/PCS D value measured for the first peak in

the thyroglobulin fractogram was 2.63 x 10"^ cm^ sec'^ which is also in excellent

agreement with literature values for thyroglobulin monomers (see Table 3.2). The value

7  2 1 •
for the second peak in the thyroglobulin fractogram was 1.67 x 10' cm sec" which, as

expected, is lower than that for monomer. The plot of log D versus log MW of the

protein monomers (data not shown) yielded a slope of 0.34 which agrees with the

literature value of 0.33 for globular proteins. This is in contrast to the 0.54 slope

observed in Figure 3.6b which was obtained without a separation stage. In addition, D

for the rod-shaped fibrinogen now falls well below the globular protein line. These

results demonstrate that the contribution of thyroglobulin protein aggregates to the

overall measured D values in batch mode or flow-through conditions was significant and

that a separation stage is important when measuring D values of broadly distributed or

multimodal samples.

3.5 Conclusions

The effect of analyte concentration, flow rate, scattering angle, and molecular

weight on the accuracy of D measurements by flow-through PCS were evaluated by

comparison with values obtained by batch mode. The analyte concentration at the

detector was observed to have the largest impact on D. The choice of an appropriate

scattering angle was also found to be important. Flow-through D values for high

molecular weight macromolecules are best obtained at low scattering angles to improve

precision and accuracy. While the absolute numbers reported in this study are instrument
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specific, the general observations are expected to be applicable across different

instruments.

The nonnalized seattering intensity was introduced as a more general metric for

assessing the impact of experimental conditions on percent error in D. This metric,

which is independent of analyte and solvent properties, was applied to results obtained

for ThFFF/PCS of polymers in organic solvent and FIFFF/PCS of proteins in aqueous

solution. Excellent agreement was obtained between FFF/PCS and batch mode D values.

The ThFFF/PCS results demonstrated the value of optimizing instrument configurations.

The value of this work lies in the combination of online PCS with a prior separation stage

to successfully characterize subpopulations present in mixtures or high polydispersity

samples, which would otherwise remain hidden in traditional batch mode measurements.

The guidelines presented for online PCS are shown to be yalid for both lipophilic and

hydrophilic analytes, and are expected to be applicable to other separation techniques.
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CHAPTER 4

THERMAL DIFFUSION IN THE SEPARATION OF POLYMERS BY

THERMAL FIELD-FLOW FRACTIONATION

4.1 Introduction

Thermal field-flow fraetionation (ThFFF) is a separation technique that utilizes a

temperature gradient applied perpendicular to the axial flow of a carrier liquid in an open,

thin ribbon-like channel void of packing material. Analyte retention is based on

interaction with the thermal gradient and the resulting mass transport, or thermal

diffusion (D^), across the channel thickness - usually from hot to cold regions. Dr is

counterbalanced by normal diffusion (D) in the opposite direction and separation occurs

due to differences in Soret coefficients (Dt/D) between analytes as they flow through the

39
ThFFF channel. If D is known, then Dt can be obtained by ThFFF.

Unfortunately ThFFF has not gained the popularity of complementary separation

technologies like size exclusion chromatography (SEC) even though it provides better

resolution for macromolecule separations,^"^' and can easily characterize ultra high

38 98 162
molecular weight analytes and gels that exceed the exclusion limit of SEC. ' ' The

lack of applications across a broad range of materials is rooted in two major limitations:

1) the lack of an accurate theoretical treatment for Dt in liquids, which makes method

development of ThFFF separation of new analytes a trial and error process;^^^'^^^ and 2)

the suppression of Dj in hydrogen bonding solvents, which currently makes the

characterization of water soluble and biological macromolecules by ThFFF exceedingly

difficult.i^^'1^^''^
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Knowledge of analyte Dt prior to ThFFF separation would help pinpoint

experimental conditions for optimum retention and resolution for new samples. In the

last 10 years two theories, one by Mes et al. and one by Schimpf and Semenov, have

emerged that describe Dt for synthetic polymers in organic solvents. The accuracy

of these theories was initially evaluated against published data available for polystyrene

and it was concluded that predicted Dj values were of the correct order of magnitude but

differed by 2 - 10 fold from experimental data.^^^ The accuracy of these theories has not

been verified for additional polymer-solvent systems.

The objectives of this study are to 1) use the polymer thermal diffusion theories to

guide the selection of a carrier liquid that will yield the best retention of a material never

before characterized by ThFFF, and 2) use experimentally measured Dj values to

evaluate the accuracy of the theories and propose adjustments the will yield more

accurate Devalues. Polyacrylates were chosen because they represent a class of

macromolecules that have never been characterized by ThFFF and are industrially

relevant because of their large scale global economy and their use in a variety of products

such as cosmetics, medical supplies, adhesives, coatings, plastics, textiles and water

treatment^^^ In this study ThFFF measured Dr values for linear polystyrene (PS),

poly(o-butyl acrylate) (PBA), poly(methyl acrylate) (PMA) and poly(methyl

methacrylate) (PMMA) in various organic solvents were used for detailed examination of

the proposed theories. Also, ThFFF measured Dt values can be used to validate those

measured by competitive techniques such as Thermal Diffusion Forced Rayleigh

Scattering (TDFRS).^^^'^^^
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4.2 Calculation of Theoretical Thermal Diffusion and Soret Coefficients

The motivation behind choosing these theories was the ability to easily find

solvent and monomer properties in literature from which to calculate Dt

Theoretical Dt values were calculated for PS, PBA, PMA, PMMA, poly(alpha-methyl

styrene) (PaMS) and polyisoprene (PI) in tetrahydrofuran (THF), methyl ethyl ketone

(MEK), ethyl acetate (EtOAc), acetone, toluene, 1,4-dioxane (diox), cyclohexane,

benzene and ethylbenzene, all of which have been used as carrier liquids in ThFFF.

4.2.1 Mes Theory

Mes et al. proposed that Dj was driven by a chemical potential gradient along the

temperature gradient and that it could be described by the temperature dependence of the

enthalpic portion of the Flory-Huggins polymer-solvent interaction parameter ■

Equation 4.1 shows the final derived expression where (pi is the solvent volume fraction,

Dseg is the normal diffusion of a monomer, T is the temperature, and dx/dT is the

temperature dependence oixu-

^TMes " ^1

d
T2

Urjj
dT

(4.1)

Dseg was calculated from the Stokes-Einstein equation were k is Boltzmann's constant, tj

is the solvent viscosity and is the monomer radius as seen in equation 4.2.
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D = (4.2)

r„, was estimated as a hydrodynamic radius {R},) from the monomer radius of gyration

1

{Kg) value {Rh = 0.77 Rg). dx/dT was calculated from the slope of plots ofxH vs. T. xh

was estimated from Hildebrand solubility parameters according to equation 4.3 where

is the molar volume of the solvent, 4 and dp are the Hildebrand solubility parameters for

the solvent and polymer respectively, and R is the universal gas constant.

V id -S
(4-3)

Monomer Hildebrand solubility parameters (^„,) were substituted for the dp term

in equation 4.3 because they could easily be found for a wide variety of monomers, and

dp values were not available for the exact polyacrylate-solvent combinations investigated

in this study. To generated dx/dT values, d„, was held constant while ds was varied from

293.15 - 323.15°K which represents a working range of cold wall temperatures (Tc)

observed in ThFFF experiments, dd/dl for each solvent was taken from reference 131.

Several assumptions were made in calculating Dtmbs using equation 4.1: 1) the analyte

concentration is in the dilute solution regime, 2) the monomer radius is correctly

estimated, 3) the polymer chain is completely free draining, 4) the dp term can be

estimated by dm, and 5) a chosen T of 298.1 S^K is correct though this may not be the local

temperature of the analyte in the ThFFF charmel.
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4.2.2 Schimpf and Semenov Theory

In 2000 Schimpf and Semenov proposed that Dj was a consequence of the

temperature induced osmotic pressure gradient in the solvent layer surrounding the

monomer.^^^''^^ Equation 4.4 is the final derived expression where ar is coefficient of

thennal expansion for the solvent molecule, rj is the solvent viscosity, r„, is the monomer

radius, Vo is the specific volume of a solvent molecule and A is the Hamaker constant,

conmionly used in colloidal chemistry, which describes the interaction between monomer

and solvent molecules.

(4.4)
"  277 V,

Again r„, was estimated as Rh from the Rg value for each monomer {Rg = 0.77 Rh).

Hamaker constants describing the interaction between polyacrylates and the chosen

solvents were not available in literature so they were estimated using equation 4.5 where

132 133

vfw and As are the Hamaker constants of the monomer and solvent respectively. '

A„. = VaA C-S)

A„, and As were calculated from either monomer or solvent dielectric constants (e)

170according to equation 4.6.

{s + Yf'\s + 2)'-
A{kT) = 113.7^ .,3 (4.6)
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Several assumptions were made when calculating Dj ss using equation 4.4: 1) the

monomer and solvent molecules are "hard spheres" and the monomer radius is correctly

estimated, 2) polymer-solvent interaction occurs at the surfaces of these "hard spheres",

and 3) all contributions from intermolecular forces such as dispersion, induced dipole and

dipole-dipole are captured by the calculation of A from equation 4.6. It should be noted

that this is a major limitation to this approach for Dj estimation. The Schimpf and

Semonov theory was originally derived for non-polar polymers in non-polar solvents, and

some deviation in calculated Dj values for more polar polymers may be observed. Due

to the lack of Hamaker constants for polymers in solution equation 4.6 was chosen

because dielectric constants can be found for a larger number of small molecules.

However, molecules with larger dielectric constants will bias Dtss values, especially

solvents like MEK and acetone.

Tables 4.1 and 4.2 list the values for the monomer and solvent properties. The

use of monomer properties such as dielectric constants and Hildebrand solubility

parameters provides flexibility to equations 4.1 and 4.4 for the calculation of Dj values of

various polymer-solvent combinations when A and Sp values are not known.

' I A 1 A «.«««y-k /-k 4 <1 1/-»i »1 / 1 168|169

Monomer MW Q. s R.(A) RjJAI

BA 128.17 0.894 8.371 5.25 4.77 6.11

MA 86.09 0.949 9.3 7.03 3.28 4.21-

MMA 100.12 0.937 9.097 2.87 3.62 4.64

S 104.15 0.9 9.515 2.52 3.81 4.88

aMS 118.18 .905 8.965 2.52" 4.15 5.39

I 68.12 .675 7.4 2 A 3.21 4.17

"Taken as that for styrene
BA - butyl acrylate, MA - methyl acrylate, MMA - methyl methacrylate, S - styrene, aMS -
alpha-methyl styrene, I - isoprene, MW - molecular weight (g mof'), p - density (g mL"'), <5„,
monomer Hildebrand solubility parameter (cal"^ cm"^'^), e - dielectric constant
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Table 4.2 Solvent properties used to calculate theoretical Dj.168,169

Solvent MW P U. h s Ott

THF 72.12 0.889 0.465 9.352 7.58 0.0012

Acetone 58.09 0.786 0.308 9.802 20.56 0.0015

MEK 72.12 0.799 0.396 9.300 18.51 0.0013

EtOAc 88.12 0.894 0.421 8.969 6.02 0.0013

1,4-dioxane 88.12 1.029 1.211 9.498 2.21 0.0011

Toluene 92.15 0.865 0.548 8.968 2.38 .0011

Benzene 78.12 0.873 0.606 9.242 2.3 0.0011

Ethylhenzene 106.17 0.865 0.629 8.818 2.5 0.001

Cyclohexane 84.16 0.773 0.901 8.275 2 0.0012

MW - molecular weight (g mol" ), p- density (g mL" ), ?/ - solvent viscosity (cP), 4 - solvent
Hildebrand solubility parameter (cal''" cm'^'"), e - dielectric constant, aj- solvent coefficient of
thermal expansion (K'^)

4.2.3. Soret Coefficients

Evaluation of the proposed theories is done by comparing empirical and

theoretical Soret coefficients {Sj), which is defined as the ratio of the analyte thermal

diffusion to normal diffusion (Dt/D). Empirical St values (SrExp) can be obtained from

ThFFF retention time measurements through the rearrangement of equation 2.12 into

equation 4.7.

V  =.£^ = J— (4.7)
D  AAT

Theoretical S"?-values (Stmcs and Srss) can be obtained by dividing each Dy theory

by equation 4.8 where n is the number of segments in the polymer chain.

^Tlteo ~
kT f  1 A

(4.8)
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This yields equations 4.9 and 4.10 for Mes (Stmcs) and Schimpf and Semenov (Stss)

theoretical St values.

c
'^TMes

^TMes
2  0.5 ^

<p,n

j2(
UrJj

^Tlieo T dT

^TSS 5.585r7°'

^neo kTv
0

=

(4.9)

 (4.10)

4.3 Experimental

Linear homopolymer standards used for this study are listed in Table 4.3.

Equations 4.1 and 4.4 were used to calculate and Dtss for each type of polymer

standard from the monomer and solvent properties listed in Tables 4.1 and 4.2. The

magnitude of calculated values were compared to pinpoint a carrier liquid that would

yield the best retention for polyacrylate homopolymers and increased resolution of

homopolymer mixtures.

A ThFFF system (Model TF2000, Postnova Analytics, Salt Lake City, UT) in

combination with a flow-through DAWN-EOS multiangle light scattering, Optilab DSP

differential refractive index, and Wyatt QELS photon correlation spectroscopy detector

setup (Wyatt Technologies, Santa Barbara, CA) (ThFFF-MALS/dRJ/PCS) was used to

measure experimental Devalues for the homopolymers listed in Table 4.3 under the

following ThFFF conditions: carrier liquid: MEK, THE and acetone, flow rate: 0.4 mL
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min'\ AT: constant values ranging from 15 - 100°C, sample loop volume: 0.4 pL, PCS

detector: 38°. All samples were injected in triplicate.

Table 4.3. PS, PBA, PMA and PMMA linear homopolymers.

Sample MirfkDa)'' PDI' Supplier''

PS23 23.8 ,1.02 PSS

PS 104 104 1.04 PS

PS254 254 1.17 PE

PS390 392 1.12 PE

PS411 411 1.1 Mann Research Labs

PS575 575 1.06 PCC

PBA47 47 1.19 PS

PBA263 263 1.13 PS

PBA53' 52.9 1.02 ■ NSC

PBA 103® 103 1.04 NSC

PBA175® 175 1.28 NSC

PBA262® 262 1.3 NSC

PBA337® 337 1.54 NSC

PMMA30 30 1.1 PSI

PMMA350 350 1.15 PSI

PMMA 1200® 1207 1.27 CMU

PMA42® 42.1 1.04 NSC

PMA72® 72.3 1.02 NSC

PMA 102® 102 1.03 NSC

PMA127® 127 1.03 NSC

PMA171® 171 1.07 NSC

^Characterized at Colorado School of Mines by ThFFF-MALS/dRI., Weight average
molecular weight, ®PDI - polydispersity index - '^PSS - Polymer Standard
Services, PS - Polymer Sources, PE - Perkin Elmer, PCC - Pressure Chemical
Company, NSC - National Starch and Chemical Company, PSl - Polysciences, Inc.,
CMU - Carnegie Mellon University

4.4 Results and Discussion

Calculated Dj values from each theory are used to predict an appropriate carrier

liquid for PS, PBA and PMA and the resulting ThFFF separations are discussed.
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Experimental trends of Dt and St are presented. Finally, experimentally measured Dt

and St values are used to modify the Mes theory to yield more accurate Dt predictions.

4.4.1 Application of Calculated Devalues to ThFFF Polymer Separations

Tetrahydrofuran (THE) is the most commonly used carrier liquid and is typically

the starting point for ThFFF separation. In initial experiments in THF poor separation of

PBA47 from the void peak was observed. Since analyte retention is directly related to

Dt/D any increase in Dt should result in an increase in retention provided that D does not

significantly change. A larger number of solvents commonly used in ThFFF were

screened using each theory to evaluate their potential as carrier liquids for polyacrylates.

Table 4.4 compares Dtmcs and Dtss values for each polymer solvent combination. Dtmcs

values in EtOAc and acetone were calculated using an average dds/dT of-0.0137 ((cal

cm"^)''^ K"') calculated from dds/dT values for each individual solvent listed in reference

131.'^^ Dt Mes for all other values were calculated using the exact dd/dT value given for

that solvent.

Table 4.4. Theoretical DjMes and values.

