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ABSTRACT

Field-flow fractionation (FFF) is a family of techniques known for its open channel
design and ability to separate polymers and colloids. The applied field in an FFF technique
determines the physiochemical properties by which the separation occurs. A well-established
theory relates retention time to a retention parameter that is defined by the interaction between
the analyte and the applied field as well as the analyte’s diffusion coefficient (D). This imparts
the ability for FFF techniques to be used as both a separation and characterization tool. In the
case of flow FFF, the retention parameter is dependent solely on D which subsequently relates to
hydrodynamic size. For thermal FFF (ThFFF), the retention parameter is dependent on the Soret
coefficient (St), a ratio of the thermal diffusion coefficient (D7) and D. Existing studies of the
thermophoresis of polymers in dilute solutions have revealed trends that may be utilized to solve
challenges in polymer analysis. Specifically, Dt has been observed to be molar mass independent
(above 10° to 10* Da), polymer-solvent dependent, and recently — dependent on architecture. The
polymer-solvent dependence of Dt has been leveraged to characterize the composition of di- and
tri-block polymer systems. This polymer-solvent dependence, while useful in driving
separations, has proven to be challenging when analyzing new polymer chemistries because of
incomplete understanding of thermophoresis and the resulting trial-and-error approach to
selecting a carrier liquid that imparts sufficient polymer retention.

This thesis aims to increase the adoption of ThFFF by expanding the scope of polymer
chemistries and architectures studied. The work presented here leveraged a leading polymer
thermophoresis model to identify a suitable carrier liquid for characterizing the architecture of
bottlebrush polymers. The St values were calculated from measured ThFFF retention times and
their relationships to the degree of polymerization of the brush backbone and sidechains were
established. Information about bottlebrush architecture was then obtained using the recently
introduced Soret contraction factor (g ), defined as the ratio of the Soret coefficient of a
branched polymer (St,r) to that of linear polymer (St,in) with the same molar mass. Linear
analogs were not available for these polyacrylates-containing bottlebrush polymers and thus Sr.in
values were approximated using models for thermal and translational diffusion. A plot of log g”
versus the number of chain-ends of a bottlebrush showed the expected decrease in log g” when
the number of chain ends increased from 120 to 400. Differences in log g~ were also noticeable

between 30% and 100% grafting densities. This work demonstrated the feasibility of estimating



Stin and opens the door for architecture characterization in the absence of a linear polymer
analog.

The g~ approach described above has been successfully utilized for model polymer
systems derived from well controlled synthesis and orthogonal characterization. Ultimately, the
question is whether g can be used to characterize polymers in complex formulations of
industrial importance. A polydimethylsiloxane (PDMS) containing formulation was targeted
because of its relative ‘greenness’ when compared to petrochemical derived polymers. This
PDMS system proved to be challenging on multiple fronts. First, Dt calculations did not yield
trends useful to solvent selection due to the observed double Hansen Solubility sphere. This
yielded two distinct values for Dt for each solvent system, both of which were inaccurate
(>100% difference). Second, the industrial formulation contained a low (< 10%) amount of
crosslinked PDMS amidst a large amount (> 90%) of PDMS diluent as well as gels and
microgels. This low level of crosslinked PDMS and the broad size polydispersity required
development of a sample preparation procedure. Different sample preparation methods were
evaluated using ThFFF-MALS and the molar mass profiles indicated that centrifugation
followed by filtration was the most suitable. Next, PDMS samples with different levels of
crosslinking were analyzed and the log g~ distribution for the more crosslinked sample was
observed to extend to lower values (more contraction). This is as expected and showed that the
g” approach can be used for a new polymer chemistry, PDMS, and a complex sample mixture.
To date, there has been no additional verification of the Soret contraction approach. PDMS
offered a unique opportunity to address this gap because this polymer can be depolymerized and
GC-MS used to determine products indicative of branching. GC-MS results confirmed the
degree of branching trend indicated by g values and is an important step forward.

The final project presented in this thesis explores the link between Dt and the glass
transition temperature (Tq). This work presents a comprehensive compilation of polymer thermal
diffusion data and the first comparison of experimental Dt and T4. Across multiple solvent
systems, a strong positive correlation was observed. To understand if there is a physical
connection between these two properties, the results of a first principles Tg model were compared
to experimental Dt values. This work suggests that entropic forces may contribute to Dr, a factor
which was explicitly ignored in the derivation of the current leading predictive model. In

addition, Tq may be an alternative metric for carrier liquid selection for ThFFF analyses.



In summary, ThFFF has become an increasingly powerful tool for the characterization of
complex polymer systems. This thesis presents the first reported estimation of St for a linear
polymer utilizing leading models of translational and thermal diffusion, which has expanded the
accessibility of g~ analysis beyond systems with available linear analogs. The scope of
architecture studied by g now includes bottlebrushes and crosslinked networks along with the
previously reported branched systems. Analyses of crosslinked PDMS also presents the first
application of g to an industrial polymer system. These results were also the first to be verified
by alternative means. In addition, a potential link between Dt and T4 was observed that could
lead to improvements in predictive models. This relationship may also serve as a simple metric

for approximating the relative magnitude of D+ for polymers.
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CHAPTER 1
INTRODUCTION

1.1 Analytical Challenges and Motivation

Advanced polymer materials are at the forefront of technological advancement in areas
ranging from medicine to agriculture and other industrial applications [1]-[4]. The broad
versatility of these materials can be attributed to the high degree of tunability in polymer
chemistry. Simply increasing the length of a chain (molar mass) can result in different solution
and bulk properties. Alternatively, altering chemical composition can greatly change its
physiochemical properties. For example, control of n-conjugation in a polymer chain can be used
to tune the band gap, a useful electronic property for device manufacturing [2]. Conversely, a
polymer without -conjugation may be an insulator with good mechanical properties and serve a
different function in a device stack [2]. A polymer chain may also be composed of multiple
compositions, where the components are either arranged in blocks or randomly distributed
throughout the chain. This leads to greater diversity in physiochemical properties as well as
additional characterization challenges. In addition to composition, a polymer chain may be
modified by the addition of branching. A schematic representation of the architectural diversity
in polymers is shown in Figure 1.1. Different branching structures can impart distinct functions
to the polymer chain or modify existing ones [3], [5], [6]. It is well established that crosslinking
increases mechanical and thermal stability. In the case of lithium ion conducting polymers, it was
shown that star-shapes are one to two times more conductive than their linear counterparts [7].
However, in polymer synthesis there can be heterogeneities in all the aforementioned properties:
molar mass (size), composition, and architecture [8], [9]. To probe the relationship between
structure and function, each of these properties and their heterogeneities need to be well
characterized. Common ensemble techniques like Fourier transform infrared (FTIR)
spectroscopy [10], nuclear magnetic resonance (NMR) spectroscopy [11], light scattering [12],
[13], and mass spectrometry [14] are limited to reporting only average values. For polymers, it is
generally accepted that separation of the analyte prior to analysis by an ensemble method is
essential to obtaining information about distributions in measured properties.
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Figure 1.1. Representative schematic of the diversity in polymer architecture

1.2 Methods for Separation and Characterization of Polymers

Chromatography has long been the standard for polymer separations [15]. Of the
chromatographic methods, size exclusion chromatography (SEC) is most used for its simplicity
as it separates only by hydrodynamic diameter under ideal elution conditions. Ideally, this is an
entropic based separation with no enthalpic interactions between the stationary phase and the
analyte [15]. The quality of the separation may then be modulated by changing the pore size of
the packing material or altering the size of the solvated polymer by changing the thermodynamic
quality of the solvent. Separations may also be designed around a polymer’s enthalpic
interactions with the packing material. In this case, elution may be controlled by altering the
eluent composition to drive differential elution based upon the strength of the interaction [15].
Alternatively, since enthalpic interactions are temperature dependent, the ambient temperature of
the column compartment may be adjusted to drive retention or elution of the species [16]. This
technique is known as temperature gradient interaction chromatography and may result in
separations based on composition, architecture, or both. The last major category of
chromatography is under the critical condition where entropy and enthalpy are balanced,
resulting in a separation driven solely by composition. No theoretical description has been
developed which can predict the retention time of an analyte under a set of chromatographic

conditions or determine a physiochemical property based upon the retention time, unless a



calibration using known standards is first employed [17]. For this reason, online detection
schemes that measure properties such as size, molar mass, composition, and branching [18] of
eluting components are essential. The most ubiquitous online detector for characterizing molar
mass, size, and branching is multi-angle light scattering (MALS). To calculate the molar mass of
the analyte, the concentration must be known. This is typically achieved through a differential
refractometer which relates the change in refractive index (dRI) to concentration. Alternatively,
species which absorb ultraviolet (UV) light can be quantified by online UV-vis detectors. If the
polymer is comprised of two different monomers, it is sometimes possible to use MALS in
combination with UV-vis and dRI to determine the mass, and thus molar mass, of each
component [19]. Other typical detectors include viscometers for determination of intrinsic
viscosity and dynamic light scattering (DLS) for determination of the hydrodynamic radius.
These online detection schemes are typically used in two ways to assess branching, i.)
comparison of the mass scaling relationship between either intrinsic viscosity or radius to a linear
analog and ii.) the ratio of a physical property of a branched polymer to that of a linear analog of
the same molar mass [8], [20], [21]. In either case, these analyses may be frustrated by the non-
ideal elution of a polymer [8], [21].

Chromatographic methods are generally hindered by the non-ideal elution of polymers
with high molar mass and branching (>10° Da) [8]. It is hypothesized that the non-ideal elution
profiles are the result of chain anchoring on the packing beads of a chromatographic column.
This can lead to irreversible adsorption or even chain scissions. Field-flow fractionation (FFF) is
a family of techniques in which the separation occurs in an open channel instead of a packed
column [22], [23]. This allows for the analysis of materials which would typically elute non-
ideally or require additional sample preparation [24]. An in-depth discussion on the separation
and characterization of polymers via FFF and the use of online detectors can be found in Chapter
2.

1.3 Outline of Chapters

The purpose of this research is to study the thermophoretic behavior of complex
polymers and leverage this knowledge to advance the capabilities of Thermal FFF for the
characterization of industrially relevant materials. A summary of the specific research objectives

of this work are as follows. Chapter 2 is a comprehensive practical guide to the theory and



modern applications of ThFFF with multiple detectors for the separation and characterization of
polymers [22]. Chapter 3 is an investigation of the relationship between the Soret coefficient (St)
and the architectural characteristics of a model bottlebrush polymer library. This work
demonstrated a linear relationship between St and the degree of polymerization of the backbone
and sidechain, which could be exploited in the routine analysis of this bottlebrush material via
ThFFF. In addition, it was shown that the St of a linear polymer could be estimated using a
predictive model of thermal diffusion which is a factor in the calculation of the Soret contraction
factor (g”), a novel method of branching analysis. This yielded insights into the thermophoretic
behavior of branched polymers and expanded the scope of g literature to include novel
architectures and polymer chemistries. With the addition of my work on bottlebrushes, g”
literature now spans a more diverse set of polymer chemistries and architecture. However, to
become industrially relevant it must be expanded further to the analysis of polymer-based
formulations. Chapter 4 describes both the unique sample preparation required for an industrial
formulation containing crosslinked polysiloxanes and its architectural analysis through g”. This
work was validated by GC-MS experiments, a possibility afforded by the ability to depolymerize
polysiloxanes. In addition, this work demonstrated the same thermophoretic trend observed in
Chapter 3 — the thermal diffusion coefficient (D) of a branched polymer was significantly lower
than that of the linear analog. This is an important finding in the development of g~ analysis as it
may impact the analysis. The decrease in Dt for a branched polymer is not readily predicted by
current models and to-date there is no theoretical description for thermophoresis of polymers in
solution [25], [26]. This led to Chapter 5, an investigation into the relationship between Dt and
the glass transition temperature (Tg), a property also impacted by branching. Although thermal
diffusion is strongly solvent dependent, polymers with a high T4 have a corresponding large Dr,
relative to other polymers in that solvent system. A first principles model of T4 indicates that the
segmental entropy of a polymer chain is the primary factor controlling this property [27], [28].
By relation, this indicates that entropic forces may also be a factor in thermophoresis. Current

predictive models ignore entropic contributions to Dr.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

Originally published in Molecular Characterization of Polymers.*

Michael Toney?, Luca Baiamonte?, William C. Smith?, S. Kim Ratanathanwongs Williams?