DjMes Dtss

Solvent PS PBA PMA PMMA PS PBA PMA PMMA

THF 1.66 1.24 1.87 1.68 19.1 48.5 25.6 19.5

EtOAc 1.89 1.36 2.08 1.9 17.6 44.6 23.6 17.9

MEK 2.53 1.86 2.79 2.52 24.2 61.3 32.4 24.6

Acetone 1.79 1.22 2.07 1.87 48 121 64.2 48.8

1,4-dioxane 0.59 0.43 0.68 0.6 3.03 7.68 4.06 . 3.08

Toluene 1.29 0.95 1.46 1.47 6.37 16.1 8.52 6.47

Benzene 1.18 0.89 1.3 1.16 6.04 15.3 8.08 6.14

Ethylbenzene 1.2 0.85 1.31 1.19 4.21 10.7 5.63 4.28

Cyclohexane 0.84 0.62 0.98 0.83 2.88 7.29 3.85 2.93

cm" sec" K"
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Excellent qualitative information to pinpoint the best carrier liquid for ThFFF

characterization of polyacrylate materials can be extracted from Table 4.4. Both theories

indicate that MEK would be a better choice of caiTier liquid for PS, and that MEK or

acetone would be the best starting carrier liquids for polyacrylate materials. EtOAc was

not chosen despite larger DjMes values because it is not a good solvent for PBA.

Figure 4.1 shows the separation of a mixture of PS390 and PBA263 (which have

the same D values) in both MEK (solid line) and THE (dashed line). MEK was chosen

over acetone as the carrier liquid for this separation because acetone is a non-solvent for

PS. An increase in analyte retention is observed in MEK as expected, and the PBA263 is

not fully separated from the void peak in THE. In both carrier liquids PBA263 elutes

earlier than PS390 as a consequence of its smaller Dt value. This is in agreement with the

observed trends in calculated values where Dtmbs for PBA is lower than for PS. The

Schimpf and Semenov theory incorrectly predicts that PBA has a larger Dt value and

therefore would have increased retention over PS.

The ratio between PS and PBA theoretical Dtmcs values in both THE and MEK is

equivalent leading to the conclusion that resolution between PBA263 and PS390 should

be consistent between solvents. However, an increase in resolution from 1.52 in MEK to

1.88 in THE was observed. This can be attributed to the incomplete separation of

PBA263 from the void peak in THE.^^

Figure 4.2 compares the separation of a mixture of PBA53 and PMA42

homopolymers (which have the same D values) in MEK (solid line), THE (dashed line)

and acetone (dotted line). The PBA component is not well separated from the void peak

in THE and analyte retention is again improved in MEK. As expected retention times in
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acetone fall between IVIEK and THF. In each carrier liquid PBA53 elutes before PMA42

again following the £>7-trends predicted by the Mes theory, but not the Schimpf and

Semonov theory. An increase of resolution in THF (1.08) and acetone (.79) compared to

MEK (.65) is observed.

MEK - solid

TFIF - dashed

5  10 15 20

Retention time (min)

Figure 4.1. Separation of a mixture of PBA263 and PS390 homopolymers in THF
(dashed line) and MEK (solid line) carrier liquids. ThFFF conditions: AT= 70°C.

The retention time differences between each component at peak maximum

are the same in all the carrier liquids in Figure 4.2. Earger Dj values of the analytes in

MEK increases compression of the analyte cloud towards the cold wall thereby

increasing the resolution between the species within each peak. This results in increased

band broadening because of non-equilibrium effects, which have a greater affect on more

highly retained analytes and yields the observed decrease in resolution between PBA and

PMA moving from THF to MEK.39
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Figure 4.2. Separation of a mixture of PBA53 and PMA 42 homopolymers in THF
(dashed line), MEK (solid line) and acetone (dotted line) carrier liquids. ThFFF
conditions: AT^ 120°C.

ThFFF-MALS/dRI/PCS data was used to measure values for each of the

homopolymers listed in Table 4.3. Table 4.5 compares experimental Dr to Dtmbs and Dt

ss values for PS, PBA, PMA and PMMA in THF, MEK and acetone. The Mes theory

returns values in the expected order of magnitude, but always overestimates empirical Dt

in MEK and THF. Caution must be taken when interpreting theoretical values in acetone

because an average dSs/dT, not specific to acetone, was used in the calculation.

Qualitatively the theory describes'Dj- trends for the same homopolymer in different

solvents and for different homopolymers in the same solvent. The Schimpf and

Semenov theory significantly overestimates Dt (by up to two orders of magnitude for

PBA in THF), and does not capture the experimentally observed trends as well as the

Mes theory.
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Table 4.5. Comparison of theoretical and empirical Dt values.

Polvmer-Solvent ThFFF DlMes" Drss

PS-THF 1.14 ±.04 1.66 19.1

PS-MEK 1.67 ±.04 2.53 24.2

PBA-THF .49 ± .06 1.24 48.5

PBA-MEK 1.01 ±.06 1.86 61.3

PBA-acetone 1.19 ±,09 1.22 121

PMA-THF 1.27 ±.05 1.87 25.6

PMA-MEK 1.87±.14 2.79 32.4

PMA-acetone 2.16 ±.2 2.52 64.2

PMMA-THF 1.61 ±.03 1.68 19.5

PMMA-MEK 1.88 ±.26 2.52 24.6

PMMA-acetone 2.53 ±.17 1.87 48.8

^Dt X 1 O' cm" sec"' K"^

4.4.2 Verification of Thermal Diffusion and Soret Coefficient Trends for

Polyacrylates

The empirical Devalues reported in Tables 4.5 are the average over the entire

molecular weight range for each type of homopolymer. Figure 4.3 shows that Dj for the

polyacrylate homopolymers is independent of molecular weight in THF, MEK and

acetone. This is in agreement with previous experimental data that demonstrated

molecular weight independence of Dt for different polymer-solvent combinations

including PS and PMMA in THF and MEK, but not polyacrylates.^^^'^^*'^^^

Figure 4.4 shows a log-log plot of SrExp vs. molecular weight for PS, PMA and

PMMA homopolymers in MEK. St Exp values are taken from ThFFF retention times not

MALS/dRJ/PCS data. The slope of the line is .51 and the y-intercept is -3.14. Similar

plots can be generated in THF (slope: .55, y-intercept: -3.36) and acetone (slope: .55, y-

intercept: -3.32). In each carrier liquid St Exp is found to increase with molecular weight

in agreement with trends previously reported in literature,' and all the linear

polymers collapse to a single regression line. Interestingly, the slope of the line in Figure
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4.4 is slightly less than that for the normal diffusion of the homopolymers in MEK (see

Figures 3.11 - 3.12a and b, slopes = -.54 to -.56). This hints at a possible weak

molecular weight dependence of Dt, which is contrary to ThFFF empirical data shown

for molecular weights greater that 50 A decrease in Dt for PS in toluene

was observed for molecular weights below 10 kDa using TDFRS.^^ This was attributed

to an increased contribution of the end group Dt to the overall polymer Dt as the

molecular weight decreased. In pure solvents the lower molecular weight limit for

ThFFF is ~ 15 kDa. This prohibits the direct investigation of any Dt trends of low

molecular weight polymers by ThFFF. However, it would be interesting to determine if a

consistent slope difference exists between the relationships of St and D to molecular

weight in carrier liquids other than MEK.
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a
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Figure 4.3. Molecular weight independence of Dt for PBA (solid squares) and PMA
(open squares) homopolymers in THF, MEK and acetone.
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Figure 4.4. Molecular weight dependence of iSr^Apfor linear PS, PMA and PMMA
homopolymers in MEK.

4.4.3 Evaluation of Theories

Recall that the empirical Dr values in Table 4.5 were systematically lower than

theoretical values. Each theory can easily be evaluated against generated data by

comparing StExp with Stmbs and Stss- This is a valid approach for two reasons; 1) analyte

retention in ThFFF is very reproducible (within 1%) yielding precise <Sr£A/7 values, and 2)

the contribution of analyte mobility to each proposed theory is factored out allowing the

direct investigation of the contribution of^, dx/dT, cpi, and T to theoretical Dr values.

Figure 4.5 compares Stmbs and Stss values to empirical data from Figure 4.4. An

exponent of 0.5 was chosen for theoretical calculations so the slopes would match. The

Mes theory (dashed line) is in much better agreement with empirical data than the

Schimpf and Semenov theory (dotted line). This agrees with data in Table 4.5 for which

£>7-was measured with ThFFF-MALS/dRI/PCS.
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Figure 4.5. Comparison of Stmss and Sjss with St Exp data for PS, PMA and PMMA
homopolymers in MEK.

Equations 4.9 and 4.10 contain a temperature parameter. Ranging T from 283 -

323°K resulted in a 20% change in SjMes values. Experimentally the effect of T is shown

in Figure 4.6. The open squares represent data collected for linear PS homopolymers of

18, 36, and 104 kDa at elevated Tc values of 313°K. A 10% deviation below the line is

observed in agreement with literature results which show a decrease in St with increasing

temperature, and an -1% change in Dp for every degree change in Tc away from

300°K.'^^'^^^ The range of Tc from 287 - 313°K for the individual ThFFF measurements

explains the data scatter around the best fit line, but cannot alone account for the

significant difference between empirical and theoretical data.

The theoretical equations (4.1 and 4.4) are designed to calculate Dt for

monomers, and it is assumed from empirical observations of the independence of

molecular weight on Dp that these values hold true for polymers. The Mes theory
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calculates Dt based on the amount of polymer in solution represented as the solvent

volume fraction {(pj), monomer diffusion through the solvent (Aeg), and the interaction

between the monomer and solvent molecules {xh).
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Figure 4.6. The effect of A on ThFFF measured Sj Exp values. A higher Tc results in
lower St Exp values (open squares).

A polymer concentration of 0.1 mg mL"^ gives an approximate polymer volume

fraction of 0.01 % in one milliliter of solution. Therefore the polymer volume fraction

can be considered negligible and (pi in equation 4.1 can be set to 1. This is a reasonable

approximation because the concentration of polymer eluting a ThFFF channel will

typically be less than 0.1 mg mL"\ Macroscopically in solution the polymer volume

fraction may be insignificantly small, however on the local scale of a single polymer

chain the volume fraction of polymer can be significant. Empirical observations on Dp
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for architecturally variant copolymers have led to the conclusion that Dt is dependent on

the radial distrihution of monomers and that it occurs within the free draining region of

the polymer coil in solution. Therefore, the solvent volume fraction on a localized

scale of a single polymer chain should be considered. This can be envisioned as an

increase in volume from a hard sphere to random coil configuration of a single molecular

weight polymer due to solvation of the polymer chain. The relative amount of monomer

present in the volume occupied by the polymer chain in each configuration can be

described by a ratio of /?g/R/, values of a hard sphere (phs) to a random coil (prc)- A

value of .78 and a value of 2.05 for polydisperse linear polymers yields a solvent

*  * 12
volume fraction of .62 according to equation 4.11.

.  0-11)

Dseg in the Mes theory is dependant on r„„ and the values listed in Table 4.1 do

not compare to those reported in literature for PS (.201 nm) and PMMA (.153 nm).^^^ An

alternate method to calculate shown in equation 4.12 yielded Devalues closer to

experimental results for PS in several organic solvents^^^. v„, is the specifie volume of the

monomer calculated as v„, = MW/(p„J^a) where MW is the molecular weight, pm is the

monomer density and Na is Avogadro's number.

V  (4.12)
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Equation 4.12 yielded r„, values for PS, PBA, PMA, and PMMA of .29, .31, .27

and .28 nm respectively which are in much better agreement with literature.

Substitution of equation 4.11 and 4.12 into equation 4.1 yields and adjusted form of the

Mes theory for linear polymer chains that can be seen in equation 4.13 This equation is

similar to that proposed by Schimpf and Giddings in 1989 from regression analysis of

experimental data from 17 different polymer-solvent combinations where Dj was found

to be proportional to the polymer density and inversely proportional to the activation

123energy for viscous flow of the solvent.

^TMes

f  \-

\ _ Ejh
V Pre

kT yp,„N Â
l)7rr]

A

 g rrli
MW ] KdTjJ

dT
(4.13)

Table 4.6 compares adjusted Dtmcs values calculated with equation 4.13 to

empirical and theoretical values from Table 4.5. Improvement in accuracy is observed

for almost every polymer-solvent combination except PMMA-THF. Experimental Dj

values for the PBA homopolymers from NSC were consistently below Dtmcs values in all

solvents. This will be discussed in more detail in Chapter 6. The polymer-acetone

adjusted values were estimated using dSs/dT for MEK in place of an average dds/dT of all

solvents and must still be interpreted with caution as no discemable change in accuracy is

seen.

Figure 4.7 compares St Mes recalculated using equations 4.13 and 4.8 with

experimental data from Figure 4.4 (solid line). Excellent overlay of the Stexp and SjMes

values is observed. The Schimpf and Semenov theory (dotted line) continues to
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overestimate Sr even when new r„, values from equation 4.12 are used in the calculation.

This deviation is most likely due to incorrect estimation of A from dielectric constants by

equation 4.6. Figure 4.8 shows similar results in THF.

Table 4.6. Comparison of adjusted DjMes with experimental Dt data

Polvmer-Solvent ThFFF Adjusted Dtmps DrMes'

PS-THF 1.14 ±.04 1.08 1.66

PS-MEK 1.67 ±.04 1.64 2.53

PBA-THF .49 ± .06 0.94 1.24

PBA-MEK 1.01 ±.06 1.41 1.86

PBA-acetone'' 1.19 ±.09 1.39 1.22

PMA-THF 1.27 ±.05 1.14 1.87

PMA-MEK 1.87±.14 1.7 2.79

PMA-acetone^ 2.16 ±.2 1.87 2.07

PMMA-THF 1.61 ±.03 1.06 1.68

PMMA-MEK 1.88 ±.26 .  1.6 2.52

PMMA-acetone® 2.53 ±.17 1.77 1.87

®Adjusted values estimated using dds/dTfor MEK , 10' cm"^ sec"' K

The coupling of adjustments for both r„, and (pi is required for improved Dtmcs and St Mes

values. This is demonstrated in Figures 4.9 and 4.10 through the comparison of SjExp

with St Mes in MEK and THF respectively. The solid lines represent St Mes calculated

using equation 4.13 and 4.8. Excellent agreement is observed. The dotted lines represent

theoretical values calculated adjusting only r„„ but keeping cpi equal to 1. Overestimation

of St Mes is observed. A systematic underestimation ofDTMes values by 40 - 50% was

observed when keeping r„, constant and adjusting only (pi.
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Figure 4.7. Comparison of adjusted St Mes (dashed lines) and Stss (dotted line) with SjExp
data (solid line) for PS, PMA and PMMA homopolymers in MEK.

l.On

q -0.5-

T Mes T Exp

5  6

Log MW

Figure 4.8. Comparison of adjusted St Mes (dashed lines) and Stss (dotted line) with St Exp
data (solid line) for PS, PMA and PMMA homopolymers in THF.

109



^ y = .40x - 0.006
•  R- = .99

D.
X

m

y = l.OOx - 0.006

r' = .99

T  ̂ 1 ' 1 ■ 1 ' 1 ' 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0

TMes

Figure 4.9. Comparison of SjExp with Sjues in MEK calculated from adjustments of (pi
and r,„ (solid line) with SpMes calculated varying only r„, (dashed line).

0.6-1

0.5-

0

1

&
m

o
U)
•

00

0.2-

0.1-

0.0-

y

A

y = .43x -0.0005

r' - .99

y= 1.07x-0.0004

r'=.99

0.0 0.2 0.4 o!6 o!8 i!o L2 1A

T Mes

Figure 4.10. Comparison of St Exp with SjMes in THF calculated from adjustments of (pi
and r„, (solid line) with SjMes calculated varying only (dashed line).

110



The slope of the solid lines in Figures 4.9 and 4.10 can be used to evaluate the

accuracy of the dx/dT term in the Mes theory. Recall that an exact d/Zdl value for

acetone was not available, therefore Dtmbs values were calculated two different ways.

Figure 4.11 plots SjExp vs. St Mes for PMA and PMMA in acetone. The solid line is the

linear regression for St Mes data calculated using dx/dT for MEK chosen because MEK has

similar properties to acetone. The dotted line is for St Mes data calculated using an

average dx/dT for all solvents. The shift of the slope of the solid line closer to one

indicates that dx/dT for MEK better represents the real value of acetone. Also the slope

of 1.3 indicates that St Mes and Dtmbs values in acetone can be estimated within 30% of

experimental values using dx/dT for MEK. This is in good agreement with Dt values

measured by ThFFF-MALS/dRI/PCS shown in Table 4.5.

o,
X
w

y= 1.94X-0.04

R = .99

y=1.30x-0.04

R- = .99

T Mes

Figure 4.11. Comparison of St Mes values for PMA and PMMA in acetone calculated
using and average dx/dT value for all solvents given in reference 131 (dashed line) and
dx/dT specific for MEK (solid line).
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Table 4.7 compares adjusted Drues values for PS in various organic solvents with

QC 1 T"! 1 "II 1 nf,

literature values and theoretical Dt values. ■ ■ ■ In all cases better agreement

between adjusted Dtmbs values and literature values is observed for PS, especially in

aromatic hydrocarbons. Both theories presented in this work were originally evaluated

against polystyrene, but never verified for additional polymer-solvent combinations. In

addition to accurately capturing Dtmss for polyacrylates, agreement with 50% of

literature values is seen for PI and PMMA in different organic solvents.

Table 4.7. Comparison of adjusted Dtmcs with literature values.
Polvmer-

Literature D/ Ori2inalZ)rM,.«''Solvent Adjusted Dtmpx

PS-THF 1.08 1.00 0.86

PS-MEK 1.64

1

00

1.42

PS-Diox 0.38 0.42 0.54

PS-toluene 0.84 1.03, 1.11^^ 0.57

PS-benzene 0.76 0.89 0.56

PS-ethylbenzene 0.78 0.95 0.49

PS-cyclohexane 0.54 0.66 0.52

PI-THF 0.85 0.57

Pl-toluene 0.63 ■  0.69

Pl-benzene 0.57 0.44

PMMA-THF 1.06 1.33

PMMA-toluene 0.93 1.63

PMMA-benzene 0.74 1.37

lO' cm^ sec'^ K"

4.5 Conclusions

The use of polymer Dj theories to predict the best carrier liquid for ThFFF

significantly improved method development for ThFFF of new materials. This approach

is better than simply choosing a carrier liquid based on solvent selectivity for the analyte

because it is more quantitative with respect to Dj and can further be used to assess trends

in analyte retention times and elution orders. Overall analysis times are significantly
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reduced. Both theories evaluated in this study correctly identified MEK as a better

carrier liquid for ThFFF of polyacrylates prior to any injection of the material into the

ThFFF channel. Successful retention and separation of a mixture of PBA and PMA

homopolymers was achieved in MEK on the first injection. The Mes theory more

accurately captures Z)/-trends across different polymer-solvent combinations.

Introduction of corrections to the solvent volume fraction and Aeg terms (specifically

calculation of r^) improved the accuracy of theoretical Dt values to within 20% of

experimental values. The use of monomer properties greatly improves the flexibility of

the Mes theory to yield accurate Dt values and trends for a vast number of polymer-

solvent combinations when polymer properties are not available. This work should be

extended to evaluate the ability of the Mes theory to accurately predict Dt in strong

hydrogen-bonding carrier liquids to help open the door for ThFFF of natural and

biological macromolecules.
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CHAPTER 5

COMPOSITION AND MOLAR MASS CHARACTERIZATION OF

COPOLYMERS USING THERMAL FIELD-FLOW FRACTIONATION

COUPLED WITH MULTIANGLE LIGHT SCATTERING, DIFFERENTIAL

REFRACTIVE INDEX AND PHOTON CORRELATION SPECTROSCOPY

5.1 Introduction

Complete characterization of copolymers is extremely challenging due to the

interdependence of both their molar mass (MMD) and chemical composition distributions

(CCD).^ There is high demand for accurate information on these molecular properties

because of their impact on the overall performance of products made from these

materials. One example is that of pressure sensitive adhesives (PSA). PSAs are

viscoelastic materials that wet surfaces quickly, adhere strongly to solid surfaces upon

application of light contact pressure and short contact time, and resist detachment with

clean removal. They are generally made from either a blend of various polyacrylates, or

from incorporation of tackifiers (usually small molecules) into high molecular weight

{MW), rubbery polymers. Surface adhesion is maximized in tackifier rich domains that

form at the surface within a polymer rich matrix which determines the bulk properties of

the adhesive.

Polystyrene-polyacrylate copolymers are being researched as PSAs. Control over

both adhesive domains and viscoelastic properties can be achieved by tailoring MMD,

CCD, microstructure and architecture of the copolymer. Liquid chromatography can be

used to characterize these properties in dilute solutions, and establish structure-property

relationships in which specific microdomain structures that provide optimum adhesive
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performance are correlated to their molecular properties. In this way novel PSAs can be

designed for specialty applications using a "bottom up" engineering approach.

Characterization of heterogeneous polymers is usually achieved by two

dimensional (2-D) chromatography in which each distribution is separated orthogonally

from the other.^ Commonly, analytes are separated by size (hydrodynamic volume) using

size exclusion chromatography (SEC) in the first dimension to provide MMD; followed

by liquid chromatography at critical conditions or gradient elution liquid chromatography

in the second dimension to provide insight into the composition.^"^ This approach can

provide a wealth of information; however, it can be tedious to perform. Optimum

separation conditions for each dimension must be found and are usually different from

one another, equipment configurations are complicated, on-line coupling of each

dimension is not always possible, mixed mobile phases are used limiting available

detection possibilities, and analysis times are long.

Thermal field-flow fractionation (ThFFF) can overcome some of the above

mentioned limitations of 2-D chromatography and is an ideal choice for the

characterization of copolymers because; 1) the separation is dependent on both the

analyte hydrodynamic volume and composition allowing for simultaneous

characterization of MMD and CCD provided appropriate detection schemes are used; 2)

it is applicable to a wide range of macromolecule chemistries and molecular weights; 3)

separation is accomplished in a single solvent making analyte detection simple; 4) sample

shear degradation is avoided because of the open channel design; 5) sample amounts less

than 0.1 mg are required; and 6) it is fast.

Analyte retention in the ThFFF channel can be described by equation 5.1
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where D is analyte normal diffusion coefficient, AT is the temperature difference applied

across the chamiel, and X is the ThFFF retention parameter that connects experimentally

determined retention times to physicochemical properties of the analyte (calculated using

equation 2.13). Experimentally, Dt can be calculated from equation 5.1 provided that D

is determined extemally.

D
;l = (5.1)

Dt values for different homopolymers in different organic solvents have been

reported and the overarching conclusions are that it is independent of molecular weight

and branching, and that it is unique for each polymer-solvent combination. The first

conclusion infers that mixtures of different molecular weights of the same homopolymer

can be separated by size, or differences in D values. The second conclusion indicates that

Dt is composition dependent and that mixtures of different types of homopolymer

chemistries with similar D values can be separated because of differences in Dt values.

Homopolymer mixtures of different chemistries that cannot be resolved by SEC because

they have the same hydrodynamic size can be resolved by ThFFF, and the potential for

it's use to separate and characterize heterogeneous copolymers was recognized 20 years

ago.'^^

ThFFF characterization of polystyrene-polyisoprene (PS-PI) and polystyrene-

poly(methyl methacrylate) (PS-PMMA) revealed that Dt is governed by monomer units

in the outer tree draining region of the polymer in solution, and that Dt varies linearly

17*2 too

with the mole fraction of one monomer component. ' ' ' This linearity is valid for
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random copolymers in both selective and non-selective solvents so long as the solvent is

good for both monomer components. It has only been validated for one set of PS-PI

block copolymers in a good, non-selective pure solvent. These results infer that if Dj

is known for each homopolymer component of a copolymer, then its composition can be

determined.

The MMD and CCD of several different copolymers including polystyrene-

polybutadiene (PS-PB), poly(methyl methacrylate)-polybutadiene (PMMA-PB),

polystyrene-polyethylene oxide (PS-PEO), and PS-PMMA have been characterized using

SEC-ThFFF 2-D chromatography or ThFFF with viscometric detection."*^

Combining SEC with ThFFF yields MMD in the first dimension and CCD m the second

dimension where D values obtained from SEC are used to calculate Dt values from

ThFFF.'*^'^^^ This approach has the same limitations as previously mentioned for 2-D

chromatography. Using only a viscometry detector requires measurements of intrinsic

viscosity to obtain D and retention time in two different solvents followed by solving two

equations for two unknowns. CCD characterization of polystyrene-polyacrylonitrile

(SAN) was achieved using ThFFF with only an online MAES detector by converting the

measured radius of gyration (Rg) to a hydrodynamic radius followed by conversion

to D through the Stokes-Einstein relation. However, the correct conversion factor of Rg

to Rh had to be determined by SEC prior to ThFFF-MALS analysis. This approach did

not yield MMD because the correct dn/dc for the copolymer in the chosen solvent was

not knovm.^^°

The limited application of ThFFF for the characterization of both MMD and CCD

is due to the lack of available, well characterized copolymer "standards" that
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systematically vary in molecular weight, composition and microstructure. This has

hindered a detailed investigation of the fundamental behavior of copolymer Dj as a

function of these variables. Additionally, the need to acquire D values from external

measurements is tedious. The integration of online photon correlation spectroscopy

(PCS), along with the establishment of operational guidelines for accurate measurement

of D values, provides a technique to quickly measure Djoi fractionated copolymers as

they elute the ThFFF channel.

This work presents the application of ThFFF in conjunction with multiangle light

scattering, differential refractive index and PCS (ThFFF-MALS/dRI/PCS) for the

simultaneous MMD and CCD determination of polystyrene-co-poly(n-butyl acrylate)

(PS-PBA) and polystyrene-co-poly(methyl acrylate) (PS-PMA) copolymers which have

never been characterized by ThFFF. ThFFF-MALS/dRI/PCS itself is a new combination

of instrumentation never before used for measurements of online Dt values. The

objectives of the this work are to: 1) systematically evaluate copolymer Dt as a function

of molecular weight, composition, and microstructure; 2) establish a Dr vs. mole fraction

universal calibration curve for PS-PBA and PS-PMA from online Dt measurements, and

3) measure the MMD and CCD of PS-PBA and PS-PMA copolymers.

5.2 Experimental

Linear PS-PBA and PS-PMA copolymer standards, along with their

corresponding linear PBA and PMA homopolymers, were synthesized via radical

addition-fragmentation chain transfer (RAFT) polymerization and provided by National

Starch and Chemical Company (NSC - Bridgewater, NJ, USA).
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5.2.1 Copolymer Standards

Tables 5.1 and 5.2 list all the PS-PBA and PS-PMA samples characterized by

ThFFF-MALS/dRI/PCS. Table 5.3 lists one PS-PBA and four PBA-PMA miktoarm star

copolymers that were also evaluated.

Table 5.1. PS-PBA copolymer standards.

Sample Microstructure tkDaF '' PDl" Weight percent PS/PBA''

PS-PBA 1 diblock 91.1 1.21 90/10

PS-PBA 2 diblock 102.5 1.22 80/20

PS-PBA 3 diblock 117.1 1.26 70/30

PS-PBA 4 diblock 31 1.2 70/30

PS-PBA 5 diblock 43.4 1.3 50/50

PS-PBA 6 diblock 72.3 1.3 30/70

PS-PBA 7 diblock 108.5 1.4 20/80

PS-PBA 8 random 67.5 - 38/62

PS-PBA 9 random 49.2 - 47/53

PS-PBA 10 random 15.3 - 62/38

PS-PBA 11 diblock 100.9 1.27 100/0

PS-PBA 12 diblock 111.7 1.26 90/10

PS-PBA 13 diblock 128 1.29 79/21

PS-PBA 14 diblock 138 1.34 73/27

PS-PBA 15 diblock 187.7 1.6 54/46

PS-PBA 16 diblock 64.8 1.26 72/28

PS-PBA 17 diblock 88.3 1.29 53/47

PS-PBA 18 diblock 112.3 1.32 42/58

PS-PBA 19 diblock 133 1.35 35/65

PS-PBA 20 diblock 148 1.41 32/68

PS-PBA 21 diblock 162.4 1.42 29/71

^Weight average molecular weight, ̂Provided by NSC (PDI data for random copolymers not
provided).

Table 5.2. PS-PMA copolymer standards.

Sample Microstructure M., tkDaF" PDI Weight percent PS/PMA*^

PS-PMA 1 diblock 119.3 1.38 62/38

PS-PMA 2 diblock 139.8 1.4 53/47

PS-PMA 3 diblock 160.3 1.46 42/58

PS-PMA 4 diblock 298.7 1.79 27/73

PS-PMA 5 diblock 416.6 2.09 25/75
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Table 5.2. Continued

Sample Microstructure M.., rkDal"'" PDI Weight percent PS/PMA"

PS-PMA 6 diblock 49.4 1.21 84/16

PS-PMA 7 diblock 88.7 1.22 38/62

PS-PMA 8 diblock 204.7 1.48 16/84

PS-PMA 9 diblock 32.8 1.24 53/47

PS-PMA 10 diblock - 37/67

PS-PMA 11 diblock - 27/73

PS-PMA 12 diblock 96.5 1.11 20/80

PS-PMA 13 diblock - 14/16

"Weight average molecular weight and PDI provided by NSC (values for PS-PMA 10, 11 and 13
not provided), "Measured at Colorado School of Mines (CSM) by SEC-UV-Vis/dRI

Table 5.3. Miktoarm star copolymer samples.

Sample^ M., (kDal" PDl" Weight percent PBA/PMA''

BAMAS - 1 605 1.37 93/7

BAMAS - 2 468 1.37 78/32

BAMAS - 3 448 1.34 39/61

BAMAS-4 434 1.39 14/86

Sample" fkDal'' PDl" Weight percent PS/PBA''

SBAS- 1 898 1.48 39/61

®BAMAS: butyl acrylate - methyl acrylate star, SBAS: styrene - butyl acrylate star
''weight average molecular weight and polydispersity index values taken from reference 6

5.2.2 ThFFF Channels, Conditions and Sample Preparation

Two ThFFF channels (A and B) were used for this study. Each channel was

connected online to Wyatt DAWN-EOS multi-angle light scattering (MAES), Optilab

DSP differential refractive index (dRI), and photon correlation spectroscopy (PCS)

detectors (Wyatt Technologies, Santa Barbara, CA) to monitor sample elution. The

specific refractive index (dn/dc) values for PS, PBA, and PMA in methyl ethyl ketone

(MEK) (Mallinckrodt Chemicals, Phillipsburg, NJ, USA) carrier liquid were 0.22 mL g"',

0.0783 and .0975 mL g"' respectively. The values for PBA and PMA were established
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offline using the dRI detector in lab. MEK was chosen because it is a good, non-selective

solvent for PS, PBA and PMA that provides the best retention. Constant zIT values

ranging from 50 - 100°C were applied across each channel.

Channel A is an in-house built channel with a tip to tip length of 27.5 cm, width

of 2 cm, thickness of 127 pm and channel void volume of 0.75 mL. This channel was

used for fundamental investigations the effect of copolymer molecular weight,

composition, and microstructure on Dj. Dj values measured on this channel were

calculated using batch mode D values. 20 pL sample volumes were injected and the flow

rate was set at 0.2 mL min"\

Channel B is commercially available from Postnova Analytics (Model TF2000,

Landsberg, Germany) with a tip to tip length of 45.6 cm, width of 2 cm, thickness of 127

pm and channel void volume of 1.14 mL. This channel was used for the simultaneous

characterization of MMD and chemical composition distributions CCD. 0.4 pL sample

volumes were injected and the flow rate was set at 0.4 mL min"\ Online PCS data was

collected at a scattering angle of 38° per the guidelines established for accurate on-line D

measurements.

For experiments on channel A standards of PBA, PMA, PS-PBA and PS-PMA

were recovered from solution by precipitation in methanol followed by vacuum filtration

and oven drying at 70°C. 5 mL solutions of each recovered standard were prepared at

3.0, 2.0, 1.0, 0.4 mg mL'^ in MEK for batch mode D measurements. Each solution was

filtered through a 0.2 pm PTFE filter (Millipore, Billerica, MA, USA) 3 times prior to

measurements to remove any dust. The 1.0 mg mL"' sample solutions were used for

injection into the ThFFF channel.
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For experiments on channel B standards of PBA, PMA, PS-PBA and PS-PMA

were diluted from the original sample solutions with MEK (w/w) and injected directly

into the instrument. Triplicate injections were made for samples on each charmel. In all

cases sample overloading was avoided.

5.2.3 SEC Conditions and Sample Preparation

Compositional characterization of all samples seen in Table 4.2 was performed by

SEC with UV-Vis at 254 nm (Waters 486 - Milford, MA, USA) and dRI (Waters 410 -

Milford, MA, USA) detection at the Colorado school of Mines (CSM) using a series of

PL-gel 5 pm colunms (guard-mixed C - 500 A - ICQ A) and following protocol provided

by NSC. Tetrahydrofuran (THE) (Mallinckrodt Chemicals, Phillipsburg, NJ, USA) was

used as the mobile phase at a flow rate of 1.0 mL min"^ and the column temperature was

held at 40°C. Calibration curves were generated using Varian EasiVial™ polystyrene

standards (Polymer Laboratories, UK). Samples were injected through a Rheodyne 7125

injector (Oak Harbor, WA, USA) equipped with a 50 pL sample loop.

All samples for GPC/UV-Vis/dRl analysis were prepared in THE. Samples

previously precipitated in methanol were prepared at 10 mg mL"^ concentrations.

Otherwise standards were diluted directly from the original solution (w/w).

5.3 Results and Discussion

First, results on the fundamental behavior of copolymer Dj are shown. Second, a

universal calibration curve of Dj vs. mole fraction is generated. Finally, MMD and CCD
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characterization of PS-PBA and PS-PMA copolymers is achieved using ThFFF-

MALS/dRI/PCS.