Field-flow fractionation (FFF) was introduced in a seminal paper by the late J. Calvin
Giddings in 1966 [1]. Herein he laid the foundational principles by which FFF operates; analytes
introduced into a separation chamber with laminar flow may be differentially separated by an
applied field which is orthogonal to the flow stream. The many variants of channel design and
field types make FFF uniquely adaptable for the characterization and separation of
macromolecules, colloids, and micrometer-sized particles [2]-[9]. The FFF separation bears
resemblances to chromatography and the latter serves as a useful point of comparison. Like
chromatography, FFF operation entails the injection of a narrow sample band into an elongated
flow chamber, differential elution of analyte species in a laminar flow, and on-line detection.
Unlike chromatography, whose retention mechanism is governed by analytes partitioning in a
two-phase system, FFF relies on an externally applied field that interacts with and transports
analytes to different velocity streams across an open channel. Various ‘fields’ (electric, thermal,
gravitational, crossflow, magnetic, dielectrophoretic, etc.) are applied to drive separations based
on different physiochemical properties and give rise to different FFF techniques. In 1967, the
first FFF experiment employed a temperature gradient to separate 3 and 400 kDa polystyrene. In
the following years, new techniques were added to the family which leverages other fields:
sedimentation [10], flow [11], electrical [12], magnetic [13], dielectric [14], electric [12], and
light [15]. A general schematic of an FFF channel operating in normal mode separation is

illustrated in Figure 2.1.

FFF techniques in general possess several advantages due to their open channel design.

Shear stress and degradation are greatly reduced which allows for the analysis of fragile
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materials such as loosely bound complexes and ultrahigh molecular weight macromolecules [16].
Sample recovery is often superior to chromatography due to reduced channel surface area and a
different separation mechanism. FFF can also separate analytes which are highly disperse and
range in size from a few nanometers to approximately one micron in normal mode. This
represents a significantly larger range and higher exclusion limit than size exclusion
chromatography (SEC) [17]. Another advantage to the open channel design is that sample
preparation is minimal. Microgels, which would normally be removed by filtration prior to SEC,
may be injected directly into a channel and information obtained about the soluble polymer and
microgel components [18]. In polymer analysis, flow FFF (FIFFF) and thermal FFF (ThFFF)
stand out for their complementary and unique features. The FFF separation mechanism takes two
forms depending on the size of the analyte species. In the normal mode, analytes from a few
nanometers to approximately one micrometer in size are separated with the high diffusing (or
small size) species eluting first contrary to the elution order for SEC. Furthermore, the retention
time-size relationship can be predicted by FFF theory for normal mode (< 1 um), particularly for
FIFFF. When analytes are micrometers in size, the separation mechanism changes to steric or
hyperlayer mode with large species eluting first and sizes are determined from calibration plots
established using size standards [19], [20]. Only normal mode flow and thermal FFF will be

covered in this chapter.

The remainder of Section 2.1 addresses FFF theory and practices from a general
perspective that encompasses all FFF techniques. Section 2.2 focusses on flow FFF and Section
2.3 emphasizes thermal FFF with discussions on FFF theory, instrumentation, practices,

applications, and advances.



Figure 2.1. General schematic of a field-flow fractionation channel operating in normal mode. A
field is applied orthogonally to the flow and drives analytes towards the accumulation wall. This
field-induced flux is countered by diffusion and at equilibrium analytes reach some mean layer
thickness, ¢, which may be related to the retention ratio, R, through Equations 2.2 and 2.4. In a
channel of thickness, w, separation of retained analytes occurs near the accumulation wall.

2.1 Separation Mechanism and Retention Theory (Normal Mode)

The mathematical basis of the FFF retention mechanism is founded on the assumption
that particles behave ideally at infinite dilution where analyte species are of negligible size with
respect to the channel thickness [21]. Due to the high aspect ratio of the channel breadth (b) to
thickness (w), liquid flowing through the channel can be treated as flowing between two
infinitely parallel plates. At low flow rates, and accordingly low Reynolds numbers, the velocity
profile of the carrier fluid is parabolic with the maximum velocity in the center of the channel
and the minima at the walls, where due to frictional drag, velocity approaches zero. With no
external field applied, an analyte will sample every flow streamline in the velocity profile. The
analyte will then travel at the average speed of the eluent and elute from the channel at void time
(t%, which is dictated by the volumetric flow rate and channel dimensions. With an external
field, analyte retention is governed by the specific interaction between the physiochemical
properties of the analyte. Retention typically increases with the magnitude of the applied field.
The type of field used gives rise to different FFF techniques such as electrical FFF (for charged

10



analytes), crossflow FFF (for different hydrodynamic size), thermal FFF (for size and
composition), sedimentation FFF (for different mass), and so on [22].

Existing equations relating field strength and analyte physicochemical properties
combined with the known equation for parabolic flow enables prediction of retention times.
Alternately, analyte properties can be calculated from measured retention times, imparting both
separation and characterization capabilities to FFF. In an FFF experiment, an external field is
applied orthogonal (the x-direction as shown in Figure 2.1) to the channel flow and drives
analytes towards one of the walls, termed the sample accumulation or collection wall [23]. This
field-induced transport (U) of analyte components is counteracted by their intrinsic translational
diffusive flux (D) due to the resultant concentration gradient [24]. At steady state, the field-
induced flux and diffusive flux are in equilibrium and the net analyte flux is zero. This produces
an exponential concentration profile with a mean layer thickness or average distance from the

collection wall (¢) as defined by ¢=D/|U|. The concentration profile is thus described as

U
% = exp(—%x) = exp(—%) (2.1)

where the concentration is highest near the accumulation wall (co) and decreases exponentially
towards the opposite wall. The ratio of the mean layer thickness (¢) to channel width (w) gives

rise to

D

/1—{)—
w |Ulw

(2.2)

where 4 is the dimensionless retention parameter that forms the basis of all FFF retention
equations. The mean layer thickness depends on both the diffusional and field-induced transports
which results in each analyte component having a characteristic A value based on its intrinsic
diffusion coefficient and specific interaction with the field.

The retention parameter A provides a direct relation between an analyte’s
physicochemical properties, the strength of the field, and the analyte’s average location and
velocity in the parabolic flow profile within the channel. Retention time (tr) is dependent on the
magnitude of the analyte’s interaction with the applied field and the volumetric flow rate in the
channel. An alternate metric of retention is the dimensionless retention ratio (R) which is defined

as the ratio of the mean fluid velocity ({v)) to the analyte migration velocity (vp)
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The retention ratio can also be written in terms of average analyte retention time (tr) and void
time (t°). Taking into consideration the concentration profile (Equation 2.1) and substituting in a

parabolic function for the velocity v, an expression for R in terms of A can be produced yielding

1
= — — 2.4
R =61 (coth 57 21) (2.4)

This is the fundamental and exact form of the retention equation for all FFF techniques. Various
approximations of Equation 2.4 have been used [25] with the simplest form R = 64 being the
most common. Deviations of these approximations from the exact expression can be seen in
Figure 2.2 where R is plotted as a function of 1. The linear approximation R = 64 deviates < 4%
for R below 0.1 but climbs to ~30% for R = 0.6. The quadratic relationship R = 61— 1242 is
accurate to less than 1% when R < 0.6 then increases to 3% for R = 0.7 and should not be used
beyond 0.7 as the error increases rapidly. Likewise, the cubic approximation stays within an
error of 1.5% for R < 0.6 with the error increasing to 7% at R = 0.8 and ~15% at R = 0.9. Due to
this consideration when calculating physicochemical properties from A for analytes with R > 0.6,

it is important to use the exact form of the FFF retention equation.
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Figure 2.2. Comparison of linear, quadratic, and cubic approximations of the exact retention
expression relating both dimensionless retention ratio (R) and retention parameter ().

2.1.1 Sample Relaxation and Overloading in FFF
2.1.1.1 Sample Relaxation

Sub-micrometer samples usually require no specific pretreatment besides the ability to
form a stable suspension or solution. The absence of packing material permits the FFF analysis
of analytes that would typically need filtration prior to chromatographic separation. When a
sample is introduced into the FFF channel, two significant changes in concentration are
observed. The sample is initially diluted as the concentrated plug enters the channel, field-
induced transport then causes the sample components to concentrate and relax into distinct
equilibrium distributions, e.g., €1, £, in Figure 2.1. The amount of time needed for sample
relaxation is dependent on the channel thickness (w), mean layer thickness of the analytes, and

the field strength. A generalized relation for all FFF techniques is given by

b 2
‘L'=K or ‘L'=L (25)
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where the relaxation time (z) is the time necessary to establish the equilibrium concentration
profile, and A is the retention parameter specific to an FFF technique. As R and /1 are based upon
an exponential concentration gradient at steady state, the sample must be fully relaxed to ensure
ideal behavior (i.e., minimal band broadening, expected retention times, well defined peak
shapes, etc.). This may be achieved by routing the axial flow to bypass the channel, a process
referred to as stop-flow, or by the introduction of an opposing flow which results in sample
focusing. Additionally, the sample inlet can be positioned on the accumulation wall, as is now
standard in commercial ThFFF channels. Frit-inlet FIFFF and frit-inlet asymmetrical FFF (FI-
AF4) systems exploit an additional (high) flow in the channel inlet region which leads to rapid
transport of the analyte to the accumulation wall [26], [27]. This modification allows continuous
analysis of samples and eliminates the stop-flow (FIFFF) and focusing (AF4) steps when
unwarranted sample loss due to adsorption on the accumulation wall is most likely to occur [28].
Resources for the systematic optimization of FFF conditions to improve selectivity and recovery
are available in publications [29] and commercial software tools from Wyatt Technology and
PostNova Analytics.
2.1.1.2 Sample Overloading

As analyte is injected into the channel, it first undergoes dilution followed by
concentration until it reaches a steady-state exponential gradient concentration profile. Like
chromatography, high concentrations may lead to increased plate heights and band broadening,
which in turn influences data analysis (determination of molar mass, polydispersity index, etc.) if
a molecular weight versus time calibration is used. At increasing concentrations, polymer
solutions no longer behave as ideal systems at infinite dilution and exhibit deviant solution
behavior (viscoelastic, rheological, etc.). The transition from dilute to semi dilute regime is well
described by polymer solution theory [30]. As concentration increases, the distance between
molecules is decreased which leads to chain overlap and entanglement. The onset of this regime

transition is typified by the polymers critical overlap concentration ¢” in Equation 2.6.

* MW

c = W (26)

where My and Ry are the polymer’s molecular weight and radius of gyration respectively, p is the
solvent density, and Na is Avogadro’s number. As the relation of My and Rq for a given polymer-
solvent system is dependent on the thermodynamic quality of the solvent, ¢” is similarly
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dependent on solvent quality. In FFF the effect of this excessive concentration manifests itself in
the form of overloading [31]. For a sample to overload the concentration at the accumulation
wall (co) must exceed the critical overlap concentration (co > ¢”). As discussed above, co depends
on the balance of the field-induced and intrinsic diffusion transports, a reasonable estimate can

therefore be made

Co = C;”f 2.7)

where cinj is the concentration injected and 4 is the expected retention parameter for the analyte
under the conditions to be used during analysis. If all necessary quantities are known, the
appropriate concentration range to avoid overloading behavior may be determined prior to
experimentation [32]. It should be noted that Equation 2.6 is dependent on the polymer
molecular weight and polymer-solvent composition. In general, the critical concentration is
higher in a poor solvent than in a good solvent. Likewise, polymers of high molecular weight

will exhibit overloading at lower concentrations than polymers of low molecular weight.

Examination of retention time with respect to concentration provides an indication of the
onset of overloading, specifically, when retention time begins to change as a function of
concentration. In an empirical approach, the sample is analyzed at various mass loadings in the
channel (by either varying injection loop volume or sample concentration) [33]. An example of
an overloading study is shown in Figure 2.3A. This illustrates the overloading behavior of
soluble polymers with the peak becoming broader as sample mass loading increases. At some
critical mass loading, retention time shifts to later times which is typical for soluble polymer in
organic solvents. Overloading behavior may vary depending on the analyte. Many particle
systems, polyelectrolytes, polymers in aqueous systems, and biomacromolecules can display a
decrease in retention time in overloaded conditions. For polymers, the presence of a pronounced
shoulder or second peak is often attributed to the formation of entangled polymer aggregates
[32]. The presence of broad peaks, peak shoulders, or second peaks is also common for polymers
which are not completely solubilized. The dissolution process can be monitored by analyzing the
sample at different time points (hours to days to weeks) after suspension in solvent, as illustrated

by Figure 2.3B. As a rule of thumb, polymers < 1 MDa in a good solvent may take less than 24
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hours to dissolve. For ultra-high molecular weight polymers, >1 MDa, or polymers in poor

solvents, dissolution may take days or weeks at ambient temperatures.
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Figure 2.3. (A) Overloading behavior of 200 kDa polystyrene in THF with increasing
concentration from 0.5 mg/mL to 4 mg/mL and 20 puL sample volume. (B) Black trace is an
ultra-high molecular weight bottlebrush polymer which has been in solution for 24 hours and is
not fully solubilized; the dotted trace is the same polymer which has been in solution for 1 week.