5.3.1 Copolymer Thermal Diffusion

It is important to understand how copolymer Dr behaves as function of MW,

composition and microstructure to better evaluate copolymer retention in ThFFF. Figure

5.1 is a plot of Dj-vs. MW for PS-PBA copolymers. The data points were calculated

using independently obtained D values from batch mode PCS measurements. This is the

first direct evidence that Dt is independent of MW for compositionally similar

copolymers (represented by the various horizontal lines). Data along the horizontal lines

suggests that copolymers of similar composition, but different MW can be separated by

size (similar to the separation of homopolymers). Moving vertically along a constant

molecular weight suggests that compositionally variant copolymers of similar MW can be

separated because of changes in Dt values.

o 1.4

B 1.2-

MW(kDa)

Figure 5.1. Dj-vs. MIT of PS-PBA copolymers. The horizontal lines demonstrate the
molecular weight independence of Dt for copolymers of similar composition. Weight
percent PS/PBA; 100/0 (■), 90/10 (•), 70/30 (A), 50/50 (□), 30/70 (o), 0/100 (no
symbol, dotted line). Dt values were calculated using batch mode D measurements.
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The fractogram seen Figure 5.2a demonstrates a separation of a mixture of

compositionally similar linear PS-PBA copolymers that are 70 percent by weight PS and

have molecular weights of 31 and 117 kDa respectively. The separation occurs as

expected with the lower molecular weight component eluting first. Figure 5.2b shows

increasing retentions times for PS-PBA copolymers of similar molecular weights (105

kDa) as the PS content increases from 0-100 weight percent PS. As expected retention

times are increased as the weight percent PS increases because PS has a larger Dt value.

D values for analytes shown in 5.2b increase from 6.3 - 7.6 x 10"^ cm^ sec"^ as the weight

percent of PS increases indicating that retention times should decrease (see equation 5.1).

However, the overall increase in Dj-from 0.8 to 1.58 x 10'^ cm^ sec"' K"' dominates the

Dt id ratio controlling retention, and the net result is an increase in analyte retention

time.

A linear calibration between composition and retention time at peak maximum

can be derived from the samples in Figure 5.2b. Actual analyte retention time is MIT and

ThFFF channel dependent, therefore different MW samples would require individual

calibration curves specific to each channel to determine composition. Analyte retention

ratios {R), defined as the retention time of an unretained to a retained analyte, can be

related to copolymer composition and eliminate channel specificity in the calibration.

Figure 5.3 shows three linear calibration curves relating the weight percent PMA in PS-

PMA diblock copolymers to R, each one is unique for a specific PS block length. This

approach has drawbacks such as the requirement of knowledge of the PS block weight to

derive composition, the curves are invalid for random copolymers and they are dependent

on the chosen AT.
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a)

2
T3

31 kDa

117 kDa

t4 ■ 8
Retention time (min)

PS wt % 20 80 100

I

8  12 16

Retention time (min)

Figure 5.2. a) Separation of PS-PBA copolymers with the same composition (PS weight
percent of 70), but different MW. ThFFF conditions: carrier liquid: MEK, dF- 80°C
constant, flow rate: 0.2 mL min'\ sample injection volume: 20 pL. b) Separation of PS-
PBA copolymers with similar M1F( 105 kDa), but different compositions (PS: 0%. 20%.
80%. 100% left to right). ThFFF conditions: carrier liquid: MEK, dT: 80°C constant,
flow rate: 0.2 mL min"\ sample injection volume: 20 pL.
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PS block M =82kDa
W

PS block M =46.7kDa
W

PS block M -21.7kDa

P 40

.SP 20

Retention Ratio (R)

Figure 5.3. Weight percent PMA vs. R calibration of the ThFFF channel for
compositional analysis of PS-PMA copolymers. Each curve is dependent on the PS
block length.

5.3.2 Dr vs. Mole Fraction Universal Calibration

Figure 5.4 plots D^vs. mole fraction of PBA for linear diblock, linear random and

miktoarm star PS-PBA copolymers in MEK. Dr values were calculated using batch

mode D values. The dashed line is a linear fit to the Dt values of PS and PBA

homopolymers. All samples agree well with this line regardless of molecular weight,

microstructure or architecture indicating that Dt is govemed by the composition of the

PS-PBA copolymers in a good, non-selective solvent for both monomer components.

This trend agrees with previous reports for PS-PMMA random copolymers in toluene and

PS-PI diblock copolymers in THF.^^^'^^° Figure 5.4 is instrument independent, can be

viewed as universal for compositional analysis because Dt is unique for each polymer-

solvent combination.
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-.80x + 1.58
0.8PBA

0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction PBA

Figure 5.4. Universal calibration curve of Oj vs. mole fraction PBA constructed from PS-
PBA diblock (PS block 21.7 kDa (•), 46.7 kDa (A), 82 kDa (0), 101 kDa (□)), random
(o), and miktoarm star copolymers (■). Dj values were calculated using retention times
taken at peak maximum and batch mode D values for each standard.

Using the guidelines for online PCS, Figure 5.4 can be generated from online

measurements of Dj. Figure 5.5 shows the linear relationship of Zlj versus mole fraction

PBA or PMA for both PS-PBA and PS-PMA copolymers derived from online ThFFF-

MALS/dRI/PCS data. Again, the lines are linear regressions of the homopolymer Dj

values, and online copolymer data falls along these lines. Interestingly, the online Dj

value for PBA is 20% greater than in Figure 5.4. This can be attributed to the

fractionation of a small amount of larger size species (PDI 1.04 - 1.54 - see samples in

Table 4.3) out of the sample that could have biased the batch mode D values to lower

values.
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PMA

o

cn

O

x

H 1.2

PS-PMA

y = .18x+ 1.67

PS-PBA

y = -.66x +1.67
■^ 1 1 I

PBA

0.2 0.4 0.6 0.8

Mole fraction PBA or PMA

Figure 5.5. Universal calibration curve of Dj vs. mole fraction acrylate in PS-PBA (solid
triangles) and PS-PMA (solid circles) standards measured online using ThFFF-
MALS/dRJ/PCS. Dt values are averages measured across the entire peak.

5.3.3 Composition and Molecular Weight Analysis Using ThFFF with Online
MALS/dRI/PCS Detection

The composition and molecular weight of the PS-PBA and PS-PMA copolymers

seen in Tables 5.1 and 5.2 were determined using ThFFF-MALS/dRI/PCS. The chemical

composition was determined using average Dt values (calculated from online D values

measured across the entire elution peak) in combination with the universal calibration

seen in Figure 5.5. The molecular weight of the copolymer was calculated using a dn/dc

value estimated according to equation 5.2 where Wps and Wpj are the weight percents of

the PS and polyacrylate components in the copolymer, and (dn/dc)ps and (dn/dc)pa are the

specific refractive indices of the PS and polyacrylate homopolymers in the carrier

liquid, 21
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{dn / dc)pg_p^ = {dn / dc)pg Wp^ + {dn / dc)p^ Wp^ (5.2)

Figure 5.6 compares the nominal and ThFFF-MALS/dRI/PCS measured weight

percent PS in the PS-PBA copolymers. Excellent agreement is observed. Table 5.4

compares the ThFFF measured composition and molecular weight for each sample

against the nominal values. Good agreement between the molecular weight data is seen.

Also, the measured Dt and D values for each sample are shown in Table 5.4, and both

are seen to decrease with increasing PBA content as expected.

loo

's

i 80H
Oh

4:3
bO

• ̂

<D

CZ)

Oh

Ph
Ph
P^H

H 20

60 ̂

40

y = .99x +.17

r' = .98
"T

20 40 60 80 100

Nominal PS weight percent in PS-PBA

Figure 5.6. Comparison of weight percent PS measured using the universal calibration
curves seen in Figure 5.5 with the nominal weight percent PS values for PS-PBA
copolymers.

Figure 5.7 and Table 5.5 show analogous data for the PS-PMA copolymer

samples. Good agreement between the nominal and ThFFF measured composition and

molecular weight is observed. Increased scatter in the PS-PMA data is seen compared to
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the PS-PBA samples and this can be attributed to the decrease in the slope of the

universal calibration curve. Dt is observed to increase and D is seen to decrease with

increasing PMA content as expected for the PS-PMA samples.

Table 5.4. Comparison of nominal and ThFFF measured composition and M,,, for PS-

M„, (kDa)" Weight percent PS/PBA

Sample Nominal ThFFF PDI Nominal ThFFF ui D'

PS-PBA 11 100.9 92.1 ±2.9 1.17 100/0 99/1 1.63 ±0.03 6.9 ±0.1

PS-PBA 12
111.7 101.3 ±0.8 1.17 90/10 89/11 1.58 ±0.03 6.5 ±0.1

PS-PBA 13
128 112.6 ± 1.6 1.18 79/21 85/15 1.56 ±0.03 6.2 ±0.1

PS-PBA 14
138 129.1 ±2.5 1.21 73/27 74/26 1.49 ±0.02 5.7 ±0.2

PS-PBA 15
187.7 202.6 ±7.3 1.38 54/46 47/53 1.32 ± 0.06 4.8 ±0.2

PS-PBA 16
64.8 63.5 ± 0.4 1.11 72/28 67/33 1.46 ±0.05 8.6 ±0.3

PS-PBA 17
88.3 86.3 ± 0.7 1.13 53/47 54/56 1.36 ±0.03 7.2 ±0.2

PS-PBA 18
112.3 107.8 ± 10.1 1.15 42/58 44/56 1.32 ±0.05 5.9 ±0.2

PS-PBA 19
133 130.1 ±24.6 1.22 35/65 42/58 1.31 ±0.02 5.3 ±0.1

PS-PBA 20
148 144.7 ± 15.8 1.25 32/68 36/64 1.27 ±0.03 4.9 ± 0.2

PS-PBA 21
162.4 175.4 ± 1.3 1.26 29/71 25/75 1.19±0.08 4.3 ± 0.3

"weight average molecular weight, Drx 10' cm'sec" K", DxlC cm sec'

Sample PS-PMA 8 in Table 5.5 does not agree with nominal data and was not

included in Figure 5.7. The negative estimation of the PS content and the overestimation

of the molecular weight can be attributed to overloading of the sample in ThFFF channel.

Overloading causes the peak maximum to shift erroneously to longer retention times

yielding a smaller X and larger Dj values (equation 5.1). The net result was an

-7 2
overestimation of Drto a value larger than that for PMA homopolymer (1.92 x 10" cm

sec"^ K"' vs. 1.87 X 10"^ cm^ sec"' K"'). The error in the calculated weight percent PS is

amplified because of the small slope of the universal calibration curve.
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Figure 5.7. Comparison of weight percent PS measured using the universal calibration
curves seen in Figure 5.5 to the nominal weight percent PS values for PS-PMA
copolymers.

Table 5.5. Comparison of nominal and ThFFF measured composition and M„ PS-PMA

M„. (kDa)" Weight percent PS/PMA

Samnle Nominal ThFFF PDI Nominal ThFFF DjL D"

PS-PMA 1 119.3 138.6 ±6.3 1.13 62/38 73/27 1.72 ± .08 5.65 ± .27

PS-PMA 2 139.8 143.6 ±2.9 1.14 53/47 60/40 1.75 ±.01 5.06 ± .03

PS-PMA 3 160.3 167.5 ±3.0 1.18 42/58 57/43 1.75 ± .04 4.43 ±.17

PS-PMA 4 298.7 326.4 ±20.1 1.07 27/73 32/68 1.79 ± .06 3.10 ±.06

PS-PMA 5 416.6 361.8 ± 109.4 1.27 25/75 20/80 1.81 ±.08 2.57 ±.l

PS-PMA 6 49.4 53.3 ± 1.6 1.11 84/16 66/44 1.74 ±.05 10.47 ± .32

PS-PMA 7 88.7 97.6 ± 15 1.09 38/62 59/41 1.75 ±.12 6.47 ±.32

PS-PMA 8 204.7 365.5 ± 50.9 1.25 16/84 -64 1.92 ± .05 3.96 ± .22

PS-PMA 9 32.8 29.4 ± 0.4 1.06 53/47 58/42 1.75 ± .07 14.14 ±.54

PS-PMA 10
- 48.5 ±0.3 1.03 37/67 38/62 1.78 ±.05 10.27 ±.21

PS-PMA 11
- 60.0 ± 0.3 1.03 27/73 21/79 1.81 ±.06 8.07 ±.40

PS-PMA 12 96.5 95.4 ±8.1 1.06 20/80 16/84 1.82 ±.07 6.87 ±.36

PS-PMA 13
- 95.0 ±7.8 1.08 14/16 21/79 1.81 ±.05 5.54 ±.18

■■ ^ ~ ■

'"weight average molecular weight (data not provided by NSC), Dj- x
2  -1

cm sec

Dx 10"
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A carrier liquid that provides the greatest difference between Dt values for each

monomer component of the copolymer is the best choice for compositional analysis by

ThFFF-MALS/dRI/PCS. Unfortunately, for the PS-PMA copolymer samples, Dt values

in carrier liquids other than MEK such as THF, toluene or 1,4-dioxane were not predicted

to have an increased difference between them, and their magnitude predicted shorter

retention times for the samples (see Tables 4.3 and 4.6). If Devalues for each component

of the copolymer are equal, then its composition cannot be determined. This is a major

limitation of this method. As the slope of the lines in Figure 5.5 become steeper this

method becomes more robust to small variations in analyte retention times or measured

on-line D values.

5.3.4 Compositional Characterization of Miktoarm Star Copolymers.

ThFFF-MALS/dRI/PCS is a method that can provide detailed information about

the molecular weight and composition of complex materials such as miktoarm star

copolymers. A miktoarm star copolymer is constructed from two different types of

homopolymer arms. The final composition can be controlled by the initial molar ratio of

arms. Typical characterization of the final product is an arduous process that requires a

combination of multiple techniques such as SEC-LCCC 2-D chromatography and ̂ H-

NMR.®

Table 5.6 shows the experimental average composition and molecular weight of

the SBAS and all four BAMAS miktoarm star copolymers from ThFFF-MALS/dRI/PCS.

The SBAS composition is in excellent agreement with the nominal values, however the

molecular weight is half the nominal value. The molecular weight is overestimated for
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all the BAMAS samples which is a result of the overestimation of PBA from Dj

measurements. Experimentally, Dt for copolymers is governed by radial distribution of

monomers and their composition in outer, Ifee-draining region of molecule. The

results for the BAMAS samples would indicate that the PBA component is enriched in

the outer regions of the miktoarm star over that of the desired composition. This can be

attributed to extension of the PBA amis further into solution compared to PMA arms

because of their difference in molecular weight and degree of polymerization (DP) of the

PBA (M,„ - 10.9 kDa, DP - 85) and PMA (M, - 6.5 kDa, DP - 76) arms. The DP of the

PS and PBA arms in the SBAS are nearly equal (PS - 87, PBA - 85) thus returning a

more accurate average composition from ThFFF analysis.

Table 5.6. Comparison of nominal and ThFFF measured composition and molar mass for

M,, (kDa)"
Weight percent
PBA/PMA

Sample Nominal ThFFF PDI Nominal ThFFF Dt

BAMAS - 1 605 922.3 ± 39.9 1.62 93/7 100/0 0.95 ± .02 4.78 ±0.1

BAMAS-2 468 670.0 ± 26.4 1.59 78/32 97/3 1.03 ± .04 5.27 ±.16

BAMAS-3 448 564.5 ± 78.6 1.59 39/61 78/22 1.24 ±.01 5.61 ±.08

BAMAS-4 434 644.9 ± 96.6 1.82 14/86 63/37 1.39 ±.01 5.42 ± .03

M„, (kDa)" Weight percent PS/PBA

Sample Nominal ThFFF PDI Nominal ThFFF Dt

SBAS- 1 898 415.2 ± 10.4 1.49 39/61 38/62 1.29 ±.03 6.15±.17

Veight average molecular weight, ''Zlj-x 10"' cm'sec"'K'', '^D x 10"^ cm^sec"'

The power of the ThFFF-MALS/dRI/PCS method is that it can provide detailed

characterization of the fractionated analyte at designated time slices as it elutes the

ThFFF channel. Figure 5.8 shows an overlay of the MATS (solid line) and dRI (dotted
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line) traces from the fractionation of the SB AS miktoarm star copolymer listed in Table

5.3. Both traces show a component of the sample at short retention times that is not

completely separated from the void peak, but is well separated from the main peak. This

peak can be attributed to residual unreacted arms in the final purified product. The main

peaks in the dRI and MATS traces do not overlay one another and yield different average

Dt values from each peak maximum. As indicated in Chapter 3, the MATS peak

maximum provides a more accurate measurement of Dj values. The Dj value calculated

from the MATS peak maximum (1.29 x 10"^ cm^ sec"' K"') retumed a weight percent PS

of 38% which is excellent agreement with the nominal value.^ The average Dt value

from the dRI peak maximum overestimated the weight percent PBA in the sample.
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D^=1.29±.03
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Figure 5.8. Overlay of the MALS (solid line) and dRI (dashed line) traces from a ThFFF
separation of a PS-PBA miktoarm star copolymer. ThFFF conditions; carrier liquid:
MEK, zlT: 100°C constant, flow rate: 0.4 mL min"^ sample injection volume: 0.4 up,
sample concentration: 40 mg mL"\
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Figures 5.9a and b (after section 5.4 - page 137) show detailed characterization of

the SBAS sample at 30 second time slices across the elution profile. Figure 5.9a shows a

drift in Dt (solid squares) and the corresponding weight percent PBA (open squares) as

retention time increases until a constant PBA content of approximately 55 weight percent

is reached at 9 minutes. The retention time is seen to increase with increasing Dt values

as expected. Figure 5.9b plots the change in D and molecular weight against the

retention time of the fractionated sample. The retention time is observed to increase as D

decreases and the molecular weight increases as expected. The combination of Figures

5.8, 5.9a and 5.9b indicate that the SBAS miktoarm star copolymer is broadly distributed

in both composition and molecular weight. A high concentration of low molecular

weight species varying in PBA concentration is seen below 9 minutes, while a higher

molecular weight component with a more constant composition is seen above 9 minutes.

Figures 5.10a-c through 5.13a-c show the analogous detailed ThFFF-

MALS/dRI/PCS characterization of the BAMAS - 1 through BAMAS - 4 samples listed

in Table 5.3 (after section 5.4 - pages 138 -141). The method revealed a broad

distribution of compositions and molecular weights within each sample that was not

known from the original SEC-LCCC 2-D chromatography and ̂ H-NMR characterization.

5.4 Conclusions

An examination of the fundamental behavior of copolymer Dt revealed that it is

independent of molecular weight, and that it is linearly dependent on composition in a

good, non-selective solvent regardless of the microstructure or architecture. These results
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help to establish a universal calibration curve of Dt vs. mole fraction of one of monomer

constituents of the copolymer.

Simultaneous online characterization of MMD and CCD of linear PS-PBA and

PS-PMA copolymers was accomplished using the novel ThFFF-MALS/dRI/PCS

instrument combination. CCD was determined from the universal calibration curve.

MMD was calculated using a weighted dn/dc value for the copolymer calculated from

experimentally determined weight percents of each component. Both were in agreement

with nominal values.

Detailed characterization of miktoarm star copolymers was accomplished by

monitoring Dj at various time slices of the elution. The samples were found to vary in

composition across the elution profile. The measured average SBAS composition was in

agreement with the given value while the PBA content in the BAMAS samples was

overestimated by ThFFF-MALS/dRI/PCS.

The method present here is an improvement over contemporary techniques

because it can detect composition changes across the elution peak of complex materials

without the need for two-dimensional chromatography and it is fast (characterization can

be accomplished in less than one hour). Since Dt is a function of the polymer-solvent

pair, and not the instrumentation, data generated across different laboratories can easily

be compared helping to establish ThFFF as a comerstone technology for macromolecular

separations and characterization.
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Figure 5.9a and b. a) Overlay of Z)^(solid squares) and weight percent PBA (open
squares) taken at 30 second slices across the peak elution time for SBAS. b) Overlay of
D values (open squares) and MtF (solid line) taken at 30 second slices across the peak
elution time.
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Figure 5.10a - c. ThFFF-MALS/dRI/PCS characterization of BAMAS - 1. a) Overlay
of MALS (solid line) and dRI (dashed line) traces, b) Overlay of Dr and weight percent
PBA at 30 second intervals, c) Overlay of D at 30 second intervals and MW. ThFFF
conditions: carrier liquid: MEK, zlT: 100°C constant, flow rate: 0.4 mL min'^ sample
injection volume: 0.4 up, sample concentration: 40 mg mL"'.
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Figure 5.1 la - c. ThFFF-MALS/dRI/PCS characterization of BAMAS - 2. a) Overlay
of MALS (solid line) and dRI (dashed line) traces, b) Overlay of Dt and weight percent
PBA at 30 second intervals, c) Overlay of Z) at 30 second intervals and MW. ThFFF
conditions: carrier liquid: MEK, AT: 100°C constant, flow rate: 0.4 mL min'\ sample
injection volume: 0.4 up, sample concentration: 40 mg mL"\
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Figure 5.12a - c. ThFFF-MALS/dRI/PCS characterization of BAMAS - 3. a) Overlay
of MALS (solid line) and dRI (dashed line) traces, b) Overlay of Dt and weight percent
PEA at 30 second intervals, c) Overlay of Z) at 30 second intervals and MW. ThFFF
conditions: carrier liquid: MEK, dZ: 100°C constant, flow rate: 0.4 mL min"\ sample
injection volume: 0.4 up, sample concentration: 40 mg mL"\
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Figure 5.13a - c. ThFFF-MALS/dRI/PCS characterization of BAMAS - 4. a) Overlay of
MALS (solid line) and dRI (dashed line) traces, b) Overlay of Dt and weight percent
PBA at 30 second intervals, c) Overlay of Z) at 30 second intervals and MW. ThFFF
conditions: carrier liquid: MEK, AT: 100°C constant, flow rate: 0.4 mL min"\ sample
injection volume: 0.4 up, sample concentration: 40 mg mL'^
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CHAPTER 6

CHARACTERIZING POLYMER ARCHITECTURE USING THERMAL FIELD-

FLOW FRACTIONATION

6.1 Introduction

The presence of branching in a polymer alters its bulk, rheological and solution

properties compared to linear macromolecules. It can also affect properties such as

brittleness, adhesion and haze of end use products, and the processing of the raw

19 9^1 ̂4 • • •

materials from which they are made. ' ' Branching characterization remains a great

challenge in both polymer and separation sciences. A technique that can accurately

assess the number of branch points and/or the number of chain ends in a macromolecule

would be highly desirable; and would no doubt be extremely valuable in the design of

novel materials, the development of structure-property and structure-processing

correlations, and to further recognize the full economic potential of current existing

materials.

Macromolecules are commonly characterized according to their global properties

such as molar mass distribution and the radius of an equivalent sphere (the volume the

individual polymer occupies) in dilute solutions.'^ Several different radii can be

measured including the radius of gyration, hydrodynamic radius, viscosity radius and

thermodynamic radius {Rg, Rh, Rr, and Rt)}^'^^^ Branching leads to a contraction of the

polymer relative to that of a linear analogue, and can be characterized through the

12
measurement of contraction factors.

Light scattering measures an Rg (g) by comparing Rg of a branched molecule to Rg

of its linear analogue (g = <Rg
l/2> from which the average number of
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branch points per molecule (or branching density) can be estimated using the Zimm-

Stockmayer approach.'' Accurate characterization is limited to macromolecules that

have an angular dependence of their scattering intensity. A viscosity contraction factor

(g') is obtained by comparing the intrinsic viscosity of a branched molecule to its linear

analogue {g - [?/]j/[?/]/w). g' can be related to g as g- '= g". The exponent has been

estimated to range from .5 for stars to 1.5 for linear polymers, but is not well defined for

randomly branched polymers. Thus quantitative branching information is difficult to

obtain from intrinsic viscosity measurements of randomly branched polymers.^^''"^ The

major limitations to these approaches are the need for linear analogues of the same

molecular weight and chemistry as the branched molecule, and samples with narrow

polydispersities. Both of these requirements are usually difficult to meet.

Chromatography can be coupled with online light, scattering and/or viscometry

detectors to yield the desired narrow dispersity fractions from a polydisperse sample.

Size exclusion chromatography (SEC) has been used to fractionate comb and centipede

polystyrene (PS) ranging in molecular weight from 200 to 1500 kDa. The exponent in

the relationship between g and g' was measured to be 0.9, indicating a structure between

a star and linear polymer. However, calculation of the number of branches was not

possible because empirical g approached unity. The major limitation in using SEC is

that it cannot separate mixtures of architecturally different polymers if they are the same

hydrodynamic size. Therefore, it must rely on multidetection methods to characterize

architecturally variant polymers. In the absence of a linear analogue, online photon

correlation spectroscopy (PCS) can be used to measure Rh values of narrow disperse

fractions of a non-linear polymer. The Rh value can then be combined with Rg from light
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scattering to yield Rp/Rg ratios. This provides only a qualitative assessment of polymer

architecture.^^'^^'^^

A more highly sought after approach is the development of a chromatography

method that will separate polymers based on differences in architecture. Temperature

gradient interaction chromatography (TGIC) has been used to probe the structures of star

and hyperbranched polystyrenes/ H-shaped polybutadienes^® and miktoarm star

copolymers.^' For polystyrene stars, retention was observed to increase with incremental

increases in the number of arms.'^ Characterization of H-shaped polybutadiene revealed

nearly equal amounts of components with 1, 2 and 3 branch points in a product believed

to be structurally pure.^'^ TGIC revealed the presence of 6 different byproducts in a

desired polystyrene-polyisoprene 4-arm miktoarm star copolymer designed to have one

PS and three polyisoprene (PI) arms.^^ TGIC combined with SEC in an off-line 2-D

chromatography approach was used to separate linear from star polystyrenes and quantify

the star fraction. The major drawback to using TGIC is the use of a binary mobile

phases and the need to indentify the critical conditions for the analyte.

More recently, molecular topology firactionation (MTF) has been developed with

the motivation to probe long chain branching (LCB) of polyethylene.^^"^^ Separation of

branched molecules in MTF is proposed to be accomplished by either force entanglement

(pinning) or relaxation/reorientation in confined spaces as polymers pass through an SEC

column packed with a submicron nonporous silica beads. More highly branched

molecules are retained longer. The potential of this technique was first demonstrated

with a successful separation of linear, 3-arm and 4-arm star PS. Increases in LCB in a

broad molecular weight polyethylene sample was detected as peak tailing.^'^ MTF
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combined with SEC provides a unique approach to a mapping of both the size and

9 S

branching distributions of a polymer. The major drawbacks to MTF are its extremely

long analysis times (20 hours) and a minimum critical molecular weight (usually around

500 kDa) below which the separation will revert back to size exclusion.

Thermal field-flow fractionation (ThFFF) is a chromatography like technique that

can fi-actionate polymers of different architectures because of its unique retention

mechanism. Analyte retention is dependent on its Soret coefficient (St) which is defined

as the ratio of thermal diffusion (Dr) to normal diffusion (D)?^ Djhas been shown to be

independent of molecular weight and branching for homopolymers.^^' D is related to the

hydrodynamic radius (Rh) through the Stokes-Einstein equation (D = kT/SitrjEf,). Any

contraction of Rh from incorporation of branching into the pol5nner will result in an

increase in D which will translate into a shift in ThFFF retention times. Since Rh is a

continuous function of the branching frequency it is hypothesized that ThFFF can

differentiate between linear and branched macromolecules, and between polymers with

different non-linear architectures. The objectives of this study are to 1) establish an

architecture based calibration curve through comparison of experimental and theoretical

Soret coefficients, 2) correlate deviation from this calibration curve to physical

characteristics of a non-linear polymer such as number of chain ends or branch points, 3)

extend the approach to characterization of non-linear copolymers, 4) evaluate different

non-linear structures in an unknown sample.

This work demonstrates the first time use of ThFFF to characterize the number of

chain ends present in non-linear polymers. A simple approach is presented that combines

theoretical predictions of polymer thermal diffusion with experimentally measured Soret
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coefficients to yield an architecturally based calibration curve. The method is shown to

be independent of the chemical nature of the polymer and, more importantly, valid for

both homopolymers and copolymers.

6.2 Experimental

Non-linear homopolymer and miktoarm star copolymer samples were used to

demonstrate the capability of ThFFF to differentiate between architecturally variant

polymers.

6.2.1 Samples

A series of well characterized PS homopolymers with similar molecular weights,

but different numbers of chain ends, and three different deuterated star poly(methyl

methacrylate) (d-PMMA) homopolymers with different numbers of arms were

investigated.^^^"^^"^ Table 6.1 lists the non-linear PS and d-PMMA samples along with

their weight average molecular weight (M,,,), polydispersity index and number of chain

ends. Figure 6.1 shows the different architectures for each homopolymer sample. One

polystyrene-co-poly(n-butyl acrylate) (SBAS) and four different poly(«-butyl acrylate)-

co-poly(methyl acrylate) (BAMAS) miktoarm star copolymers were also characterized

and are listed in Table 6.2 along their M,,, and reported number of arms.^

The data for the linear PS, PBA, PMA and PMMA homopolymer listed in Table

4.3 and the linear PS-PBA and PS-PMA copolymers listed in Tables 5.1 and 5.2 were

used for comparison against the non-linear samples in Tables 6.1 and 6.2.
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All samples were prepared in methyl ethyl ketone (MEK) (Mallinckrodt Chemicals,

Phillipsburg, NJ, USA) because it provides the best retention in the ThFFF channel. Note

that the d-PMMA samples were hazy when prepared in MEK which did not disappear

upon further dilution of the sample. The insoluble component was allowed to settle out

of solution and the resulting clear supernatant was then injected into the ThFFF channel.

Table 6.1. Non-linear PS and d-PMMA homopolymer samples.

Sample Architecture MirAkDaT PDI" Chain ends

PSl Linear 40.8 1.02 2

PS2 6-pom 41.7 1.03 6

PS3 9-end 39.7 1.02 9

PS4 13-end 35.6 1.04 13

PS5 Linear 18 1.01 3

PS6 4-arm star 16 1.01 4

d-PMMAl" 4-ami star 143 1.11 4

d-PMMA2'' 7-arm star 290 1.26 7

d-PMMA3' 14-arm star 112 1.07 14

"weight average molecular weight and polydispersity index values taken from references
192,193,194, "'arm M.,: 32 kDa, '=arm M.,: 7 kDa

a)

"He "V"
PS2: 6-pom PS3: 9-end PS4: 13-end PS6: 4-arm star

b)

-V"
d-PMMA 1: 4-arm star d-PMMA2: 7-arm star d-PMMA3: 14-arm star

Figure 6.1. Various a) PS and b) d-PMMA non linear architectures investigated by
ThFFF. PSl and PS5 (not shown) are the linear analogues of PS2 - PS4 and PS6
respectively.
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Table 6.2. Miktoarm star copolyniers.

Samnle® (kDa) PDI Number of arms

BAMAS - 1 605 1.37 57

BAMAS - 2 468 1.37 46

BAMAS - 3 448 1.34 50

BAMAS - 4 434 1.39 52

Samnle" Mu, (kDa) PDI Number of arms

SBAS- 1 898 1.48 84

Data taken from reference 6.

6.2.2 ThFFF Channel and Conditions

A ThFFF system (Model TF2000, Postnova Analytics, Landsberg, Germany) in

combination with a flow-through DAWN-EOS multiangle light scattering, Optilab DSP

differential refractive index, and Wyatt QELS photon correlation spectroscopy detector

setup (Wyatt Technologies, Santa Barbara, CA) (ThFFF-MALS/dRI/PCS) was used for

this study. The ThFFF channel was place under the following conditions: carrier liquid:

MEK, flow rate: 0.4 mL min"^ AT\ constant values ranging from 60 - 100°C, sample loop

volume: 0.4 pL, and PCS detector: 38°. dn/dc values of 0.22 mL g"' and .11 mL g"^ were

used for PS and d-PMMA in MEK respectively.'^^ Injected sample concentrations

ranged from 40 - 80 mg mL"'. All samples were injected in triplicate and the following

data was collected: void time (G), retention time (L), temperature drop across the charmel

thickness {AT), normal diffusion coefficient (D), Rh, M„.

6.3 Results and Discussion

The results are presented first for homopolymers and then extended to

copolymers. First, an architectural calibration curve was established by comparing
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experimental and theoretical Soret coefficients for linear homopolymers. Second,

deviation from this calibration curve is correlated to the number of chain ends present in

the molecule and to the change in Rh between a linear and branched molecule. Third, the

established calibration curve is used to evaluate the presence of non-linear structures in a

series of PBA homopolymers. Finally, the approach is extended to characterize the

number of chain ends in miktoarm star copolymers.

6.3.1 Homopolymers

Table 6.3 shows the Mw, D and Rh results for the homopolymer samples in Table

6.1. The measured M,,, for PS1-PS4 are ~ 10% less than nominal values, but follow the

same trend between each sample. Rh decreases and D increases compared to the linear

analogues as the amount of branching increases in the maeromolecule.'^ The Mjf values

for the d-PMMA stars are in good agreement with their nominal values.

Table 6.3. M,,,, D and Rh data for non-linear PS and d-PMMA samples.