2.2 Flow FFF

The use of a crossflow of fluid as a ‘field’ to transport analytes to the accumulation wall
gives rise to the technique known as flow field-flow fractionation (FIFFF) [34]. The flow field is
appealing because the bulk movement of the crossflow interacts with all analyte species
regardless of size, mass, charge, etc. In theory, flow FFF is applicable to any analyte provided a
suitable semipermeable membrane that retains the analyte in the channel is available. This, and
the simple separation mechanism, has helped make flow FFF the most widely used FFF
technique today [35], [36]. In the following sections, theoretical and experimental aspects of

flow FFF are discussed with emphasis on asymmetrical flow FFF (AF4) applications [37].
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2.2.1 Retention Theory

Retention and separation in flow FFF follow the same general stages as described in
Section 2.1. More specifically, the applied crossflow transports analytes by positive displacement
(with no preference for size, shape, etc.) to the accumulation wall. The resulting higher
concentration at the wall leads to a counteracting diffusion which transfers analyte molecules
back towards the center of the channel at a rate that is related to their hydrodynamic size. A
steady state equilibrium between these two transfer phenomena is eventually reached, generating
exponential concentration profiles with different average thicknesses, ¢1, ¢, etc., that are unique
to each analyte species. Separation in flow FFF thus relies solely on differences in diffusion
coefficients D of the analyte species. These differences in D are represented by different

retention times that reflect separation.

The general equation for 1 shown as Equation 2.2 can be rewritten specifically for flow
FFF by substituting the specific expression for field-induced velocity, i.e., U is the crossflow

velocity and is equal to Ve w/V?, to obtain:

DV°
= 2

2 (2.8)

V. w

where V°, V. and w are the channel void volume, the crossflow rate, and the channel thickness,
respectively. Substitution of Equation 2.8 into the simplified form of Equation 2.4 where R=61]

yields

wi,

DV (2.9)

t, =

where Vou: equals VO/t°. Equation 2.9 applies only to symmetrical flow FFF and is modified as
follows for AF4 [2]

w? V.
q=€5u(1+%w) (2.10)

These simplified equations 2.9 and 2.10 are good approximations when R < 0.1 and clearly
shows the relationship between tr and D. However, more rigorous equations are available and
should be used in experimental practice for sample characterization especially when R > 0.1

[38]. The D values can be transformed to a sphere equivalent hydrodynamic size using the
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Stokes-Einstein equation D = kT/3zndn where # is carrier liquid viscosity and d is
hydrodynamic diameter. Thus, small size species elute first and size (or molecular weight)

information including polydispersity can be directly obtained from measured retention times.

2.2.2 Instrumentation

Flow FFF systems includes pumps, a flow FFF channel, and one or more detectors to
register the elution of analytes and additional characterization for molecular weight, size, etc.
The flow FFF channel has multiple configurations including the symmetrical, asymmetrical, and
hollow fiber channels shown in Figure 2.4. Currently, flow FFF devices are available from

Postnova Analytics and Wyatt Technology.
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Figure 2.4. Different variants of flow FFF. (A) symmetrical flow FFF has a rectangular channel
geometry with two permeable walls and was the original configuration, (B) asymmetrical flow
FFF (AF4) also uses in a rectangular channel geometry but has only one permeable wall, and (C)

hollow fiber flow FFF uses a hollow fiber membrane or ceramic tube. (Reprinted with
permission from [39].)
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The symmetrical flow FFF channel consists of two permeable walls made of porous
ceramic frit where one wall is overlaid with a semi-permeable ultrafiltration membrane that acts
as the sample accumulation wall. A spacer that defines the FFF channel is sandwiched between
one frit wall and the membrane and the channel shape is rectangular with two triangular ends at
the inlet and outlet [40]. In AF4, the upper wall frit is replaced by a non-porous material such as
glass, which simplifies the setup [3]. The AF4 channel maintains the triangular end pieces at the
inlet and outlet but has a trapezoidal shape with a narrower breadth at the outlet end. Since the
flow at the inlet supplies both the channel flow and the crossflow, the channel flow rate
continuously decreases towards the outlet (as one part is continuously exiting through the
membrane). The trapezoidal channel shape increases the channel flow velocity in the direction of
the channel outlet and results in more reasonable analysis time. The thickness of the spacer/FFF
channel ranges from 50 to 500 pum, the channel length commonly lies in the 10 to 20 cm range,
and the breadth between 1 to 2 cm.

(A) (B)

177000

40
TIME (min)

Time (min.)

Figure 2.5. AF4 fractograms. (A) mixture of 5 pg each of polystyrene sulfonate (PSS) polymer
standards in Tris buffer. (B) protein mixture: 1- carbonic anhydrase (29 kDa), 2- bovine serum
albumin (66 kDa), 3- alcohol dehydrogenase (150 kDa), 4- apoferritin (444 kDa), and 5-
thyroglobulin (669 kDa). (Reprinted with permission from [41] and [42])

Identification of an appropriate semi-permeable membrane is crucial in flow FFF
experiments. ldeally, the membrane should not interact with the sample and its pore size should

allow small molecules to flow out of the channel while retaining analytes. Several membranes
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with different materials and nominal molecular weight cut-offs (MWCOQO) are currently available
on the market (Table 2.1). Thus far, the most used are regenerated cellulose (RC) and polyether
sulfone (PES) ultrafiltration membranes. An appropriate MWCO is usually one that is below the
molecular weight (or size) of the smallest species of interest. The MWCO is determined using
model proteins and specific conditions and is a nominal value only. Hence, sample loss may
occur through the membrane if the analytes are a different shape and the FFF flow rates (channel
pressures) are sufficiently high. The physicochemical properties of the sample can give useful
indication what type of membrane material to choose (e.g., the hydrophilic RC is less likely to
interfere with the fractionation of hydrophobic molecules than PES). Other variables such as
flow rates and carrier composition, ionic strength, and pH may also impact membrane-sample
interactions [35]. Preliminary experiments which evaluate and optimize membrane performance
should be included in method development especially for new analyte types for which there is no
prior flow FFF work [3], [43], [44].

Table 2.1. Selected examples of membrane chemistry and MWCO recently used in AF4
characterization of different samples.

Sample Membrane chemistry | MWCO (kDa) Reference
Metal-bearing colloids PES 0.3 Cuss, et al. [45]
Fraunhofer, et al.
Gelatin nanoparticles PES 1 [46]
Trace metals and dissolved
organic matter PES 1 Wang, et al. [47]
Cereal B-glucan PES 5,10 Zielke, et al. [48]
Polymer emulsion RC 5 Makan, et al. [49]
Complex polymers RC 5 Pasch, et al. [50]
Perevyazko, et
Cationic copolymer RC 10 al.[51]
Gluten RC 10 Mahroug, et al. [52]
Caseins RC 10 Abbate, et al. [53]
PVA-g-PMMA
nanoparticles RC 12-14 Halamish, et al. [54]
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2.2.3 Methodology

Several parameters can be adjusted to tune separation conditions for a given sample, such
as membrane chemistry, MWCO, carrier composition, and flow rates. Such versatility has
allowed AF4 to be applied to a wide range of samples from macromolecules (e.g., dendritic
macromolecules [55], amphiphilic copolymers [56] and tannins [57]) to more complex
assemblies (e.g., fullerene aggregates [58], cellulose [59], amylopectins and glycogen [60]) and
up to entire bacterial cells [61]. Optimization of multiple variables can be challenging and time-
consuming, however, a systematic approach as described below may expedite this process [62].

2.2.4 Solvent Selection

Flow FFF can be implemented with both organic and aqueous solvents [63]. Different
channels optimized for either carrier compositions are available on the market and can easily be
connected to the pump without the need for major changes in the setup. Organic solvents such as
tetrahydrofuran (THF) and 1,2,4-trichlorobenzene (TCB) are used for the fractionation of
synthetic polymers [49], [50], [64], [65] whereas aqueous carriers are more frequently employed
in the analysis of natural and biopolymers (Table 2.2) [51,52,65-74]. In the latter case, dilute
salt, or buffer solutions (in the 10 — 50 mM range) such as phosphate buffer (PBS), sodium
nitrate (NaNOz) or sodium chloride (NaCl) are typically used to provide biocompatible
conditions and reduce electrostatic interactions between the analyte itself and between the
analyte and the ultrafiltration membrane. Addition of NaN3 in small concentrations (approx. 200

pg/L) is often beneficial to prevent microbial growth.
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Table 2.2. Selected examples of carriers recently used in flow FFF characterization of different

samples.

Sample Carrier Information sought Reference
Complex polymers TCB Size and MW distributions Pasch, et al. [50]
Branched and ultra-

high molecular TCB Size and MW distributions Otte, et al. [64]
weight polyolefins
_ Size, MW, and gel content
Polymer emulsions THF o Makan, et al. [49]
characterization
_ ) de Guibert, et al.
Whey protein 45 mM NaCl Aggregate size 73]
Starches from 10 mM Physicochemical and structural Fuentes, et al.
different sources NaNOs characterization [66], [67], [76]
Human plasma 50 mM PBS Lipoprotein characterization Bria, et al. [70]
PVA-g-PMMA Deionized Characterization of self-assembly | Halamish, et al.
nanoparticles water and nanostructures [54]
50 mM ) o
Dextran Size characterization Eckel, et al. [74]
NaNO3
_ 50 mM o
Non-alcoholic beer NaNo Macromolecular characterization | Krebs, etal. [77]
alNOQs3

Separation in aqueous phases requires the user to select appropriate pH and ionic strength

for the analysis. These parameters should be tuned according to the sample characteristics (e.g.,

stability, solubility etc.). Low ionic strengths for instance, have been proven to adversely affect

the separation of charged polymers by causing early-eluting, deformed peaks [78]. On the other

hand, high ionic strengths may cause a decrease in the thickness of the electric double layer

between analyte and membrane, which results in a closer approach of analytes to the channel

wall and, eventually, in elongated retention times [79]. Similarly, the effect of carrier liquid pH

should be considered as pH values in the range of the isoelectric point of the analyte may result

in sample aggregation and/or precipitation [72], [80]. A careful balance between these two

parameters, pH and ionic strength, results in an optimum separation.

23




2.2.4.1 Sample Preparation, Loading, and Overloading

A stable sample solution or suspension is an important criterion for successful analysis
and has proven to be challenging for samples such as polysaccharides. Elevated temperatures,
high pH, and organic solvents may be employed as long as the sample does not undergo

degradation during the process [81].

Flow FFF techniques are generally employed for analytical purposes with small sample
loads. Injection of excessive amounts of sample (i.e., overloading), may cause shifted retention
times, skewed and broadened peaks and the introduction of artifact peaks [32]. Such effects arise
in good solvents at analyte concentrations close to the so-called “semi-dilute” region. Other
factors such as ionic strength and pH of the carrier liquid and the crossflow rate play a major role
in overloading effects and should be carefully evaluated [78]. A detailed study on overloading
effects in flow FFF methods is available which addresses both theoretical and experimental
aspects [32]. In practice, overloading concentration may be ascertained by systematically
injecting sample solutions with decreasing concentration until no changes in retention time and

peak shapes/breadths occur.

2.2.4.2 Flow Rates and Sample Focusing in AF4

Control of the ratio of the crossflow rate to the outlet flow rate V¢/Vout is important to
obtain an adequate fractionation. The crossflow rate is particularly important in order to optimize
separation resolution and analysis time. Commercial AF4 instrumentation allows the user to
apply constant (isocratic) cross flow rates and use program crossflow rate gradients to
continuously decrease analyte retention during the analysis. This can be particularly beneficial
when analyzing highly polydisperse samples as total run times can be shortened significantly. A
gradient crossflow rate can also be useful as an initial step to probe the general size/MW range of
components present in an unknown sample [3]. Crossflow rate programming utilizes two types
of gradients: linear or exponential [82]. AF4 method development can now be done using

commercial software tools offered by FFF instrument manufacturers.

An optimization strategy that addresses both separation and detection has been proposed
[43]. The two additional parameters considered are the time required to separate two components
differing by a factor of two in their MW (TREQ) and the ratio between analyte concentrations
during the separation (DILF). When changing the crossflow rate, TREQ and DILF are affected in
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opposite directions with an increase in the crossflow resulting in greater TREQ and improved
separation. Detection sensitivity on the other hand, can be improved by enhancing the DILF

through a reduction of the crossflow intensity.

Symmetrical flow FFF utilizes a stop-flow period during which the channel flow is
routed to bypass the channel while the crossflow establishes steady state analyte layers at
different average distances from the membrane accumulation wall. The stop-flow relaxation time
in flow FFF techniques depends on the channel volume (V°), the crossflow rate (Vc) and the time
required to sweep sample from the injection valve through connecting tubing and into the
channel according to Equation 2.11 [2]. Injection time is obtained dividing the volume of
injection tubing (VPuing) by the injection flow rate (Vinj). Approximately 20% more time is
usually added as this has been observed to yield the best separation performance. The stop-flow

time, 1, is thus calculated as

vo Vi,
~12 4+ kg (2.11)
Ve Vinj

Equation 2.11 is also applicable to AF4 where analytes are relaxed to their equilibrium
layers through a process termed “focusing”. Focusing takes place at point z within the channel.
Typically, z is located 2-5 cm downstream from the carrier inlet to avoid the flow
inhomogeneities present near the inlet [3], [83]. Its coordinate can be set by adjusting flowrates
according to

Vi

Z
-—= — 2.12
L Vin + Vout ( )

where L is the total channel length, Vin and Vout are the two opposing flowrates, coming
respectively from the inlet and the outlet (Figure 2.6). The focusing time also takes in to account
the time needed to fully load the sample into the AF4 channel.
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(A) Focusing step (B) Elution step

Figure 2.6. Schematic representation of an AF4 channel during the fractionation steps. (A)
focusing/relaxation: Sample is introduced through the injection port, while two opposing carrier
flows are pumped in from both the channel inlet and outlet. Fluid exits through the
semipermeable membrane and porous frit wall while providing the essential crossflow that drives
analytes to the accumulation wall. Upon relaxation, two different D (or size) species have two
different mean layer thicknesses. (B) elution: A single flow of carrier fluid from the channel inlet
serves as the source of both the crossflow and the channel flow. The latter carries analytes down
the length of the channel towards the detector.

2.2.5 Advances in Flow FFF Instrumentation

2.2.5.1 High Temperature AF4

The development of ceramic membranes capable of withstanding temperatures above
130 °C has made it possible to develop high-temperature (HT) flow FFF methods [63]. Until
recently the large MWCO displayed by such membranes caused important fractions of the
sample to be lost through the accumulation wall, thereby significantly limiting their applicability
[64]. Novel ceramic membranes with improved characteristics (i.e., 50 — 150 kDa MWCO)
allowed HT-AF4 to be applied to a wider variety of samples. For instance, this technique was
used to analyze high molar mass branched low-density polyolefins of high MW [65]. SEC with
multiangle light scattering (MALS) and differential refractive index (dRI) detection displayed
co-elution of long branched chains and linear analogues, which prevents a correct MW
characterization of the sample [16]. Application of HT-AF4-MALS-dRI to the same sample
showed a monotonic increase in MW and enabled the determination of MW distribution [64].
Although significant progress has been made in the fabrication of ceramic membranes, their
large pores still constitute a major limitation to the applicability and the potential of HT-AF4 for

polyolefin analyses.
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2.2.5.2 Microstructured Membranes

Optimized experimental conditions are not always sufficient for successful fractionation
of components with similar retention. Though resolution can be improved by increasing the
channel thickness and/or the crossflow intensity, this may lead to detection and transmembrane
pressure problems. The concept of micro-sized grooves at the accumulation wall was
implemented in 1978 on ThFFF [84] and recently applied to AF4 [85]. AF4 results showed that
microstructured membranes with grooves perpendicular to the direction of the carrier flow
(Figure 2.7) induced a decrease in the zone velocity, which is stronger for larger molecules,
thereby improving the resolution of the separation. It should be mentioned that due to the
patterning process (i.e., hot embossing), membranes presented a slight increase in the MWCO.
Future studies will therefore focus on the fabrication of microstructured membranes with lower

MWCO as well as on the determination of the most effective groove structure.

(A) Flat

membrane

(B) Microstructured
membrane

Figure 2.7. (A) Schematic representation of AF4 separation with flat microstructured
membranes. (B) Electron microscopy image of microstructured membrane. (Reprinted with
permission from [85].)

2.2.5.3 Semi-Preparative AF4
The applicability of analytical scale separation techniques is sometimes limited by the
amount of sample produced (approximately 100 ug) [86]. Separation and purification of larger
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amounts is sought when further off-line characterization is necessary or when fractions of
substantial amount are needed for testing performance. Though chromatography methods are
already available for preparative separation of molecules of a few nm in size [87], [88], for larger
species this is not the case. Precipitation and ultracentrifugation (sometimes combined) are
currently used for this purpose. These techniques are often time-consuming, require sample-
specific conditions, and may induce irreversible aggregation in the sample. Semi-preparative
AF4 (SP-AF4) can be performed by combining multiple channels in parallel or by increasing the
dimensions of a single channel [70]. The former approach yields low sample amounts and is
limited by variations in each channel membrane’s properties (e.g., porosity, flux, and surface
chemistry). Such irreproducibility has been proven to cause as much as a 56% increase in peak
broadening [89]. Increasing the size of a single channel appears to be a more successful strategy.
A recent study demonstrated the successful purification of significantly higher amounts of
sample both in organic and aqueous carrier liquids. Thereby, sample loads as high as tens of mg,
in the case of silica nanoparticles, could be fractionated while still retaining a satisfactory
resolution [86] In the same study the relationships between channel breadth, sample load, and
separation resolution were also investigated. Results show that wider channel breaths may enable
the loading of higher sample quantities without causing overloading effects (Figure 2.8). The
optimal focusing position for large sample loads, moreover, was determined to be as close to the

channel inlet and near the broadest part of the channel.
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Figure 2.8. Fractograms of polystyrene latex beads (46 and 100 nm in diameter) obtained with
channel of different dimensions. The respective values of b= minimum channel breadth and bo =
maximum channel breadth are reported in the graph. (Reprinted with permission from [86].)

2.2.5.4 Miniaturized AF4

Some flow FFF applications require minimization of solvent and sample consumption as
well as reduced analysis time. Such characteristics can be attained by the implementation of
miniaturized AF4 (mAF4) [90]. The first study on the subject was published in 2004 [91] and
was followed by several others addressing the separation of metal nanoparticles [90] and
biopolymers (i.e., proteins and lipoproteins) [92]-[94]. It was only in 2017 however, that mAF4
performances were comprehensively and systematically studied, including the determination of
important parameters such as sample recovery, limit of detection (LOD), and limit of
guantification (LOQ) [95]. Results showed as much as a 50% reduction in solvent consumption
and an 87.5% reduction in sample consumption. Moreover, LOD and LOQ could be halved
compared to conventional AF4 channels, paving the way to the standardization of mAF4 as a
method for trace analysis (e.g., detection of nanoparticles in environmental matrices). Such

improvements though, come at a partial expense of peak resolution (Figure 2.9).
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Figure 2.9. Comparison of fractograms of mixtures of polystyrene nanoparticles in a
conventional (black) and a miniaturized (red) AF4 channel. Insert shows the crossflow profile
utilized. (Reprinted with permission from [95].)

2.2.6 Applications

In this section selected applications of flow FFF are reported and discussed. The variety
of examples described further confirms the versatility of flow FFF methods and their wide
applicability.
2.2.6.1 Polymer Nanoparticles for Drug Delivery

Nanoparticles constituted of synthetic polymers are considered appealing systems for
drug delivery and biomedical applications [96]. Dendrimers and polymersomes are among the
most promising in this category and are chosen as examples for more detailed discussion in this

section.
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Dendrimers are characterized by a central core combined with a perfectly branched
structure [55]. These macromolecules possess a high number of chain-ends available for
modification and are able to load cargo molecules within their scaffold and/or on their surface.
Furthermore, dendrimers feature good solubility, prolonged storage stability, and circulation
safety. For these reasons they are intensively studied as drug delivery systems [97]. Several
investigations where AF4 was applied to the characterization of dendrimers are available in the
literature [97]-[101]. A 2010 study investigated the complexation capacity of poly(ethylene
imine) functionalized with a maltose shell [102]. In this study Rose Bengal (RB) was chosen as a
model of a drug because of its small and polar structure. Such characteristics allowed the
uncomplexed fraction of RB to exit the AF4 channel via the ultrafiltration membrane, making its
quantification straightforward. By doing so it was possible to derive the fraction of RB
successfully complexed by dendrimers, and therefore to estimate their efficiency as drug carriers.
This approach allowed a comprehensive characterization of the RB-dendrimer system in terms of
size and MW. Different degrees of dendrimer modification were also tested in order to improve
the stability of the complexes over time.

Another example of a promising drug delivery system is polymersomes (Psomes) [103],
[104]. Psomes are vesicles constituted by amphiphilic synthetic block copolymers (BCPs). They
display relevant advantages over their natural counterpart (i.e., liposomes), such as a higher
mechanical and chemical stability [105]. Moreover, membrane properties can be tuned by
changing the chemical composition of BCPs [103], [106]. It is possible to obtain stimuli-
responsive vesicles by incorporating functional moieties [106]-[108]. The loading behavior of
Psomes was investigated to compare two different strategies: the well-established in situ
approach and post-loading [71]. In the former method, particle loading takes place during the
assembly, while in the latter particles are loaded only after the assembly is completed. Diverse
types of cargos were tested including gold nanoparticles, glycopolymer protein mimics, and two
different enzymes. Coupled to light scattering detectors and electron microscopy techniques,
AF4 allowed the precise determination of cargo location after loading. Results showed that
despite a reduced selectivity toward the encapsulation of cargo inside the lumen of the vesicles,

post-loading enables a more precise tuning of Psomes characteristics.
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2.2.6.2 Macromolecules in Food and Beverages

AF4 is one of the few separation techniques applicable to the macromolecular
characterization of highly polydisperse samples associated with food and beverages. For
instance, it has been employed to analyze polysaccharides (e.g., starch and its derivatives) [26],
[60], [66]-[68], [75], [76], [109]-[111], cellulose and pullulan [112], B-glucan [48], [69], [77],
[113]-[116] and pectin [117]. Several studies on food proteins are also available in the literature,
particularly concerning peptides in dairy [118] and cereal [119] products. Starch and glycogen
were selected for a more detailed discussion in this section because of their key role in biological
systems.

Starch and glycogen are highly branched homopolymers of glucose. The former is an
energy reserve found in almost every part of plants and serves as a primary source of energy in
animal feed. The latter serves primarily as a transient energy storage in animals, especially in
muscle and liver cells [109]. The structure of these polysaccharides has important consequences
on human health. Quickly digested starch molecules for instance, are known to increase blood
glucose and insulin responses and to promote metabolic diseases including obesity and diabetes.
Those featuring a slower digestion instead, can reduce the incidence of metabolic diseases and
alleviate associated complications [120], [121]. Other studies focusing on glycogen found
significant differences between the molecules synthesized by healthy and diabetic mice [122].

A comprehensive study addressed structural aspects of these two biopolymers with an
interesting focus on possible implications on human health [109]. Investigations on how the
structure of starch molecules evolves during in vitro and in vivo digestion and the structural
differences between glycogen molecules synthesized by healthy and diabetic mice led to the
formulation of new hypotheses on the subject, potentially paving the way to the discovery of
novel drug targets for diabetes management. Understanding such processes may eventually lead

to the discovery of new drug targets for diabetes management.

2.2.6.3 Proteins and Protein Aggregation

Proteins have been the target of AF4 investigations since the early days of this technique
[17,69,71,93,122-129]. Important for the characterization of a protein is the analysis of its
aggregation behavior [131]. Only recently however, was a systematic study done on the effect of
AF4 experimental parameters on protein aggregates [132]. Two types of 1gG with different MW

were chosen as models. The effects of carrier fluid composition, injection shear stress, focusing,
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and dilution-during-separation on aggregates stability were evaluated. Results showed significant
differences in the aggregation behavior depending on the carrier composition. Furthermore, low
MW proteins were found to be more prone to dissociation than their high MW counterparts,
suggesting an aggregate-size dependent stability. Finally, it was shown that injecting the sample
through a syringe can lead to slight changes in the sample size distribution, whereas the duration
of the focusing step had no particular influence on the aggregation behavior of the proteins

considered.

2.2.6.4 Environmental Pollution

Environmental pollution research is increasing worldwide. The presence of trace metals
in aquatic environments is concerning due to its great potential for long-term accumulation in
sediments and organisms [47]. Trace metals are often associated to a colloidal phase constituted
by organic matter of different source, size, and composition [133]. Characterization of this
heterogeneous phase is therefore important for its role in biogeochemical processes such as metal
chelation and transportation of pollutants [134]. AF4 coupled to different detectors has been very
successful in this kind of analyses, as it allows the simultaneous fractionation and
characterization of polydisperse samples [135]-[138]. Until recently however, precise
quantification of colloids below 1 kDa was not attainable due to the lack of appropriate
ultrafiltration membranes and separation techniques. Solutions to overcome problems such as the
high pressure associated with using low-MWCO membranes allowed the analysis of colloids
using a 300 Da MWCO membrane [45], providing new information on organic matter. In
particular, results indicated that a considerable fraction of trace metals may be associated with
organic matter of less than 1 kDa, suggesting this low size of colloids to be much more abundant
and ecologically significant than previously thought. Thereby, resolution and precise size
distribution characterization of colloids in the lower size range were attained. The study also
addresses the issues caused by using such small pore-sized membranes, including high
transmembrane pressures, difficult calibration, and optimization of resolution and recovery.
2.3 Thermal Field-Flow Fractionation (ThFFF)

Thermodiffusion has been widely studied since its discovery by Ludwig [139] and Soret
[140] over 100 years ago. While there is a comprehensive theory for thermophoresis in the gas
phase [141], a theory for solution thermophoresis has eluded scientists. Despite lacking a

fundamental understanding, this mass transport process was harnessed into an FFF separation
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technique and the first results were reported in 1967 [142]. In ThFFF, a temperature gradient is
applied as the ‘external field’ by heating one channel wall and cooling the other. In a typical
polymer experiment, the analyte undergoes thermal diffusion (usually) towards the cold wall
giving rise to a positive thermal diffusion coefficient (Dr). As the polymer concentration
increases at the cold or sample accumulation wall, the analyte diffuses away from this region of
high concentration by the process of Brownian diffusion, which is characterized by the diffusion
coefficient (D). The ratio of these two fluxes, Dt and D, is known as the Soret coefficient (St)
and is responsible for the positioning of analytes in the parabolic flow profile and their
differential transport to the channel outlet. Before discussing the mechanisms, which govern
retention in detail, it is important to note when it is appropriate to use ThFFF. Like other FFF
techniques, it is well suited to study materials that may become physically trapped in a packed
column or are sensitive to shear degradation and sample preparation (e.g., ultrahigh MW
polymers, complexes, and gels) [143]. In contrast to SEC-MALS where a U-shape profile is
often observed in a plot of MW versus retention time [144], FFF demonstrates a monotonic
increase with MWs extending as high as 108-10° Da [18], [145], [146]. ThFFF has also been
shown to have higher molar mass selectivity than single-column SEC for polymers with
molecular mass greater than 10° Da [147], [148]. Additionally, thermal diffusion’s sensitivity to
polymer-solvent interfaces makes ThFFF well suited for determining copolymer composition
distributions [18], [149], [150]. More recently, Dt has been exploited to estimate architectural
features as detailed in Section 2.4.5.2 of this chapter.