Sample Architecture tkDaf' PDI Rh (nm)

PSl Linear 36.0 ±.39 1.01 12.5 ±.6 4.3 ± .3

PS2 6-pom 36.5 ± .72 1.02 13.1 ±.5 4.1 ±.3

PS3 9-end 35.2 ±.71 1.02 13.9 ±.4 3.9 ±.l

PS4 13-end 34.2 ± .79 1.08 15.6 ±.3 3.6 ±.3

PS5 Linear 18.2 ±.17 1.04 18.9 ± 1.5 3.0 ±.3

PS6 4-arm star 15.2 ±.06 1.02 21.5 ±.9 2.6 ±.l

d-PMMA 1 4-arm star 148.6 ±4.5 1.06 7.3 ± .7 9.2 ±1.4

d-PMMA2 7-arm star 276.9 ± 12.1 1.19 5.31 ±.4 12.2 ± 1.0

d-PMMA3 14-arm star 111.3±5.6 1.06 9.1 ±.3 7.1 ±.7

Figures 6.2 and 6.3 show ffactogram overlays of PS 1 — PS4 and PS5 - PS6

respectively. The observed peak maxima are architecturally dependent and the retention
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time decreases as the complexity of the structure increases in comparison with the linear

analogue. This is a result of an increase in D values because of a decrease in the Rh of the

macromolecule due to branching.^^''^^ Measurable differences of 30 - 60 seconds

between peak maximum retention times of each sample are observed which can be used

to characterize the polymer architecture.

w

4  6 8 10

Retention time (min)

Figure 6.2. Overlay of ThFFF fractograms for PS linear (PSl - solid line), 6-end (PS2 -
dashed line), 9-end (PS3 - dash-dotted line), and 13-end (PS4 - dotted line)
homopolymers with similar molecular weights. ThFFF,conditions; carrier liquid: MEK,
flow rate: 0.4 mL min"', injection volume: 0.4 pL, AT: 100°C constant.

t/)

4  6

Retention time (min)

Figure 6.3. Overlay of ThFFF fractograms for PS 4-arm star (PS5 - solid line) and linear
(PS6 - dashed line) homopolymers of similar molecular weights. ThFFF conditions:
carrier liquid: MEK, flow rate: 0.4 mL min"', injection volume: 0.4 pL, zIT: 100°C
constant.
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Polymer architecture is characterized using a plot of empirical vs. theoretical

Soret coefficients (Stexp vs. Stmcs) like that seen in Figure 6.4 (same as solid line in

Figure 4.9). Recall that St is defined as Dr/D. Stmbs is calculated using the adjusted Mes

theory seen in equation 4.13 and Drheo for the polymer chain seen in equation 4.8. Figure

6.4 is constructed from linear PS, PMA and PMMA homopolymers, and in addition to

being compositionally independent, it is architecture dependent because the Djheo term is

calculated assuming a linear polymer chain.

Deviation of data from the line in Figure 6.4 will occur because of the presence of

branching in the macromolecule. Stexp is dependent on analyte retention time, and the

data is generated experimentally from l/AAT where 2 is the analyte retention parameter

(see equations 2.12 and 2.13). X is controlled by a balance of the mass transport

processes D and Dr. Dj has been shown to be independent of molecular weight and

•  171
branching for homopolymers, therefore it can be considered a constant. As shown m

Figures 6.2 and 6.3 the retention time is reduced for branched macromolecules in

comparison to their linear analogue of the same molecular weight because of an increase

in D values. This results in a decrease in StExp values. SpMes is sensitive to the polymer

M,,;. Linear and branched macromolecules of the same size (which would have the same

retention time in ThFFF provided they are the same chemistry) can be distinguished from

one another because they necessarily would have different molecular weights (different

x-axis values). Branched analytes should fall in the area below the line in Figure 6.4.

Each data point in Figure 6.4 is unique to each sample, and can be

generated under different ThFFF conditions (e.g. different flow rates or AT values). A

series of simple experiments with a 104 kDa PS standard yielded the same data point for
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AT values (within experimental error) ranging from 60 - 100°C and flow rates of 0.2 and

0.4 mL min"' (data not shown). This means that data taken for different samples under

different conditions can be compared.

a.

W

0.4

y= l.OOx-0.006

R = .99

0.0 0.2 0.4 0.6 0.8 1.0

T Mes

Figure 6.4. StExp vs. Stues data for PS, PMA and PMMA linear homopolymer standards
as seen in Figure 4.9.

Figure 6.5 shows the placement of data against the calibration line generated in

Figure 6.4 for the various non-linear PS polymers listed in Table 6.1 (all other data is

removed from the line to show the placement of only PSl - PS6). The linear PSl and

PS5 samples fall on the line while the branched PS2 - PS4 and PS6 samples fall below

the line as expected. The PS2 - PS4 samples systematically deviate further below the

line as the number of branch points and chain ends increases (moving from linear to 6-

pom to 9-end to 13-end).
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Figure 6.5. Stexp vs. SjMes data for PS non-linear samples.

Figure 6.6 shows the same trend to be true for the d-PMMA star polymers. The

7-arm star (d-PMMA-2) falls further below the line compared to the 4-arm star (d-

PMMA-1) following the same trend as that seen for the PS samples.

d-PMMAl

§ d-PMMA3

d-PMMA2

TMes

Figure 6.6. St Exp vs. Sp Mes data for d-PMMA homopolymer star samples.
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Traditional approaches to characterizing branched macromolecules measure the

contraction of the molecule in solution in relation to a linear analogue of the same

12 •chemistry and molecular weight. This contraction results in a change in the intrinsic

viscosity (g' = as measured by viscometry or in the root mean square radius {g

/ /O "y 1Z"? *

= <Rg ~>'b,/<Rg as measured by light scattering. Similarly a contraction factor

for branched molecules based on Soret coefficients (g") can be calculated from ThFFF

retention data using equation 6.1 where {DT/D)br is Stexp for the non-linear molecule and

(Dt/D)u„ is SjExp for the linear analogue calculated from the calibration in Figure 6.4.

Dj\

g"'T^ <6.1)
V ̂  Ain

If there is any branching present in the macromolecule g " will be less than 1.

Figure 6.7 is a plot of log g" vs. the number of chain ends for the architecturally variant

samples seen in Figure 6.1. A linear relationship is observed that can be used to calculate

the number of chain ends for a polymer of unknown architecture. Interestingly, d-

PMMA3 fell above the line and the reason for this is still unclear.

Figures 6.2 - 6.7 demonstrate a proof of concept that ThFFF can be used to

characterize the number of chain ends present in a macromolecule. Figures 6.8 - 6.11

apply this approach to real ThFFF separations of non-linear polymers. The advantage of

using g " to evaluate a branched polymer is that it can be calculated without the need for

a linear analogue of the same molecular weight and chemistry. To evaluate this claim a
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calibration curve, like that seen in Figure 6.4, was generated from the separation of a

mixture of four PS standards with M„, of 23.8, 104, 290 and 575 kDa (carrier liquid:

MEK, flow rate: 0.6 mL min"\ AT\ 100°C constant). Near baseline resolution of each

component was observed (data not shown). An Stexp vs. Stmcs plot was generated and a

best fit line with an equation of y = 1.15x - .05 was found which is in fair agreement with

Figure 6.4. Each separation took 20 minutes and the entire calibration curve was

generated from triplicate injections in about an hour. (Potentially, a calibration curve

could be established in less than 20 minutes from the injection of a single PS standard

utilizing the universal calibration approach for ThFFF provided that the relationship

•  • » • 33 196
between D and M,,, is known in the chosen carrier liquid). '

0.00

-0.04-

bO

bO

^ -0.08

-0.12-

y = -0.0097X + 0.0072

= .99

—I—'—I—■—I—'—I—' 1 '—I—

2  4 6 8 10 12

Number of chain ends

14

Figure 6.7. Soret contraction factor (g") vs. the number of chain end for PSl - 6 and d-
PMMAl -3.
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This calibration was used to evaluate the number of chain ends in the d-PMMAl

and d-PMMA2 stars and the 9-end PS homopolymer samples assuming they were of

unknown architecture. Mixtures of PMMA30 with either d-PMMAl or d-PMMA2 were

separated under the same conditions as the PS standards mixture. The molecular weight

of the arms in each star are 32 kDa/^"^ therefore PMMA30 was added to investigate the

feasibility of ThFFF to characterize both the star polymer and any residual arms

simultaneously. Figure 6.8 shows a ThFFF ffactionation of star polymers from any

potential residual arms. The desired star product is usually purified from the synthesis

solution before characterization by traditional chromatography methods.^'^^'^^'*^'^ This is

unnecessary with ThFFF because any residual arms will be separated from the star

product as clearly shown in Figure 6.8. Table 6.4 shows the M,,, obtained for each peak

and the number chain ends (arms) calculated from g". This number can also be easily

calculated by dividing the M,,, for each star product by the M,,, for PMMA30. Good

agreement is seen between each calculation method and the given number of arms in each

star polymer. The number of chain ends in PS3 was also determined using g" and the

results are listed in table 6.4 Again good agreement was observed between the calculated

and nominal number of chain ends.

Table 6.4. Number of chain ends measured by ThFFF for non-linear homopolymers.

Number of chain ends

Sample (kPa) PDI g" MALS^ Nominal

d-PMMAl 166.3 ± 17.2 1.06 5 5 4

d-PMMA2 263.3 ± 18.9 1.19 8 8 7

PS3 36 ±.2 T02 9 ^ 9
^Number of chain ends from MATS caleulated by dividing d-PMMA M,,, by linear
PMMA30 M„, measured to be 32.9 ± 4.4 kDa.
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Figure 6.8. Separation of a mixture of linear PMMA30 and either d-PMMAl (solid line)
or d-PMMA2 (dashed line). ThFFF conditions: carrier liquid: MEK, flow rate: 0.6 mL
min"^ injection volume: 0.4 \ih,AT\ 100°C constant.

Figure 6.9 shows a fractionation of a mixture of PSl (linear) and PS3 (9-

end) samples. Two distinct components are observed, one at approximately 32 minutes

corresponding to PS3, and the other at 35 minutes corresponding to PSl, which is in

agreement with the elution order from individual injections. The solid squares represent

the number of chain ends at that time slice in the elution, and the solid line is the sample

molecular weight. For a mixture of polymers with different architectures ThFFF

separation occurs based on the number of chain ends provided the molecular weight is

constant. Two populations with distinct numbers of chain ends was not observed as

expected, but rather a continuous decrease in chain ends with increasing retention times.
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However, the number of chain ends at the shoulder and peak maximum respectively was

observed to be 9 and 2. Improved resolution could not be achieved because the ThFFF

channel was operating at maximum power and a larger/IF could not be applied.
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Figure 6.9. ThFFF fractionation of a mixture of linear and 9-end PS samples with the
same molecular weight (~36 kDa). ThFFF conditions: ThFFF conditions: carrier liquid:
MEK, flow rate: 0.1 mL min"^ injection volume: 0.4 pL, AT: 140°C constant.

Three linear PBA homopolymer samples (PBA103,175 and 337 - listed in Table

4.3) were actually found to consist of mixtures of non-linear species when characterized

by ThFFF. Figure 6.10 compares Stexp vs. Stmcs data for each PBA sample with that

from a known linear broad molecular weight PS standard whose fractogram is seen in

Figure 3.4 (PS250BR, M,„ - 250 kDa, PDI - 2.5). Each point represents data taken at 30

second time slices across the sample ftactograms. PS250BR is in excellent agreement

with the expected values for a linear polymer (solid line). The data for each of the PBA
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samples falls below the line indicating a non-linear structure. Interestingly PBA103 and

PBA175 show a distinct "bump" at smaller values indicated by the arrow. The

PBA337 shows the same trend, but it is much less pronounced. This indicates the

presence of two different non-linear species in each sample.

o,
X

W

E-i

PS250BR

OPBA103

PBA175

*PBA337

T Mes

Figure 6.10. Stexp vs. Sjues taken at 30 second time slices across the ThFFF elution
profiles of PS250BR, PBA103 (open circles), PBA175 (solid triangles), PBA337
(asterisks) homopolymers.

Figure 6.11 shows a fractogram for PBA337 overlaid with the molecular weight

(solid line) and the number of chain ends (solid squares) across the elution. As hinted at

in Figure 6.10 two distinct non-linear populations are observed. Below 7 minutes a

sample population with 10 chain ends is found and above 8 minutes a species with 6-7

chain ends is seen. Shorter elution times are observed for species with a higher number
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of chain ends consistent with the trend seen in Figure 6.9. The observed single peak is

due to poor resolution between the two major components of the original sample.

Improved resolution could possibly be achieved by increasing JT.
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Figure 6.11. ThFFF fractogram of PBA337 overlaid with the molecular weight (solid
line) and number of chain ends (solid squares) across the elution profile.

6.12 shows an altemate way to represent the deviation of non-linear polymers

from the architecture calibration line in Figure 6.5. Introduction of branching into a

polymer necessarily reduces its Rf,, which results in an increase in its D value (thi-ough

the Stokes-Einstein relationship). This results in a shift of the data in Figure 6.5 to

smaller Stues values when DjMes is held constant (a valid assumption because Dt is

known to be independent of molecular weight and branching). The deviation off the

calibration line can be represented by the ratio of Db/Dnn which is equivalent to RhUr/Rhbr

The experimental RhUr/Rhbr term in Figure 6.12 is generated by comparing SjMes for the
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branched data points to their equivalent data point on the calibration line in Figure 6.5.

1 Q7

The theoretical RhUt/Rhbr values were provided by Dr. David Wu. Excellent agreement

between the ThFFF generated data and the theoretical data is observed (solid squares).

Additionally, excellent agreement between ThFFF data in MEK and independently

measured batch mode PCS data in toluene is observed (solid circles). Provided that the

arehitecture parameters eontrolling RhiiJRhbr are known, ThFFF can be used to achieve

detailed characterization of non-linear polymers through Figures 6.7 and 6.12.
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Figure 6.12. Comparison between ThFFF experimental and theoretical RhUt/Rhbr for PSl
- 4 (solid squares). PCS data in toluene for the same samples is also shown (solid
cireles).

6.3.2 Copolymers

The same approach can be applied to characterization of non-linear copolymers.

Figure 6.13 shows an Stexp vs. Spues plot generated from the linear PS-PBA and PS-PMA

161



copolymer standards listed in Tables 5.1 and 5.2. The SfMes value for each copolymer

was calculated based on the composition and molecular weight determined by ThFFF-

MALS/dRI/PCS. Dj and D were weighted by the mole fraction of each component

according to equations 6.2 and 6.3 where and are the experimental mole fractions

of the styrene and aery late components, Dts and Dja are theoretical Dt values for the

styrene and acrylate components calculated from the adjusted Mes theory in equation

4.13, and Ds and Da are the normal diffusion coefficients for the styrene and acrylate

122
components calculated for equation 4.8.

Dr.^,y.^ = X,D„ + X,D„ (6.2)

^  = Xs
^copolymer kDIj

+ ̂A (6.3)

All the linear copolymers are seen to collapse to a single regression line. The

slope of 1.16 and a y-intercept of -.06 differ slightly from that for linear homopolymers.

Figure 6.13 can be used similarly to Figure 6.4 to characterize non-linear copolymers.

The data obtained for the SBAS (solid circle) and the BAMAS (solid triangles) miktoann

star copolymers listed in Table 6.2 are plotted against the calibration in Figure 6.13 and

all fall below the line as expected (fractograms for the miktoarm star copolymers can be

found in Figures 5.10 - 5.13). Table 6.5 compares the number of arms calculated from

g" to the nominal number of arms.^ Excellent agreement is seen for the BAMAS

samples, while the SBAS sample is found to have significantly less arms. This can be
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attributed to an experimentally measured M„, of 415.2 ± 10.4 kDa which is lower than the

nominal value of 898 kDa.
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Figure 6.13. Stexp vs. Stmbs data for PS-PBA, PS-PMA and PBA-PMA copolymers.
PS-PBA and PS-PMA linear copolymer standards (solid squares). SBAS miktoarm star
copolymer (solid circle). BAMAS 1-4 miktoarm star copolymers (solid triangles). .

Table 6.5 Number of chain ends measured by ThFFF for miktoarm star copolymers.
Number of chain ends

Sample g" Given

57BAMAS - 1 57

BAMAS - 2

BAMAS - 3

BAMAS - 4

SBAS- 1

52

46

46

39

46

50

52

84

Data taken from reference 6.
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6.4. Conclusions

ThFFF-MALS/dRI is a potentially powerful tool for the characterization of the

number of chain ends present in non-linear synthetic homopolymers and copolymers.

This is accomplished through the introduction of the Soret coefficient (St) contraction

factor (g"), which is linearly related to the number of chain ends in the macromolecule.

The simple connection between analyte retention and St allows ThFFF to monitor

changes in architecture across a sample elution peak, and showed that macromolecules

with a higher number of chain ends elute the ThFFF channel at shorter retention times.