2.3.1 Analyte Retention

Analyte retention in ThFFF is governed by St, which is both mass (through D) and
composition (through Dt) dependent. Separation of homopolymers occurs according to
differences in D because Dr is constant. Like other FFF techniques, this results in the elution of
low molar mass polymers (small size) followed by polymers of increasing mass (or size). ThFFF
polymer separations typically occur in the normal mode with the exception of ultra-high molar
mass polymers (>10" Da) [151] which are too large to undergo Brownian diffusion and thus
separate in steric or hyperlayer mode. The relationship between polymer molar mass and D is
generally well described; however, thermal diffusion is less well described. Since the
introduction of ThFFF, there have been many investigative studies into the thermophoresis of

polymers which have yielded some phenomenological descriptions [142], [152]-[154]. Low
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molar mass (<1000 Da) polymers exhibit poor retention in ThFFF, thus thermal diffusion forced
Rayleigh scattering experiments were used to examine the behavior of Dt at low masses. It was
found that Dt of a polymer is independent of molar mass above some critical value, typically
around 1000 Da [155], [156]. The magnitude of D is also dependent on the polymer-solvent
system giving rise to composition-based separations and characterizations. These features of Dt
make ThFFF an effective technique for analyzing complex polymers (e.g., block copolymers).
Assuming that the applied temperature gradient is linear across the thickness of the channel, the

retention parameter (1) can be represented by Equation 2.13.

. 1 D
"~ S;AT  DpAT

(2.13)

From A, the retention ratio may be determined using a modified form of the general retention
equation. This is shown in Equation 2.14 where v is a correction for distortion of the parabolic

flow profile due to a viscosity gradient induced by the temperature gradient [157], [158].

R =61+ (1—61v) [coth% — 2/1]) (2.14)

If v is unknown for a solvent, its value can be calculated using known physical properties of the
solvent (e.g., thermal conductivity, thermal expansion, and temperature-viscosity relationship). A
reasonable estimate of v may also be made via comparison of existing non-parabolicity data to a
solvents Andrade scaling factor (B). The scaling factor B may be determined by

n(T) =n. e[B(%_Tic)] (2.15)

where 7¢ and T are the viscosity and temperature at the cold wall, respectively. An example of

how to estimate v is shown in Figure 2.10.
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Figure 2.10. Variation of the v-parameter with respect to the Andrade scaling parameter (B) for
various solvents. Note that curves were calculated for several cold wall temperatures (Tc)
assuming a constant 47 of 80 K and that variation of A7 yields a new set of curves. A value for v
(open star) was determined based on typical ThFFF conditions: T = 27°C, AT=80 K, and B =
1627.7 K. Figure 2.10b depicts the temperature variation in viscosity for ethanol, an exponential
decay in the form displayed allows for the determination of B used in Figure 2.10a.

Equations 2.13 and 2.14 allow accurate prediction of the retention ratio if Dy and D are
known for the polymer-solvent system or if St is determined from a measured retention time.
While D may be approximated through the well-known Stokes-Einstein relationship, Dt has no
established theory. However, there are several competing predictive models which allow for the
estimation of polymer D in polar and non-polar solvents [159]-[161]. These predictive models
leverage physiochemical properties of the polymer-solvent system (e.g., thermal conductivity or
polymer-solvent interaction parameter) to estimate Dr. Values calculated from predictive models
vary in accuracy but have been shown to correctly predict trends in Dt [162]. These trends are
highly useful in solvent selection, which at the moment is largely a trial-and-error approach. The
experimental conditions which impact retention time include field strength, cold wall
temperature, polymer-solvent interactions, and carrier fluid. The effect of each of these

parameters and practical considerations are addressed in the following sections.
2.3.2 Methodology
2.3.2.1 Solvent Selection

The primary challenge of ThFFF polymer analysis is the selection of a suitable carrier

fluid that will impart a sufficiently high D or St for analyte retention. Literature values for Dt
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are available for well-studied polymers like PS and polyacrylates in a variety of solvents [152],
[160], [162]. Commonly used solvent-polymer combinations are listed in Table 2.3. As with size
(and thus D), Dt may change with respect to solvent and have dramatic effects on retention. It is
also important to note that some polymer-solvent systems have Dt values too low to be measured
and are often not reported. For polymers with unknown Dr, solvent selection is often done by a
trial-and-error approach. The advent of predictive models has proven useful for estimating the D
for a given polymer-solvent system but require inputs [156], [159]-[161], [163], [164] that may
not be readily available. These inputs often include polymer and solvent properties or specific
polymer-solvent interaction parameters. A comparison of two predictive models that were
applied to polystyrene and polyacrylates may be found in literature [162]. Single-solvent systems
simplify the interpretation of ThFFF fractograms and data from online detection schemes.
However, in some cases binary solvents have been shown to double retention time of polymers
[154], [165], [166]. The reverse case has also been shown where a binary solvent significantly
decreases retention time which yielded some insight into the thermal diffusion mechanism [154].
It is hypothesized that if the ‘good’ solvent undergoes thermal diffusion in the same direction as
the polymer, the resulting apparent Dt will be higher than that for the polymer alone.

An additional consideration in the solvent selection process is compatibility with the
channel walls. Most ThFFF channels are coated with nickel or chromium [167] which may be
degraded in aqueous or halogenated solvents. Sensitivity to these solvents is amplified at
elevated temperatures and may result in channel surface pitting.

Table 2.3. List of common polymer-solvent combinations for ThFFF.

Sample Common Solvents Reference
Polystyrene Tetrahydrofuran, Toluene, 2-Butanone, Kohler, et al.[168], Runyon, et
Ethyl Acetate, Cyclohexane al.[162]
Polyacrylates | Dioxane, 2-Butanone, Ethyl Acetate, Runyon, et al. [162], Greyling, et

Tetrahydrofuran, Acetone, Acetonitrile al.[169]

Polyisoprene Tetrahydrofuran, Toluene, Benzene, Schimpf, et al.[152], Hiller, et
Cyclohexane al.[170]
Polybutadiene | Tetrahydrofuran Pasch, et al.[50], Choi, et al.[18]
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2.3.2.2 Field Strength

In ThFFF, the field strength is defined as the temperature gradient across the channel or
dT/dx. Multiplying dT/dx by channel thickness w yields the temperature difference between the
hot and cold walls (47) [171]. Regardless of channel thickness, the retention ratio is dependent
on AT and thus field strength is referred to as AT as written in Equation 2.13. This means that
channels with different thicknesses but with the same A7 will have equivalent retention ratios
[171]. Field strengths typically range between 5 and 100 °C. In polymer analysis, the
independence of Dt from molar mass simplifies field strength selection as separation of polymers
with the same composition is only dependent on D. In a theta solvent, D decreases with the
square root of molar mass and retention is inversely related to D. Thus, retention for a given
polymer-solvent system may be optimized by the relationship between size, molar mass, and
field strength. It is important to consider that this optimization is highly dependent on the
polymer-solvent system as Dt and the relationship between D and molar mass may vary
considerably.

In a typical experiment, the sample is first injected without a field to ensure a large
measurable detector response. The injected sample may then be systematically diluted until an
appropriate detector response is observed and the field strength is then increased to increase
retention. The detector peak area in the absence of an applied field may be employed to
calculate sample recovery [70]. It should also be noted that overloading concentrations change
with field strength and polymer molar mass as indicated by Equation 2.7.

2.3.2.3 Temperature Field Programming

In the case of highly polydisperse mixtures, a constant field strength may lead to long
analysis times. Like gradient elution chromatography, temperature field programming utilizes a
high initial 0T to retain low St components followed by a decrease in [JT to hasten elution of
highly retained (high St) components. The rate of field decay is limited by the cooling power of
the recirculating chiller. Several mathematical functions have been developed for optimal
programming field decay profiles and are discussed in the literature [2], [172]-[175]. The
separation of 10* — 108 Da PS shown in Figure 2.11 uses the exponential decay function
described by Equation 2.16 where t1 is the hold time for initial field strength, p is the power of

the decay, and ta is the asymptotic time.
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Most separations are optimally performed where t; is approximately void time, p is set to 2, and
where ta = -pt1 [174]. Molar mass calibration curves may be generated for programmed decay
methods but there are potential pitfalls. Under high field strengths, large molar mass species will
be more compressed against the cold wall which may exacerbate overloading effects. This can be
accounted for by varying the injected sample amount and if retention time and peak shapes
remain constant then overloading is not present. An additional concern is that the cold wall
temperature may change. In the case of a field decay from a AT of 80 to 0, the cold wall
temperature may decrease from 25 to 15 °C thus impacting both 47 and D. These changes, along
with detector drift, can impact data analysis and interpretation. Differential refractometers are
especially sensitive to changes in pressure and temperature, in principle the latter may be easily
accounted for. However, in practice this may prove to be more difficult and blank baseline

subtractions should be utilized.
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Figure 2.11. Programmed temperature field decay separation of PS standards (23.8, 104, 254,
575, 1290, and 3150 kDa) using Equation 2.13 where t; = 10, ta = -20, p = 2. Carrier fluid is
methyl ethyl ketone, t° = 10 min.
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2.3.2.4 Cold Wall Temperature

As alluded to in the previous section, cold wall temperature may have a significant
impact on retention as well as data analysis (due to the relationship between temperature,
viscosity, and D). It was shown that a universal calibration curve may be generated which
incorporates a correction for cold wall temperature [176]. This allows the transference of
calibration curves between laboratories and instruments without the need to maintain an explicit
cold wall temperature. This is especially important when dealing with samples at the upper limits
of field strength where control over the cold wall temperature becomes difficult to maintain.
Finally, it is good practice to report cold wall temperature in ThFFF experiments.
2.3.2.5 Flow Rate

A typical flow rate for ThFFF experiments is 0.2 mL/min. However, variation of this
flow rate may be necessary to either reduce run time or increase fractionating power. Increasing
the flow rate will decrease analysis time, but this will in turn reduce resolution. To obtain the
most accurate molar mass distributions, lower flow rates should be used [2]. In some polymer-
solvent systems there is a fine balance between sufficient concentration for detector response and
overloading behavior. High molar mass polymers have a greater tendency to interact with
channel walls due to the number of contact points between the wall and an individual chain. This
may appear as overloading behavior and a modest increase in flow rate may reduce this effect as
this can decrease contact time between the compressed polymer layer and the accumulation wall
[2].

Unlike other FFF techniques, sample equilibrium layers are rapidly achieved in ThFFF so
there is usually no need for the stop-flow relaxation used in sedimentation FFF or focusing time
required in AF4,

2.3.3 Instrumentation

Thermal FFF systems are comprised of a pump, separation channel, and a series of
detectors. The ThFFF channel is formed from two nickel-plated copper blocks separated by a
spacer. The metal surface is polished to a mirror finish to provide a smooth surface for laminar
flow. The hot block (top block on commercial channels) is heated by resistive heaters while the
bottom block is cooled by a recirculating chiller. Holes are drilled into the cold block to form the
inlet and outlet of the channel. Additional holes are drilled along the length of the hot and cold

walls to accommodate temperatures probes which are used to monitor field strength. The two
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blocks sandwich a polytetrafluoroethylene coated polyimide spacer whose thickness can vary
between 50-400 um. The channel geometry is dictated by the shape cut out of the spacer and is
rectangular (breadth 1-2 cm) with triangular ends. These dimensions impact the sample loading
capacity of the channel, where capacity increases with volume. Currently there is one
commercial vendor for ThFFF instruments, Postnova Analytics. While organic solvents are most
commonly used as carrier liquids, aqueous solutions have also been used over a range of ionic
strengths and pH values. Care should be taken when using aqueous carrier liquids as the nickel
plating may be adversely impacted.

Due to FFF’s open channel design, high pressure pumps are generally not required even
though they are used in commercial systems. It is common practice to add restriction tubing at
the outlet to pressurize the channel (maximum of 14 bar for commercial instruments) and thereby
increase the boiling point of the carrier fluid. Field strength (47) is limited by the ability of the
recirculating chiller to maintain a constant cold wall temperature and the ability to elevate
solvent boiling point. Commercially available channels have a maximum AT of approximately
120. For polystyrene in toluene, with a Dt of approximately 10.3 um?s™K?, low molar mass
(<10° Da) polymers are poorly retained if standard ThFFF practice is employed. To lower the
molar mass limit, binary solvents have been used — if one solvent also thermally diffuses in the
same direction as the polymer, the resultant additive Dt (of both polymer and solvent) will lead
to increased polymer retention and a lower MW limit [165], [166], [177]. With this binary
solvent approach, 2600 Da and 4400 Da PS were retained and separated. Alternatively, a ThFFF
channel was built to operate at 8 atmospheres of pressure and a A7 of 158 [178]. This channel
was used to separate a mixture of polystyrene (PS) standards with My ranging from 600 to 2100
Da.

2.3.4 Advances in ThFFF Instrumentation
2.3.4.1 Microfluidics

Thermophoresis has been used in microfluidics to focus particles [179], [180],
polymerize catalytically active polymers [181], separate and characterize [182], [183], and study
the mechanism of thermal diffusion [184], [185]. The prototypical microfluidic ThFFF analogs
described in literature [182], [183] demonstrate the feasibility of this approach but their

applications to polymers have been limited thus far.
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2.3.4.2 Online Detection

In addition to commonly used detectors, there have been several advancements in online
detection for ThFFF. Matrix assisted laser desorption ionization coupled to time-of-flight mass
spectrometry (MALDI-TOF-MS) is a useful characterization technique that is challenged when
applied to polydisperse samples. This is remedied by using a separation technique as a first stage
to collect more monodisperse fractions that are subsequently prepared for off-line MALDI-TOF-
MS characterization. This time consuming and tedious process was improved by the
development of an oscillating capillary nebulizer (OCN) that continuously deposited separated
polymers on a MALDI plate [186]. The analytes deposited on the plate were analyzed by a
MALDI-TOF-MS equipped with a nitrogen (337 nm) and a frequency tripled Nd:YAG laser
(355 nm). The former was used for MW < ~15 kDa and the latter for MWs as high as ~100 kDa,
both with all-trans retinoic acid as the matrix and silver trifluoroacetate as the cationization
agent. The distance between the OCN tip and MALDI plate was important for complete solvent
evaporation and the matrix film thickness also had an important role in attaining a desirable
signal-to-noise ratio. Fractions were collected continuously (which yields a continuous
distribution) on the MALDI plate.

Nuclear magnetic resonance (NMR) is another powerful tool which can provide detailed
information about molecular structure and is used for off-line analysis of fractions collected from
separation techniques. NMR was coupled to ThFFF to analyze a triblock polymer comprised of
poly(t-butyl methacrylate), poly(2-vinylpyridine), and polybutadiene [187]. Analysis of this
copolymer by liquid chromatography is hindered by non-ideal interactions between the polar
polymer and stationary phase. Furthermore, ThFFF separates polymers compositionally which
may allow for more accurate compositional analysis than by SEC-NMR analysis [170].
However, two copolymers of different composition and molar mass with the same St will
coelute. This was shown in a direct comparison of ThFFF-NMR and SEC-NMR, where the
compositional sensitivity of ThFFF improved separation for one copolymer and resulted in
coelution of another [170].

Fourier transform infrared spectroscopy (FTIR) is another compositionally sensitive
technique that has been traditionally used in off-line analysis. Its coupling with a separation
technique has been inhibited by the need for thin and mechanically strong flow cells. To

circumvent this, a flow cell based on attenuated total reflectance was built and optimized for

42



SEC of PS and PMMA [188]. Optimization proved to be a lengthy and tedious process but
yielded a 9000-fold improvement over initial signal-to-noise ratios and minor components down
to five mol % could be detected. This instrumentation was later developed for use in ThFFF
where it was utilized to quantitatively analyze copolymer blends of PS and PMMA [189]. The
results of this work, seen in Figure 2.12, illustrate the usefulness of this coupling as data was

converted to weight percent of their respective components.
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Figure 2.12. FTIR data collected from online fractionation of PS-PMMA copolymer blends by
ThFFF. AT =60 K, T¢ = 25°C, and flow rate = 0.3 mL/min. (Reprinted with permission from
[189])

2.3.5 Applications
2.3.5.1 Composition

ThFFF is particularly attractive for polymer analysis because thermal diffusion varies
with polymer-solvent composition. This allows for the separation of heterogeneous polymers by
their respective compositions and molar masses. There are many examples of this being
leveraged to characterize copolymers [18], [149], [152], [190]-[192]. This body of work showed
that a relationship between D+ of a copolymer and D+ of the individual homopolymers can be
elucidated, provided a nonselective solvent for both polymers was used as the carrier liquid. This
relationship is shown in Equation 2.17, where xa and Xy represent the mole fraction of

components A, and B.

(Dr)a—p = xa(D1)q + xp(D1)p (2.17)
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Polymer composition may be determined from known Dt for homopolymer components and
online concentration detectors. This work was expanded to characterize a terpolymer comprised
of PS, PMMA, and poly(t-butyl acrylate) [190]. To analytically solve for the three unknown
mole fractions, three equations which allow for their independent solution are required. The
concentration of PS was determined from measured absorbance at 254 nm. Similar to Equation
17, the relationship between the incremental change in refractive index with respect to

concentration (dn/dc) of a complex polymer [193] is well known and is shown in Equation 2.18.

dn dn dn dn

(E)A—B—C = xa(%)a + xp (%)b + xc(E)c (2.18)
These three relationships were used to estimate the mole fractions of each component across the
elution profile of the terpolymer. The mole fraction versus time plot in Figure 2.13 shows the
compositional variation of the terpolymer eluting from the ThFFF channel. Furthermore, this
sample also contained a PS-PtBA diblock copolymer component that eluted at ~7 mins whose
presence was not evident from NMR analysis of the as-synthesized polymer. These results
provide a detailed composition distribution which can yield invaluable insight into
polymerization kinetics or be used in quality control. Note that to perform this analysis for a
given polymer-solvent system, it must be possible to determine concentration for two of the three
components. In some systems, UV detection may not be accessible due to the strong UV
absorbance of a solvent or weak absorbance of a polymer. This process may be considered more

routine for a two-component system, as dRlI is reliable in a wide array of solvents.
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Figure 2.13. Mole fraction component analysis of terpolymer comprised of PS, PMMA, and
poly(tert-butyl acrylate) (PtBA). (Reprinted with permission from [190])

2.3.5.2 Architecture
In addition to composition, ThFFF has been developed to characterize architectural
features of polymer chains. This is achieved through the Soret contraction factor (g ), defined as

the ratio of the branched polymer St to a linear polymer St [194].

S
g" = b (2.19)

- STlin
Like other contraction factors related to viscometry and light scattering [195], g~ relies on the
fact that branched polymers exhibit a contraction in size relative to a linear polymer of
equivalent mass. A linear polymer has a g” of one and an increase in the number of branching
sites should cause this value to decrease. Qualitatively, the degree of contraction may be used to
describe the relative amount of branching. In a well characterized system, it is feasible to create a
calibration curve based on g~ and some relevant parameter (e.g., degree of branching determined
via NMR). One such example was the analysis of a series of branched polyesters [196]. This

work leveraged a polyester library synthesized through strategies which allowed for controlled
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degrees of branching via protected and unprotected multifunctional monomers. Analysis of the
branched polymers yielded the numerator of Equation 2.19 through the measured retention times.
To approximate the denominator, a calibration curve of St with respect to molar mass was
created to determine St of a linear analog (one which mimics the polymer-solvent interactions of
the branched system) at an equivalent molar mass. Ideally, a calibration curve would be created
by the analysis of a series of linear polymers with increasing molar masses. If this is impractical,
it may be substituted for a linear sample with broad polydispersity [197]. In situations where no
linear analog is available, St of a linear polymer may be approximated [198] or estimated
through predictive models and the Stokes-Einstein equation. From the measured St,r and
calculated St,in, g was determined across the elution profile to yield branching distributions.
Data for this analysis may be seen in Figure 2.14 where log (g ”) is plotted with respect to the
differential number fraction. It is interesting that some polymers were observed to have a
contraction factor greater than one. Fractions were collected and analyzed by MALDI-TOF-MS
which confirmed that these were cyclic polymers. The mechanism that causes g for these cyclic
polyesters to be greater than one is currently unknown. Another interesting feature of this paper
is that a correlation between Dt and degree of branching was observed in tetrahydrofuran but not
cyclohexane.

In an early publication, Dt was shown to be independent of molar mass and architecture
(specifically branching for polystyrene in ethylbenzene) [153]. There have since been several
literature examples where Dt was shown to fluctuate with microstructure [169] and branching
[196], [198]. The first of these publications demonstrates the feasibility of characterizing
microstructure (tacticity) of PMMA polymers in various solvents [169]. The fractionation of
polymers by tacticity was validated by off-line NMR analysis of collected fractions. This work
leveraged the availability of catalytically polymerized PMMA, which produces polymers with
minimal to no dispersity in microstructure. In some polymer-solvent combinations there was no
change in Dt and the magnitude of this change varied with solvent. Currently, it is not clear what
the mechanism is for this phenomenon. Nevertheless, it is important to note that fractionation by
microstructure is possible through ThFFF and solvent selection may greatly alter resolution. As
with branching, changes in Dt may be observed in some solvents but not others.

The low shear stress in an FFF channel is an appealing characteristic when analyzing

complexes and assemblies which are susceptible to shear degradation in a packed

46



chromatography column. In a recent example, block copolymers comprised of polybutadiene and
PS which formed self-assembled micelles were characterized by ThFFF [191]. In a single
analysis, multidetector ThFFF separated micelles according to corona composition and provided
comprehensive information on important micelle characteristics (such as size, molar mass, and

corona composition).
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Figure 2.14. Distribution of g” within each sample where SY-# indicates the degree of branching
as determined by NMR. The dashed lines represent error for the linear region. (Reprinted with
permission from [196])

2.3.5.3 Microgels

FFF techniques share the advantage of an open channel design and ability to analyze
samples over large molar mass range (103-108 Da). These traits provide an opportunity to study
microgels which often range widely in molar mass and are filtered prior to injection into
chromatography columns. ThFFF has been used to determine gel content [199] and molar mass
of filtered and unfiltered microgels [18], [143], [146], [200]. The fractograms in Figure 2.15

illustrate the difference in both molar mass and RMS radius of a filtered and unfiltered microgel.
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The filtered sample exhibits lower molar mass and RMS radius when compared to unfiltered.
The light scattering intensity and dRI signal showed significant loss of both high molar mass
(>108 Da) polymers and soluble lower molar mass polymers for the filtered sample. It was also
demonstrated that sample dissolution should extend beyond 24 hours as there were subtle

differences in molar mass over time [146].
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Figure 2.15. ThFFF-MALS analysis of unfiltered and filtered PVAc10 (poly (vinyl acetate)). The
filter was 0.5 um pore-size. (A) Intensity at 90° angle (lgo) fractograms and molar masses and (B)
dRI fractograms and rms. Solid and dashed lines represent the fractograms of unfiltered and
filtered PVACL10, respectively. The black and gray lines correspond to MW or rims of the
unfiltered and filtered PVACc10, respectively. (Reprinted with permission from [146]).
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2.4 Summary

Field-flow fractionation (FFF) has grown in popularity because of the benefits derived
from an open channel design, diverse external fields that separate according to different
physicochemical properties, availability of retention theory for normal mode separations, and
high separation resolution. Polymers spanning a large range (~102 to ~108 Da), complexes,
aggregates, and microgels can be separated and analyzed with minimal sample preparation, shear
stress and sample loss. These features enable a comprehensive view of the sample system as
changes in protein monomers and aggregates (or soluble polymers and microgels) are
simultaneously monitored. Different fields separate according to different physicochemical
properties and hence different information may be obtained. For example, the crossflow field
produces fractograms whose retention time axis can be converted to diffusion coefficient or
hydrodynamic size using FFF theory while a temperature gradient field yields information about
composition, tacticity, and branching. Quite importantly, FFF coupled with multiple detectors,
e.g., light scattering, mass spectrometry, is demonstrated as a versatile platform that combines
desirable capabilities of multiple orthogonal analytical techniques. This chapter introduces the
principles, applications, and advances of flow and thermal FFF for polymer separations and
characterization.-Growth in the development and application of FFF techniques is expected as
new complex polymers are synthesized and questions arise about structure-composition-function
relationships and the importance of distributions in multiple properties.
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CHAPTER 3
CHARACTERIZATION OF THE ARCHITECTURAL TRAITS OF MOLECULAR BRUSHES
BY SORET COEFFICIENTS FROM THERMAL FIELD-FLOW FRACTIONATION

Michael Toney?!, Charles A. Ponyik?, Joanna Burdynska?, James Oliver!, William C. Smith?,
Krzysztof Matyjaszewski?, S. Kim Ratanathanawongs Williams?