ThFFF-MALS/dRI offers a significant advantage over current technologies for non-linear

polymer characterization because it does not require a linear analogue of the same

molecular weight, chemistry or composition making architecture characterization

possible for all types of macromolecules using only commercially available, well

characterized, low PDI PS standards for comparison.
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CHAPTER 7

PREPARATION OF NARROW DISPERISITY GOLD NANORODS BY

ASYMMETRICAL FLOW FIELD-FLOW FRACTIONATION AND

INVESTIGATION OF SIZE VERSUS SURFACE PLASMON ABSORBANCE

7.1 Introduction

Gold nanorods (GNR) have received a great amount attention because of their

unique size-dependent optical properties and their subsequent use in bioimaging,

biosensing, nanoelectronics and molecular characterization. GNRs have two

distinct surface plasmon resonance absorption bands, a longitudinal band (SPi)

corresponding to electron motion along the long axis of the particle, and a transverse

band (SPt) corresponding to motion along the short axis of the particle.^'^^ The absorption

maximum for the longitudinal band can be changed by varying the aspect ratio and

surface coating of the This allows SPi to be systematically tuned across

the visible to the near-infrared spectrum. Along with this tunabilty, GNRs monodisperse

in size and shape are highly desired to provide improved optical properties for imaging or

sensing capabilities, and improved self-assembly for bottom up engineered

Y1 rt Y10

nanomaterials'. " Monodisperse GNR populations would also be ideal for

fundamental investigations of the individual contribution of size and shape to the

observed optical properties. The major challenge to overcome is producing high yield,

high quality, narrow disperse GNRs in both shape and size with desired dimensions and

aspect ratios (length/width). Currently, the most common way to control the dimensions

of GNRs is through solution phase synthesis approaches such as the seed mediated,

electrochemical, and template growth methods. The seed mediated method has

•  • •

been commonly used to synthesize different size and shape GNRs. " Slight variations
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of the synthesis parameters such as reactant ratios, reaction time, and temperature can

adversely affect the size and shape distributions. Even with strict adherence to a synthesis

•  • 219-221
protocol, variations size distributions of 10-25% are observed in the literature.

Linear relationships between the GNR aspect ratio and the SPi have been

empirically determined. Several theoretical studies have been conducted to

•  219 "^22 225explain the experimentally observed absorption behavior. " Link and El-Sayed

applied Gans theory to model the absorption spectra of gold nanorods (approximated as

elongated ellipsoids) of different aspect ratios and demonstrated that the SPi was linearly

dependent on the GNR aspect ratio and that the dielectric constant of the surrounding

medium at the surface of the particle also played a critical role.^^^ Additionally, they

raised the question as to whether the SPi would shift for different size particles of the

same aspect ratio. In modeling studies, the dimensions and shape of the nanoparticle can

be defined and extinction spectra can be predicted for monodisperse samples. In practice,

empirically obtained extinction spectra are the result of absorbance and scattering

contributions from polydisperse GNR samples. The separation of GNR into more

monodisperse fractions is a critical step in extracting detailed information about the

individual contribution of size and shape to observed optical properties and validating

existing theoretical arguments. To that extent, the question that needs to be clearly

answered is whether gold nanorods of the same aspect ratio, but different sizes have the

same absorption spectra.

Size exclusion chromatography (SEC),^^^'^^^ capillary (CE)^^^ and gel

electrophoresis (GE), ' and diafiltration have been used to separate gold or silver

nanoparticles by size, shape, and/or charge with varying success. Each technique has
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drawbacks including laborious sample preparation procedures prior to the separation,

extensive analysis times, low resolution, and low sample recovery. Field-flow

fractionation (FFF) is a family of separation techniques that has been successfully used to

separate and quantitatively reeover nano-size analytes such as protein monomers and

multimers, single and multi-walled carbon nanotubes, gelatin particles, and gold

nanospheres.^®^''^^ "^'^^^"^'^® These studies demonstrated the ability of FFF to separate

spherical and irregular shape nanomaterials and the ease with which more monodisperse

fractions can be collected for further studies. '

This work employs the asymmetrical flow FFF (AsFlFFF) technique which

utilizes two perpendicular fluid flows to effect GNR retention and separation.^^'^^ The

separation is based on differences in analyte diffusion coefficient (D), which in tum, can

be related to hydrodynamic diameter (d) through the Stokes-Einstein equation

(D=kT/37rjjcf). Equation 7.1 relates the retention time (t,.) of the analyte to D (and

subsequently d), where w is the channel thickness, Vcross is the volumetric cross flow rate,

and Vout is the volumetric flow rate exiting through the channel outlet.

1 +

\

w nrjd
f  -rr \

V

V  out J
IkT

1 +
,

(7.1)
V  out J

The order of elution is small nanoparticles followed by increasingly larger nanoparticles.

Fractions containing more uniform nanoparticles are readily collected as they elute from

the FFF channel.

In this study, we report the development of an asymmetrical flow FFF method to

fractionate GNRs into narrowly dispersed fractions. Fractions of similar aspect ratios but
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different sizes were compared for differences in optical properties. In addition, we

determined the con-elations between GNR effective radius {I'ejf) and aspect ratio with SPi

and provided the first reported experimental evidence of the importance of size on the

position of SPi. Finally, we demonstrated the use of the uniquely engineered AsFlFFF

method as a means to rapidly evaluate size and shape variations between synthesized

batches of GNR.

7.2 Experimental

Four different batches of GNRs (Gl, G2, G4, and G5) were used for the AsFlFFF

studies. Gl and G2 were mixed together 1:1 to create an additional sample, G3. All

GNR samples are shown in Table 7.1.

Table 7.1. Gold nanorod samples.

Sample Reaction temperature TCI

Gl 28

02 28

G3 28

G4 RT*"

G5 90

Descriptiop

Short rods

Spheres, short rods, long rods"

Mixture of Gl and G2

Short rods

Short rods, cubes
Boyes Research Group, GSM.
''RT - room temperature

7.2.1 GNR Synthesis

GNR samples were synthesized following a seed mediated method. Gold

(III) chloride trihydrate (HAuCUGHiO), sodium borohydride (NaBHi), silver nitrate

(AgNOs), and L-ascorbic acid were purchased from Sigma Aldrich and used as received.

Cetyltrimethylammonium bromide (CTAB) and ultra filtrated deionized water (UFDI
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water) were purchased from Fluka and used as received. Aqueous solutions of 25mM

HAuCU, 0.96mM HAuCU, 0.2M CTAB, 4mM AgNOs, O.OIM NaBH4 and 0.08M L-

ascorbic acid were prepared in UFDI water. The seed mediated GNR synthesis procedure

involves introducing a seed solution of gold nanoparticles into a growth solution of gold

salt. The seed solution was prepared by mixing, in order, 5.0mL of the 0.2M CTAB,

S.OmL of 0.96mM HAuCU and 1.0ml of O.OIM iced NaBHU. A translucent brown

solution was formed after 30 minutes of vigorous stirring. The growth solution was

prepared by mixing, in order, S.OmL of 0.2M CTAB, S.OmL of UFDI water, 200pL of

2SmM HAuCU, lOOpL of 0.08M L-ascorbic acid, and BOOpL of AgNOs. The growth

solution changed color from orange to clear upon adding the L-ascorbic acid solution.

Twelve microliters of the seed solution was then added to the growth solution and the

mixture was allowed to sit undisturbed for 2-4 hours. The GNRs were collected from

solution by centrifugation. Subsequently, the GNR samples were re-dispersed in -1.0 mL

of UFDI water. GNRs were synthesized at 28°C (Gl), room temperature (G4) and 90°C

(GS) to evaluate the sensitivity of AsFlFFF technique to detect changes in GNR shape

and size distributions as a result of changing synthesis parameters.

7.2.2 AsFlFFF Instrumentation and Conditions

Figure 7.1 shows a schematic of the entire AsFlFFF instrument setup which is

comprised of a Waters 590 (Milford, MA) pump to drive carrier liquid through the

charmel, a Shimadzu LC-6A (Columbia, MD) pump for sample injection, an AsFlFFF

channel (constructed in house), and a Waters 486 (Milford, MA) UV-Vis detector to

monitor sample elution. The experimental procedure consists of sample introduction.
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focusing, and separation. These various stages are implemented using a sample injection

valve and 4-way switching valves to direct carrier fluid flow. The dashed and solid lines

in Figure 1 denote different canler fluid pathways during sample injeetion and

separation. The retention of GNRs was evaluated in different aqueous carrier liquids

(e.g., deionized water, 20mM and lOOmM sodium chloride, and 0.03% (w/v) CTAB) and

under different flow rates, and sample injection and focusing times. The conditions that

optimally balanced GNR retention time and resolution were: carrier liquid - 0.03% (w/v)

CTAB, volumetric channel flow rate {Vchannel) - 0.6 mL/min, volumetric cross flow rate

(Kross) - 0.7 mL/min, Vcross-Khannei ~ l-l? Sample injection volume - 20 pL, sample

injection time - 30 seconds, total focusing time - 2.0 minutes. A 5 kDa molecular weight

cut-off regenerated cellulose membrane provided permeability for the erossflow while

retaining sample in the AsFlFFF charmel. Chrom and Spec 1.5 chromatography data

collection software from Ampersand Intemational, Inc. (Beechwood, OH) was used to

collect FFF UV-Vis data.

7.2.3 Fraction Collection and Preparation

Twenty microliters of a GNR suspension was injected into the AsFlFFF charmel.

Fractions collected from multiple injections were pooled and then concentrated to ~1.0

mL by liquid evaporation. Each concentrated fraction was centrifuged at 11,600 rprn for

5 minutes using a Beckman Microfuge B microcentrifuge, followed by washing with 0.5

mL of UFDl water and additional centrifugation for 3 min. The final washed GNR

fractions were re-dispersed in 0.25 mL of UFDI water. The two centrifugation-washing
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cycles were essential to obtaining fractions with sufficiently high GNRs and low CTAB

concentrations for facile TEM analysis.

Sample
Injection
valve

Channel

Injection

Needle valve

1

^
4-way values

ymlen
Z-^=±==i.

/outlety/

Computer

Z

UV-Vis

Carrier liquid

Fraction

Collector

Figure 7.1. Schematic of AsFlFFF instrument setup. The 4-way valves and the needle
value allow for sample focusing in the AsFlFFF chaimel by splitting the inlet carrier
liquid flow. The dashed and solid lines represent the paith of fluid flow during sample
injection and separation, respectively.

7.2.4 UV-Vis and TEM Sample Preparation

UV-Vis spectra were obtained using a Thermo Electron Corporation Nicolet

Evolution 300 BB spectrophotometer (Madison, WI). UV-Vis samples of unfractionated

GNR samples were prepared by transferring 6-8 drops of sample into a quartz UV cell (1

cm path length) and then filling the cell % full with UFDI water. UV-Vis spectra of

collected GNR fractions were obtained after concentration. The ETV-Vis spectrum of

CTAB showed no absorbance from 400 - 1100 nm.
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Transmission electron microscopy (TEM) was perfonned on a Philips CM200

with a LaBe filament and at an accelerating voltage of 200 kV. Images were collected

using Keen View Soft Imaging System with iTEM Universal TEM Imaging Platform

Software. TEM samples were prepared by placing 2 pL of the sample onto a 400-mesh

Formvar/carbon coated copper grid (Electron Microscopy Sciences, PA) followed by air

drying. The lengths and diameters of at least 100 particles in each sample were

measured. The standard deviations of the TEM measurements are consistent with

previously published data.

7.3 Results and Discussion

The selection of a suitable carrier liquid and semipermeable membrane is

essential to the success of the AsFlFFF separation. CTAB was found to be an important

addition to the carrier liquid as it prevented GNR adsorption to the semipermeable

membrane in the FFF charmel. (The CTAB can form a positive charge bilayer on the

membrane surface and prevent adsorption of like-charge GNRs.) A CTAB concentration

of 0.03% (w/v) was sufficiently high to minimize interactions with the membrane while

remaining below the critical micelle concentration. The use of CTAB in the carrier liquid

had the added benefit of increasing the lifetime of the regenerated cellulose membrane to

50 sample injections without any signs of decreased system performance. A regenerated

cellulose membrane molecular weight cutoff (MWCO) of 5 kDa was chosen so that the

pore size (3-4 nm) was small enough to prevent GNRs from passing through the

membrane.
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TEM images for Gl, G2, G4 and G5 are shown below in Figures 7.2 - 7.5 (note

the 1000 nm scale for G2). The average dimensions measured from TEM images for

these samples and all collected AsFlFFF fractions are reported in Table 7.2.

200 nm

Figure 7.2. TEM image of Gl.

1000 nm

Figure 7.3. TEM image of G2. Sphere, short rods and long rods are observed. Sample
courtesy of the Boyes Research Group at CSM.
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w

Figure 7.4. TEM image of G4.

200 nm

200 nm

Figure 7.5. TEM image of G5.
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Table 7.2. Gold nanorod dimensions obtained from TEM and SPi obtained by UV-Vis.

Sample SP, fnml Shape L fnmT d tnm)" AR"

G1 740 rod 55.7 ±2.0 18.7 ± 1.0 3.1 ±0.2 15.3 ±0.6

sphere 56.9 ± 1.0 56.9 ± 1.0 1 28.5 ±0.5

02

o

O
CO

short rod 123.8 ±4.4 41.5 ±0.9 3.0 ±0.1 33.8 ±0.9

long rod 329.5 ± 12.1 28.5 ±0.7 11.6 ±0.4 36.7 ±0.9

G3-1 713 rod 45.7 ± 1.5 20.3 ± 0.7 2.3 ±0.1 15.1 ±0.4

03-2" 762 rod 86.0 ±5.8 32.7 ± 1.6 2.6 ±0.1 25.7 ± 1.4

G3-3 796 rod 120.0 ±3.0 41.4 ±.9 2.9 ±0.1 33.7 ±0.6

G3-4 1160 rod 356.7 ± 11.9 28.2 ± 0.5 12.7 ± 0.4 37.5 ±0.7

G4 706 rod 47.1 ±3.7 18.6 ±2.2 2.7 ± 0.2 14.4 ± 1.4

G4-1 740 rod 46.4 ± 1.4 16.2 ±0.8 3.0 ±0.1 13.2 ±0.8

G4-2 700 rod 57.7 ± 1.4 21.4 ±0.8 2.8 ±0.1 17.0 ±0.8

G4-3 682 rod 64.7 ±2.1 25.4 ± 1.2 2.6 ±0.1 19.8 ± 1.2

G4-5 757 rod 45.0 ± 1.7 15.9 ±0.9 2.9 ±.l 12.8 ±0.6

G4-13 692 rod 55.9 ± 1.4 24.5 ± 1.2 2.4 ±.l 18.3 ±.6

G4-21 673 rod 62.3 ±2.8 34.1 ±1.8 1.9±.l 23.6 ± 1.0

G5 674 rod 42.3 ± 1.3 17.1 ±0.7 2.6 ±0.1 13.2 ±0.4

G5-1 677 rod 40.8 ± 1.1 16.5 ±0.5 2.5 ±0.1 12.7 ±0.3

G5-2 679 rod 44.8 ± 2.0 20.1 ± 1.1 2.3 ±0.1 15.0 ±0.7

'L - length, d - diameter, AR - aspect ratio, r^ff- effective radius - ± values are 95% CI, only
rods measured, ''unfractionated sample. At least 100 rods counted to measure dimensions.

A 1:1 mixture of 01 :G2 (referred to as G3) was used to demonstrate the

effectiveness of AsFlFFF to separate polydisperse multimodal GNRs by size. Figure 7.6a

and b show a fractogram of G3 and the corresponding TEM images of collected fractions

(G3-1, G3-2, G3-3, and G3-4). The shaded regions in Figure 7.6a designate the time

intervals that fractions were collected as they eluted from the AsFlFFF channel. The

fractogram shows a void peak (G) at ~3 minutes that is attributed to unretained sample

matrix or pressure pulses from switching valves. The elution profile of the retained

sample suggests the presence of four subpopulations. The peak observed at 13 minutes

matches that obtained when only G1 is injected into the system while the three peaks at

175



18, 20, and 30 minutes match those observed for G2 (data not shown). Since retention

time is proportional to hydrodynamic size (see equation 7.1), the GNRs in the early

eluting fraction G3-1 will be smaller than those collected in later eluting fractions. This

elution order was confirmed by the TEM images shown in Figure 7.6b. For non-spherical

nanoparticles, the size-based separation can also translate to a concurrent shape or length

fractionation. Fractions G3-2, G3-3, and G3-4 showed spheres, short rods, and long rods.

Measurements from TEM micrographs confirm that G3-1, G3-3 and G3-4 fractions

contain GNRs with increasing lengths and that G3-1 and G3-3 have similar aspect ratios

albeit different lengths and widths. CTAB is also observed in the TEM images. Results

of TEM measurements and SPi are summarized in Table 7.2.
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Figure 7.6a and b. (a) AsFlFFF fractogram of a polydisperse GNR mixture (G3) of
different GNRs (G1 and G2) with broadly distributed lengths. The shaded regions
indicate collected fractions. Separation conditions: carrier liquid - 0.03% CTAB (w/v),
membrane - 5 kDa MWCO regenerated cellulose, Vchamei - -7 mL/min, Vom - .6 mL/min,
Vcrossly out - 1.1 (b) TEM images of G3-1 to G3-4 show an increase in GNR length and
size for fractions with increased retention times.