3.1 Abstract

The architecture of synthetic polymers has become increasingly complex and difficult to
fully characterize, making it challenging to determine structure-function relationships. While
nuclear magnetic resonance (NMR) has been a reliable tool to determine architecture, it relies on
unique signatures that can be obscured by complex molecular environments and is not capable of
providing information about distributions. Highly branched polymers with large molar masses
(>1 MDa) often exhibit non-ideal chromatography behavior that further obfuscate
characterization. Thermal field-flow fractionation (ThFFF) has shown promise as a novel
characterization method which resolves some of these challenges. A series of poly(2-(2-
bromoisobutyryloxy) ethyl methacrylate)-graft-poly (n-butyl acrylate) bottlebrushes with 100%
grafting density and varied degrees of polymerization (DP) in backbone and sidechain were
analyzed by ThFFF, NMR and SEC. Backbone DP ranged from 20-400 with sidechain DP from
20-120, which resulted in a range of molar masses from 10°-10" Da. An additional series of
bottlebrushes with 30% grafting density and a backbone DP of 100 were also analyzed. Molar
masses determined by NMR and ThFFF agreed within 20% except for brushes whose molar
mass exceeded 3 MDa. SEC molar mass results by calibration yielded values up to 600% lower
than NMR and ThFFF. It was demonstrated that the Soret coefficient (St) exhibits a linear
relationship with sidechain DP. A contraction ratio of the Soret coefficient (g ) was calculated
by assuming a linear analog composed solely of the sidechain. A trend of increasing contraction
with the number of chain ends was observed. A comparison of reported ¢ values with those
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from the current work suggests specific ranges of g for different architectures. While the
mechanism of architectural sensitivity is not fully understood, this work demonstrates the

immediate usefulness of this method.

3.2 Introduction

Molecular weight, composition, architecture, and their respective distributions are
examples of characteristics that dictate the properties of polymers and impact the performance of
end products. While size exclusion chromatography is commonly used to determine molecular
weight [1], the measurement of composition and architecture is considerably less developed.
Strategies such as SEC with quintuple detectors [2], liquid interaction chromatography [3], and
thermal field-flow fractionation (ThFFF) [4] rely on different principles and have been shown
capable of separating and measuring the composition distributions of copolymers while stand-
alone NMR can provide average values [5]. However, characterization methods for polymer
architecture and their distributions remain sparse even though this trait is well exploited to
reduce viscosity during processing [6,7], to self-assemble lithography templates, or to deliver
drugs and image tumors [8,9]. NMR has been used for structural analysis because of its
sensitivity to both the number and types of bonds present on a given atom [10]. It has provided
branching information for synthetic polymers such as polyacrylates [11], polyethylenes [12],
polystyrenes [13] and copolymers [14] as well as natural occurring macromolecules such as
starch [15]. However, NMR yields an average value and on its own cannot provide details about
the distribution of branching [16]. Other ensemble methods of acquiring architectural
information at concentrations in the dilute regime include multi-angle light scattering (MALYS)
[17], dynamic light scattering (DLS) [18], and viscometry [19]. A common approach for the
analysis of branching by these methods is to use a contraction factor which is the ratio of a
property of a branched polymer to its linear analog [18]. For example, a branched polymer of the
same molar mass as a linear analog occupies a smaller volume which results in a contraction of
physical properties. The most used properties are viscosity and size and give rise to contraction
factors g and g’, respectively. There has also been a noted contraction in solubility parameters
[20], second virial coefficients [18], and Soret coefficients [21-23]. The first two contraction
factors are primarily qualitative and often do not yield quantitative information. The Soret

contraction is a recently introduced approach that utilizes the ratio of thermal diffusion
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coefficients of branched and linear polymers and will be discussed in detail in a later section as it
is the focus of this present work.

The coupling of MALS, DLS, and viscometry to separation techniques enables detection
and measurement of physicochemical properties of polymers as they elute from the column or
channel. Hence, distributions in various traits can be obtained. Size exclusion chromatography
with multiple detectors [24], temperature gradient interaction chromatography [25] and liquid
chromatography at critical conditions [26] have been used for branching analyses. However,
SEC requires a linear standard of the same molar mass (MM) for comparison, TGIC has high
resolution but involves extensive method development, and LCCC is hindered by poor recovery
and peak broadening with high MM (>10° Da) polymers [27]. Chromatographic methods are
further complicated by the packing material in columns which increases the potential for
undesirable interactions with the analytes and shear degradation of high molecular weight
polymers [28,29]. These issues are alleviated in field-flow fractionation (FFF) because
separation occurs in an open, ribbon-like channel [30]. Similar to chromatography, FFF relies on
the differential migration of analytes in a column or channel. However, it differs in that
separation is achieved in a single phase by leveraging a laminar flow profile coupled to a
perpendicularly applied external “field”. Furthermore, FFF’s open channel design enables
analyses that extends into ~108 Da polymers and sub-micrometer colloids [31].

The most common FFF systems used to study polymers are asymmetrical flow FFF
(AF4) and thermal FFF (ThFFF) [31,32]. In AF4, the applied field is a crossflow which leads to
a separation based solely on the diffusion coefficient (or hydrodynamic size) of the analytes in a
carrier fluid. The correlation between measured AF4 retention times and D provides size
distributions as well as insights into complexation, binding, and aggregation phenomena of
challenging multi-component systems [33]. In ThFFF, the applied field is a temperature gradient
that is typically achieved by heating one channel wall while cooling the opposite wall. Analytes
usually migrate towards the cold wall in a phenomenon known as thermal diffusion, described by
the thermal diffusion coefficient (Dr) [34,35]. The magnitude of Dt is dependent on factors such
as the temperature gradient and polymer-solvent interactions [32,36]. Thermal diffusion is
countered by the analyte’s translational diffusion coefficient (D). When Dr is constant, such as
the case for homopolymers with MM > 10% Da, separation is based on D with smaller polymers

eluting first as they exhibit greater D and thus sample faster flow regimes of the parabolic flow
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profile. The order of elution for homopolymers is thus low MM followed by increasingly high
MM polymers. Thermal FFF has also been shown to separate analytes based on composition and
as a tool for characterizing polymer composition distribution [32,36]. More recently, Dt has been
leveraged to characterize microstructure [37] and architecture [21,38]. These ThFFF capabilities
are a consequence of thermal diffusion, which lacks a theoretical description for dissolved
polymers. Until recently, the selection of carrier liquids that impart sufficiently high Dts and
consequently retention has primarily been achieved empirically. Recent advancements in a
predictive model of thermal diffusion have decreased the reliance on a trial-and-error approach
and streamlined the solvent selection process for ThFFF separations [39,40].

Analyte retention in ThFFF is described by Equation 3.1 where the retention factor () is
dependent on D, Dr, and the temperature difference between the hot and cold walls AT. The ratio
of Dt to D is known as the Soret coefficient (St) [41].

- D 1
" DpAT  SpAT

(3.1)

The retention time of an analyte (tr) is related to the time for an unretained solute to elute from
the channel (t°), 4, and a correction factor (v) that accounts for perturbation of the parabolic flow
profile due to the temperature gradient, as shown in Equation 3.2 [41].

t

t_(: =61 [v +(1-64v) (coth %) - 2/1] (3.2)

By combining Equations 3.1 and 3.2, it is apparent that the retention time of a polymer is directly
related to St. The ease of experimentally determining St forms the basis of recent developments
in ThFFF analysis of polymer architecture [21,23,38]. The ratio of D1/D, or St, for a branched
and linear polymer may be leveraged as a contraction factor. The Soret contraction factor, g, is
described by Equation 3.3 and was successfully demonstrated to characterize hyperbranched
polyesters [21], chain walking in polyethylenes [38], pom-pom and star polystyrenes [23], and
miktoarm star polymers [23].

" o_ ST,branched

(3.3)

S T,linear
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Estimation of Sr,jinear fOr the same MM as the branched polymer has been achieved using a
calibration curve of St versus MM generated by ThFFF analysis of a linear polymer [23,42] or
by an indirect method of approximation [38].

Polymer architectures include stars, pom-poms, combs, molecular brushes, dendrimers,
and rings [43]. Molecular brushes, commonly referred to as bottlebrushes, are a promising class
of materials which have diverse applications in solutions, at interfaces, and in thin films [44]. In
this work, we explore the effectiveness of Soret contraction factors for the architectural analysis
of a complex bottlebrush system with different chemistries in the backbone and sidechains. This
presents an additional challenge in that both structural components must be considered in
branching analysis as well as the density of grafted chains. A library of nine bottlebrushes
consisting of three backbone lengths each with three sidechain lengths as well as two grafting
densities are used to achieve our objectives. The effect of backbone and sidechain lengths and
different grafting densities on St are investigated. The Soret contraction factors are determined
for bottlebrushes and these values are compared to those for other polymer architectures. In
addition to an architectural analysis, a comparison was made of molar masses determined by
SEC calibration, NMR, and ThFFF-MALS-dRI as accurate values are needed for the

determination of g”.
3.3 Materials and Methods

3.3.1 Materials

A library of nine ATRP polymerized bottlebrushes with poly(2-(2-bromoisobutyryloxy)
ethyl methacrylate) (PBiBEM) backbones ranging from 20 to 400 monomer units and poly(n-
butyl acrylate) (PnBA) sidechains ranging from 20 to 120 monomer units with near 100% and
30% nominal graft density were studied in this work. The 30% graft density samples also contain
methyl methacrylate in the sidechain. The synthesis procedure and characterization by SEC and
NMR are detailed elsewhere [45,46].

Bottlebrush polymer samples for ThFFF were prepared by dissolving neat polymer in
methyl ethyl ketone (MEK) (Avantor Performance Chemicals, Center Valley, Pennsylvania) to
yield concentrations ranging from 0.2 — 4.0 mg mL*. Sample solutions were allowed to sit for 72

hours prior to analysis.
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3.3.2 Instrumentation

Fractionation was carried out in a TF2000 Polymer Fractionator (Postnova Analytics, Salt
Lake City, Utah) outfitted with a 20 pL sample loop. The spacer was cut from 127 pm thick
Kapton tape (Fralock, Valencia, California). HPLC grade MEK was pumped through the channel
at flow rates ranging between 0.1-0.2 mL min. The temperature difference between the hot and
cold walls ranged from 30 to 95 °C with the cold wall temperature T varying between 25 and
30°C. The on-line detectors were comprised of a suite of instruments from Wyatt Technology
Corporation (Santa Barbara, CA) that included a Dawn Heleos Il multi-angle light scattering
(MALS) instrument, dynamic light scattering (DLS), and an Optilab T-rEX differential
refractometer. Data was collected and analyzed with ASTRA 7 software.

SEC and NMR equipment and conditions used to measure polymer MM are detailed in
[45,46].
3.4 Theory and Calculations
3.4.1 Thermal Diffusion Model

As stated previously, polymer thermal diffusion is highly dependent on polymer-solvent
interactions. The Dt of a random coil copolymer may be determined by a weighted average of
each homopolymer’s Dt [36] if a nonselective solvent is used as the carrier liquid. In this
bottlebrush library, PnBA comprised more than 86% of the mass of a bottlebrush. In addition,
the densely grafted brushes are expected to limit the diffusion of solvent to the backbone of the
brush [47] — further limiting its contribution to the overall thermal diffusion behavior. This
serves as the justification for choosing PnBA as a linear analog in the calculation of St jinear-

A model (Eg. 4) which assigns the chemical potential for thermal diffusion to the
temperature dependence of the Flory-Huggins interaction parameter (X) was shown to accurately
predict Dt for polystyrene in several organic solvents [48]. This model is also dependent upon
the segmental diffusion coefficient, Dseg, and the solvent volume fraction, ¢1, which approaches

unity in a dilute system.

Dgeq 0[T?(0x/0T)] (3.4)
T oT '

DT=¢%

Recent work used Hansen solubility theory to approximate X (instead of Hildebrand solubility
parameters) which increased both the accuracy of Dt predictions and Equation 3.4’s scope to

more polymer and solvent chemistries [39]. This recent work accurately predicted D+ for
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polyacrylates in general and identified MEK as the solvent that yielded the largest Dt for PnBA

(1.02 x 107 cm?s'), which expedited the carrier liquid selection in this current study.