The high resolution capability of AsFlFFF is demonstrated in Figures 7.7a and b

using sample G4. This fractionation was performed at a higher Vcross-'Kut ratio of 5.8
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(instead of 1.1 used to obtain Figure 7.6a) to increase the separation resolution. Fractions

were collected at one minute intervals across the entire elution peak as shown in Figure

7.7a. Five of the collected fractions (G4-5, G4-9, G4-13, G4-17, and G4-21) were further

characterized by UV-Vis spectroscopy and TEM. Figure 7.7b shows TEM images of the

unfractionated and fractionated samples. The original sample consists mainly of rods with

a broad distribution of aspect ratios while the fractionated samples show subpopulations

of more narrowly distributed sizes and aspect ratios (<10%), with fractions at longer

retention time containing larger sized particles. The collected fractions were observed to

have increasing retention times with increasing size upon re-injection into the AsFlFFF

channel. The retention time at peak maximum of the each re-injected fraction matched

the time at which each fraction was collected from the original GNR sample injection

(data not shown). This further confirms the success of the original separation and that

each fraction does indeed have a distinctly different size GNR population.
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Figure 7.7a and b. (a) AsFlFFF fractogram of GNR sample G4. Fractions were collected
at one minute intervals. Fractions G4-5, G4-9, G4-13, G4-17 and G4-21 are were further
characterized by UV-Vis and/or TEM. Separation conditions: Same as Figure 7.6. (b)
TEM images of unfractionated G4 and collected fractions.
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The preparation of uniform GNRs allow detailed studies of the individual

contributions of r<#and aspect ratio to the optical properties of GNRs. Figure 7.8

compares the SPi of unfractionated and fractionated G4 samples. The former has a peak

maximum at 706 nm that represents the average absorbance of all GNRs in the original

suspension. The more narrowly dispersed fractions yielded SPi positioned on either side

of 706 nm. This again confirms that each collected fraction consists of GNRs with

distinctively different physical dimensions. The aspect ratios for three of the collected

fractions noted in Figure 7.8 were determined from TEM measurements (± values are

0.1). In agreement with published empirical and theoretical data, fractions with higher

aspect ratios exhibited SPi at longer wavelengths.

G4- fr (1.9)

CD
O

§

o
C/3

G4-13(2.4) g4
G4-17

N,
G4-9 G4-5 (2.9)

Jt-i' '
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Wavelength (nm)

Figure 7.8. Comparison of SPi of unfractionated GNRs (G4) with collected fractions
(G4-5, G4-9, G4-13, G4-17, G4-21). The absorbance below 600 nm has been omitted for
clarity.
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A more comprehensive data set measured for G4 and G5 fractions is plotted in

Figure 7.9 as SPi versus aspect ratio. The minimum least squares line has a slope of 86.3

•  • • 222 225
which is within the range of 71 to 90 previously reported for empirical data. " The

bars extending from each data point in Figure 7.9 are derived from TEM measurements

of at least ICQ rods, and represent the distribution of aspect ratios within each collected

fraction calculated at a 95% confidence interval. It is interesting to note that despite the

overlap in aspect ratios, each collected fraction has a visibly different color and clearly

exhibits different SPi. In other words, the main GNR population is distinctly different for

each fraction.

7601

pLn
C/5

y = 86.3X + 470

R = .93

2.5 3.0

Aspect ratio

Figure 7.9. Plot of SPi vs. aspect ratio for G4 and G5 GNR Ifactions. The brackets
around each data point represent 95 % CI for each GNR fraction.
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In 2005, Brioude used computer simulations to show that the slope of the plot of

SPi versus GNR length would decrease as the diameter of the rod increased. The

implication is that a single linear regression between SPi and aspect ratio would lead to

•  225
errors in predicting SPi for particles of different diameters but similar aspect ratios.

Experimental data, summarized in Table 7.2, supports this prediction. Three GNRs with

different diameters, but the same aspect ratio of 2.6 have SPi values of 762 nm (G3-2),

674 nm (G5), and 682 (G4-3) nm.

In 2006, Jain and Prescott used discrete dipole approximations (DDA) simulations

to show that the SPi can be shifted to longer wavelengths by increasing the effective

radius (re^ of the particles (the radius of a sphere having a volume equal to that of the

particle) while holding the aspect ratio constant.^^^'^^"^ AsFlFFF is an ideal technique to

facilitate the investigation of this effect because of its underlying size based separation

mechanism. GNR fractions of different hydrodynamic (or effective) sizes, but similar

aspect ratio, can be collected at different retention times. Figure 7.10 is a plot of the SPi

vs. Veff for fractions G3-1, G3-2 and G3-3. The average r^^of each fraction was

determined by calculating the cylindrical volume of each GNR occupied as measured

from TEM images, and then translating this to a spherical volume. Figure 7.10 clearly

shows that increasing the size of the nanoparticles results in a shift of SPi to longer

wavelengths. This is the first empirical evidence to support theoretical predictions that

the Veffof the GNR has an effect on the position of the SPi. Applying a linear fit to the

data yielded a slope of 4.5 which agrees with the slope of 4.2 obtained by approximating

a linear fit to Jain's data. The smaller value of the slope of SPi vs. compared to SPi vs.

aspect ratio (4.5 vs. 86) indicates that r^j^has a smaller albeit significant effect.
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Figure 7.10. Plot of SPi vs. ̂ e^for G3 fractions collected in Figure 7.6a. The aspect ratio
of each G4 fraction is shown in the parentheses.

Figure 7.11 shows a plot of SPi vs. re/j ior G4 fractions collected from two

different separations. At first glance the negative slope appears to disagree with that

observed in Figure 7.10 and Jain's and Preseott's prediction. However, on closer

inspection using TEM, this negative slope follows theoretical predictions and further

supports the data presented in this study. The TEM measurements confirm that larger

fraction numbers, i.e., longer retention times, correspond to larger GNR reff. More

importantly, the TEM measurements show that the increase in GNR rejf is associated with

a decrease in aspect ratio. Since a shift to shorter wavelengths for the SPi is expected with

decreasing aspect ratio, and the aspect ratio has a larger impact than rgff, it follows that the

slope in Figure 7.11 will have a negative value. These findings help explain reported

differences between experimental and theoretical values of SPi.

181



760-

740-

720-

700-

680-

660

G4-5 (3.2)

G4-1 (3.0)

G4-2 (2.8)

G4-3 (2.6)

G4-13 (2.7)

y = -8.49x + 844 Q4.21 (2.2)
r' = .96

To 30

Figure 7.11 Plot of SPi vs. r^^for G4 fractions collected in Figure 7.7a plus an additional
G4 fractionation. The aspect ratio of each G4 fraction is shown in the parentheses.

The bars around the data points in Figures 7.10 and 7.11 represent a 95% C1 in the

measurement of the effective radius of the fraction (as calculated from TEM

measurements). Fractions G4-1, G4-2, and G4-3 were collected across 4 minute time

intervals and resulted in narrowing of the original polydispersity of the sample. In a

duplicate AsFlFFF separation, fractions G4-5, G4-13, G4-21 were collected across 1

minute intervals resulting in narrower CI range than the original fractions (see Table 7.2).

This demonstrates the effectiveness of AsFlFFF to produce more monodisperse fractions

and suggests that even more uniform fractions can be prepared by collecting over shorter

time intervals.

The AsFlFFF fractogram is a direct reflection of size and size distribution and can

thus be used to monitor changes in particle size and populations. To illustrate this point,
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a fractogram of GNRs synthesized at 90°C (G5) was compared to that obtained with a

tractogram of GNRs synthesized at 28°C (Gl) and hPC. A higher reaction temperature

242 243 •has been shown to produce shorter rods. ' Increasing the temperature of the synthesis

resulted in the formation of shorter GNRs as evidenced by the shift to shorter retention

times of the peak maximum in the fractograms seen in Figure 7.12. Also, larger

nanoparticles that formed at higher temperatures were easily detected in the fractogram as

shoulders at longer retention times. The intensity of this shoulder increased as the

reaction temperature was raised.

28°C (Gl) - Solid line

61°C - dotted line

90° C (G5) - dahsed lineo
m
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Figure 7.12. Fractogram comparison of GNRs synthesized at different temperatures:
28°C (solid line), 61°C (dotted line) and 90°C (dashed line).

Fractions of the G5 sample were collected as shown in Figures 7.13a. Figure

7.13b is the TEM of the unfractioned G5 sample. The shoulder on the tailing edge of the

peak (-15 min) was found to contain a subpopulation of large, non-rod shaped

nanoparticles confirmed by UV-Vis and TEM characterization (Figures 7.13c and 7.13d).
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The shift of G5-3 to shorter SPi compared to the unfractionated G5 points to smaller

aspect ratio GNRs. TEM image shows that large nanoparticles with low aspect ratios

predominate in fraction G5-3 (CTAB is also observed).

a)

o
CO
<0

!U
o

X)

o
C/5

X

b)

4  8 12 16

t„ Retention time (min)
200 nm

c)

O
o

a

X

o
C/D

X

<

d) G5-3

T
%

#
400 500 600 700 800 900 1000 200 nm

Wavelength (nm)

Figures 7.13a-d. (a) AsFlFFF fractogram of GNRs synthesized at 90°C (G5), (b) TEM of
G5, (c) ETV-Vis spectra of G5 and G5-3, (d) TEM of G5-3.

ETV-Vis detection at a single wavelength was used to monitor the elution of GNRs

from the AsFlFFF channel in all previous fractograms. Diode array detectors have been

used for rapid on-line characterization of the size and shape distributions of nanoparticles

eluting an SEC column.^^^ Two ETV-Vis detectors connected in series were also used to
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monitor elution of G3 and G5 from the AsFlFFF channel and can be a power tool for

shape characterization of eluting particles. Figure 7.14 shows an overlay of two

ffactograms obtained at UV-wavelengths of 530 nm and 720 nm for G3. All gold

nanoparticles are detected at 530 nm. Three main peaks are observed in 530 nm

fractogram while two are observed at 720 nm. The middle peak in the 530 nm trace can

be identified as spheres based on TEM characterization (Figure 7.6) and because it is not

present in the 720 nm trace. At 720 nm only GNRs are detected because of their SPi.

The difference in intensity of each peak in the 720 nm trace can be attributed to

differences in concentration and SPi max for the two different GNR rod lengths.
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Figure 7.14. Dual UV-Vis detection at 530 and 720 nm for G3. Fcross- Khanne/ - 1.05.

Figure 7.15 shows dual UV-Vis detection at 600 nm and 675 nm for G5. The

non-rod shaped gold particles show a large intensity shoulder in 600 nm fractogram, but

not in the 675 nm fractogram. An approximation of the relative concentrations of rods to
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amorphous shaped particles was made from to 600 nm trace by calculating the peak areas

on either side of the vertical line. Sample G5 was found to contain 74.6% rods and 25.4

% of other shapes by AsFlFFF characterization, which is in good agreement with TEM

particle counting of 77.7 and 22.3 % respectively.
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Figure 7.15. Dual UV detection at 600 and 675 nm for sample G5. Vcross: Vchannel - 1.12.

7.4. Conclusions

.  The importance of obtaining more narrowly dispersed nanoparticles for

investigative studies of their properties has been shown. By using AsFlFFF to generate

more uniform size (and shape) fractions the effects of aspect ratio and effective radius on

SPi were decoupled. This study revealed that the position of the SPi is dependent mainly

on aspect ratio but the effective radius also has a significant role. These findings are the

first experimental confirmation of recently published theories suggesting the importance

of effective radius. In addition an explanation for some of the variability in the SPi - size
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relationship that has been reported in the literature was provided. Finally, the sensitivity

of AsFlFFF to quickly detect changes in particle size distributions and subpopulations

present in GNR samples was demonstrated.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

The work presented in this document has significantly advanced thermal field-

flow fractionation (ThFFF) and positioned it to become a cornerstone teclmology for the

for separation and characterization of macromolecules. Various interdependent

distributions present in complex polymer material such as molecular weight, composition

and architecture can now be simultaneously characterized using ThFFF in combination

with online multiangle light scattering, differential refractive index and photon

correlation spectroscopy (ThFFF-MALS/dRI/PCS) detection. Access to these various

distributions is achieved through the measurement of their thermal diffusion coefficient

m.

Two major drawbacks hindering the widespread use of ThFFF for

macromolecular separation have been overcome. One, the use of theories describing

polymer Dt in liquids has lead to significant advancements in method development of

ThFFF. Two, the combination of online PCS with ThFFF provides a means to acquire all

needed data in a single injection. The combination of these two advancements has

eliminated the traditional trial-and-error approach associated with ThFFF and reduced the

overall analysis time of new materials from several days to several hours.

Characterization of styrene-acrylic copolymers is accomplished using a universal

Or vs. mole fraction calibration curve. ThFFF-MALS/DRI/PCS can yield average

compositions of the sample, and monitored composition variations across the elution

profile of the analyte. The novel application of ThFFF-MALS/DRI/PCS for the
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characterization of homopolymers and copolymers with non-linear architeetures was

achieved through the measurement of the Soret contraction factor. The method was

found to be extremely flexible and powerful because a linear analogue of the same

molecular weight and chemistry as the non-linear polymer was not required.

The overarching, take home message of this work can be summarized in one

sentence. Characterization of molecular weight, composition and architecture of complex

polymer materials can be achieved through the measurement of its Dj value, which is a

unique parameter of ThFFF.

8.2 Future Work

Thermal field-flow fi-actionation sits at a crossroads. In one direction, extending

its applieation to existing complex materials will further help to cement its reputation as a

premier polymer separation and characterization technique. In the other, overcoming

existing barriers such as the separation and characterization of water soluble and

biological macromolecules, the characterization of terpolymers, and mierostrueture based

separations of copolymers will improve its flexibility and make it a truly competitive

technique. The work presented in this document lays the foundation for the extension of

ThFFF into these areas.

The novel use of ThFFF for the characterization of nonlinear arehitectures as

presented in Chapter 6 should be extended to long chain branching in large economy of

scale products such as polyethylene (PE). Shear degradation of these high molecular

weight products is a problem during SEC characterization. HT AsFlFFF has been to

overcome this, but the loss of sample components thorough the porous membrane created
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an additional problem. Also, neither SEC nor AsFlFFF can characterize LCB of PE

without a linear analogue. The open design, along with the non-porous walls of the

ThFFF channel would the above mentioned issued, while the application of Dt theory

would allow for the identification of LCB without the need for a linear analogue. The

initial groundwork for ThFFF of PE and polypropylene was done 25 year ago and should

be followed up.

Green separation techniques are desirable. For ThFFF this means developing

separation methods in green solvents such as water, or reducing the amount of organic

solvent consumed during the separation. The use of polymer Dt theories significantly

reduces overall solvent consumption by predicting the appropriate starting carrier liquid.

The next step would be channel miniaturization which can provide a route for further

reduction of solvent and energy usage. Preliminary experiments in our lab have shown

that a simple redesign of the channel resulted in reduced analysis times and solvent

consumption while actually increasing the fractionating power of the current TF2000

ThFFF channel. The separation of a mixture of six PS standards ranging in molecular

weight from 23.8 to 3150 kDa can be reduced from 80 minutes to 8 minutes by using a

charmel that is 225 cm long x .2 cm in breadth and 0.005 cm thick (compared to typical

channel dimensions of 45 cm in length x 2 cm in breadth x 0.127 cm thick). The increase

in length was accomplished by introducing multiple hairpin turns into the spacer design.

The fractionating power of the new charmel was improved 20-fold while the solvent

consumption was reduced 32-fold over the typical charmel dimensions.

The practical issue in generating multi-tum spacers is that they currently have to

be cut by hand. Precise charmel dimensions can be achieved by laser cutting of the spacer

material. In this way a micro ThFFF charmel 500 cm in length and 0.1 cm in breadth can be
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cut into a 10 cm" area of spacer material. Using this spacer, an instrument one quarter the

size of the current instrument could be built without sacrificing the improved resolution and

reduced solvent consumption mentioned previously. The smaller instrument size would have

additional benefits such as reduced energy consumption and portability.

The well established linearity of Dj vs. mole fraction for one of the monomer

constituents of the copolymer is valid for different microstructures and architectures only

when a good, non-selective solvent is used. Extension of this concept may provide a

pathway for the composition characterization of terpolymers by ThFFF through the use of

Dtvs. mol fraction universal calibration planes; provided that the Z)?-values for all three

components were unique in the chosen carrier liquid. Detailed ThFFF charaeterization of

copolymer microstructure may be possible through the use of binary solvent carrier

liquids. It has been shown previously that analyte retention can be manipulated using

binary solvent carrier liquids. Preliminary results in our lab have shown a small increase

in resolution between diblock and random PS-PBA copolymers of similar molecular

weight and composition when acetone (a selective solvent for PBA) is used as the carrier

liquid. A binary solvent carrier liquid consisting of a good, non-selective solvent and a

selective solvent may yield improved resolution between copolymers of similar

composition and molecular weights, but different microstructures. Finally, the use of Dt

theory to predict appropriate carriers liquids should be extended to ThFFF of water

soluble and biological macromolecules.
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