3.4.2 Estimating D of a Linear Polymer

The translational diffusion coefficient of a linear polymer can be related to its
hydrodynamic radius (Rn) by the Stokes-Einstein relationship expressed in Equation 3.5. Here,
ks is the Boltzmann constant, T is temperature, and # is the temperature corrected solvent
viscosity. For an idealized random coil in a thermodynamically good solvent, the ratio of the root

mean square radius (Rrws) to Ry is equal to 1.5 [49].

kT
~ 6mnRy

(3.5)

Given these relationships, it is possible to estimate D by first approximating Rrms using
the freely rotating chain theory of polymers in dilute solutions, Eq. 6 [50]. This model is
dependent on the number of segments (N) and the length of a segment (I) which has been
approximated to be two times the radius of the monomer [39]. The number of segments is equal
to the mass of the polymer, as measured by MALS, divided by the mass of a monomer unit.
NE (3.6)

R}Z?MS = 6

3.4.3 Measuring D for Branched Polymers

Experimental diffusion coefficients of the branched polymers were measured via online
dynamic light scattering. Reported values for D, Dr, St, and g~ were determined at the apex of
the MALS signal.
3.4.4 Calculating St for Branched and Linear Polymers

Numerical values for bottlebrush St are calculated from measured ThFFF retention times
using Equations 3.1 and 3.2. To determine Srjinear at an equivalent molar mass, it was assumed
the calculated Dt (1.02 x 107 cm?s't) was constant at all molar masses [39]. D for a linear
polymer was approximated using Equations 3.5 and 3.6 in conjunction with online molar mass

data of the branched polymer.
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3.5 Results and Discussion

3.5.1 Comparison of Molar Masses Determined by SEC, NMR, and ThFFF-MALS-dRI

Architectural analysis of polymers through g relies on accurate molar mass to estimate
St of an equivalent linear analog. To this end, ThFFF-MALS-dRI was used as an additional
method to determine the number average and weight average molar mass (Mn and M,
respectively) for each polymer. The molar masses for bottlebrushes with different backbone and
sidechain degree of polymerization (DP) are compared to values previously determined by NMR
and SEC [45,46] and are summarized in Table 3.1. The nominal Mxs listed for NMR were
derived from the percent conversion of monomers (monitored by NMR) and a known backbone
length [45,51]. The SEC values were determined using linear calibration standards [45,51]and
are substantially lower than the other two techniques. This underestimation is caused by the

different relationships between size and MM for linear and branched polymers [1].
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Table 3.1. Summary of bottlebrush characterization results by NMR, SEC, and ThFFF-MALS-
dRrlI.

Nominal | Nominal | Grafting | NMR® SEC ThFFF-MALS®

BB sc# Density Mhn M Mw M M

©F) | ©) | @) |koa)|kDa)| kDa)| | (kDa) | (kDa) |
20 22 95 90 45 56 1.25 | 102 137 1.34
20 95 98 222 67 81 1.21 | 227 267 1.18
20 112 99 449 156 186 1.19 | 522 768 1.47
100 20 95 412 - - - 344 350 1.02
100 60 98 910 129 168 1.3 1,166 |1,188 | 1.02
100 120 99 2,404 | 344 396 1.15 | 2,422 |2916 |1.20
400 24 95 1,646 | 335 395 1.18 | 2,067 |2515 |1.22
400 40 98 3,240 | 416 495 1.19 | 7,562 |8,990 |1.19
400 120 99 9,617 1,450 | 1,987 |1.37 |11,190 | 13,500 | 1.21
400 14 30 464 156 190 1.22 | 459 643 1.40
400 49 30 - - - - 1,068 |1,109 |1.04
400 95 30 - - - - 1,660 |1,700 |1.02

The agreement between Mps from NMR and ThFFF-MALS-dRI range between 1% and
25% with the 400940 sample being an exception. While we currently have no explanation for the
substantial deviation for 400940, there are several possible reasons for the apparent bias towards
larger molar mass from ThFFF-MALS. Since the sidechain is comprised of PnBA it is possible
that these chains are branched and not linear due to the chain transfer mechanism discussed
previously [52]. Sidechain DP was recalculated based upon ThFFF-MALS-dRI molar mass and
the assumption that every sidechain is of equal length and the backbone is monodisperse (see
Figure 3.6. Rg is unavailable for some polymers in the series (where Rg < 10 nm), a plot of gRh

(or the contraction in Rh) is used in comparison to g” results seen in Figures 3.5 and 3.7.).

4 Assumes every backbone monomer has a side chain of equal length

5 Based on percent conversion of monomers as monitored by NMR

® dn/dc of 0.0778 ml/g and 0.0889 ml/g were experimentally determined for 100% and 30%
grafting density samples, respectively.
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There is no clear trend when comparing dispersity (D) between SEC and ThFFF-MALS-
dR1 measurements. For both methods, there is also no consistent increase in D as the length of
the sidechains increases. This is an unexpected result as ATRP was used to grow sidechains and
D should increase with increasing sidechain length (monomer conversion) [53].

These results illustrate the pitfalls of using SEC with linear polymer calibration standards
to determine MMs of branched polymers. The MMs determined by monitoring monomer
conversion using NMR and by ThFFF-MALS-dRI mostly agree to within < 25%. The MMs
determined by ThFFF-MALS-dRI have % relative standard deviations below 6% and are the
values used in the calculation of D and St for linear polymer analogues as described in sections

3.2 and 3.4, respectively.

3.5.2 Impact of Backbone and Sidechain DP on Thermal and Translational Diffusion

Coefficients

Table 3.2 summarizes the experimentally determined St, D and D+ values for the

bottlebrush polymers. Within each series of backbone degree of polymerization (DP), St is
observed to increase with increasing sidechain DP. This is attributed to a decrease in D that
accompanies the increase in size as more sidechains are added. Similar St and D trends are also
observed for bottlebrushes with the same side chain DP but increasing backbone DP. However,
the Dr values are significantly lower than those predicted for linear copolymers (1.01 — 1.07 x
107 cm? st K) of the same composition [36]. Additionally, it was expected that an increase in
persistence length (because of branching) would lead to an increase in Dt [54]. While the overall
decrease in Dt is unexpected, the larger D+ for bottlebrushes with 30% grafting density could be
explained by greater solvent accessibility to the backbone. The backbone of the 30% grafting
density brush is a random copolymer of PBIBEM and PMA. The experimental Dt of linear
PBIBEM and PMA homopolymers (1.7 and 1.8 cm? K1 s%, respectively) is greater than that of
‘linear’ PBnA standards (1.01 cm? K1), It is expected that the backbone of a densely grafted
brush will behave more like a nondraining coil, which will limit polymer-solvent interaction and

thus reduce its contribution to the overall Dt of the polymer [47].
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Table 3.2. Measured St, Dt, and D values for bottlebrush library.

Nominal Nominal Grafting St
Backbone Sidechain Density (x0.5%) D (5%) D" (+5%)
(DP) (DP) (%) (K1) (107 cm?st) | (107 cm?siK )
20 22 95 0.08 9.82 0.79
20 55 98 0.10 6.48 0.67
20 112 99 0.16 4.33 0.68
100 20 95 0.12 6.38 0.79
100 60 98 0.21 3.99 0.84
100 120 99 0.32 2.77 0.87
400 24 95 0.25 2.67 0.66
400 40 98 0.43 1.57 0.68
400 120 99 0.62 0.98 0.61
400 14 30 0.18 5.40 0.97
400 49 30 0.26 3.48 0.91
400 95 30 0.35 2.71 0.95

For polymers of the same composition, separation in ThFFF is attributed to differences in
D. Based on previous studies, retention should decrease with an increase in branching (as the
contraction from branching leads to a decrease in R for the same molar mass polymer and thus
an increase in D) [55]. Since D can be directly related to the number of monomers in a polymer,
or molar mass, the relationship between retention can also be associated with changes in molar
mass. In this study, it was expected that D, and thus retention time, will change with respect to
the lengths of the bottlebrushes’ sidechains and backbones. A ratio of the Rrms to the
hydrodynamic radius Rn provides information on the polymer conformation in solution with
literature values ranging from 1.05 to 2 [56-58]. Experimental values ranged from 1.05-1.2,
which is similar to literature data for bottlebrushes of similar molar mass but of various

chemistries [59] and is presented Table S1. Due to the limitations of MALS, it was not possible

7 St calculated from MALS peak maximum retention time
8 D measured by online DLS
% Dr calculated from experimental St and D
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to determine Rrwms for the smallest brushes in the library due to their size relative to the laser
wavelength. In the 400-backbone series, with 100% grafting density, a decrease in the Rrvs/RH
ratio suggests that the polymer is adopting a more spherical shape as the sidechains increase in
length, which agrees with previous work [56].

D will change with molar mass as well as branching and the effect that sidechain and
backbone DP have on hydrodynamic radius is not well known. The effect of sidechain DP on
retention is reflected by the overlaid fractograms of the 100% graft density 100-backbone series
(denoted as 100920, 100g60, and 100g120) shown in Figure 3.1. The differences in retention
level R. are primarily an effect of molar mass and the elution order is as expected. All three
peaks exhibit shoulders that become more prominent as the sidechain DP increases. This may be
due to an increase in sidechain dispersity which is unexpected from the polymerization
mechanism employed. Figure 3.1 also shows the fractograms of 100% (100g60) and 30% graft
density (400g49) bottlebrush polymers (both with a Mw near 1,100 kDa). The observed higher R.
for the 30% grafting density brush is as expected based on its higher Dt value (Table 3.2).

(A) (B)

I | ol | .
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Figure 3.1. Effect of polymer architecture on retention level R. (normalized to account for varied
flowrates and MALS detector intensity). A) fractograms of 100g22 (black), 100960 (red), and
1009120 (blue) and B) fractograms of 400949 (black) and 100960 (red). The channel flow rate
was 0.2 mL min't except for 100922 which was 0.1 mL min™.

3.5.3 Impact of Backbone and Sidechain DP on St
The St values listed in Table 3.2 are plotted as a function of backbone and sidechain DP
in Figure 3.2. The observed proportional relationships between St and DP are as expected. When

the backbone DP increases (constant sidechain DP), the polymer radius increases, D decreases, t;
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increases, and St increases. Fig. 2A also includes results for brushes with a PBIBEM-PMA
backbone and 30% PnBA grafting density. The Sts for these brushes are higher than for the
100% graft density series and are consistent with higher retention times and D+ values (Table
3.2).
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Figure 3.2 Change in Soret coefficient with respect to A) backbone length (DP) and B) sidechain
length (DP). Labels indicate the DP of the sidechain (A) and backbone (B).

Interestingly, the slope of the plot increases as the backbone DP increases. This is
unexpected if one only considers relative changes in size (or D) and hints at a more complex
explanation possibly involving polymer conformation. The Rrms/RH for the 400 DP backbone
increases with decreasing sidechain DP suggesting an increasingly extended conformation.
Unfortunately, shape factors could not be measured for the complete 20 and 100 backbone series
due to the lower size limit for MALS. Figure 3.2B shows that similar trends are observed when
the sidechain length is varied.

In addition, the slope for the 30% graft density series is larger than the 100% graft
density of the same backbone DP. This suggests that St has better selectivity for sidechain length
with larger polymer backbones and lower grafting density. These correlations between backbone
DP, sidechain DP, and St allows the sidechain length to be estimated from St if backbone length
is known. To the authors’ knowledge, no prior work offering this level of detailed information
has been previously available from a single experiment except by small-angle neutron scattering
[60].
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3.5.4 Estimation of Linear St

A drawback in the characterization of branching though contraction factors is the
requirement for linear analogues (linear polymers of the same molar mass and composition). A
benefit of ThFFF is the ability to estimate St of the linear analogue from a known composition.
For this system no linear analog was available, despite a highly controlled polymerization
processes, due to branching present as the result of intramolecular chain transfer [52,61]. As each
bottlebrush is comprised primarily of PNBA, and the PBiBEM backbone is shielded by the
sidechains, the composition was treated as 100% n-butyl acrylate to simplify these calculations.
Dt of PnBA was estimated using the most recent methods outlined in literature [39,48].

Theoretical D values were calculated from measured My of the polymers and literature data

relating the molar mass of PnBA to D. Srt,iin Was then calculated from the ratio of Dt and D
values at a given molar mass; the results are tabulated in Table 3.2. Predicted St iin Of an
equivalent linear analog may then be compared to observed St for a polymer with nonlinear
architecture. This analysis yielded g values that range from 0.266 — 0.422, decreasing with
molar mass. The level of contraction for a polymer may indicate the architecture of the polymer.
These values are similar to grn (contraction in Rp) for this system as well as typical contraction
factors for other branched systems [13,18,21,38,62]. A comparison of g” calculated through
various alternate methods and other contraction factors is made in Figures 3.6 and 3.7.
3.5.5 Architectural Analysis of Bottlebrushes Via the Soret Contraction Factor

A plot of St pottiebrush With respect to St,in provides some qualitative insight into
architecture. Figure 3.3 is similar to previous work in that any non-linear polymer should fall
below the line y = x [23]. One interesting feature of this plot is the trend in contraction for

bottlebrush polymers appears to be linear, including brushes with lower grafting density.
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Figure 3.3. Plot of Stpr vs. St,iin for bottlebrushes with 100% (A ) and 30% (e) grafting density,
where Sr,jin IS approximated at an equivalent molar mass to Str. Branched polymers are
expected to fall below the solid line (y = x), as their physiochemical properties are contracted
relative to that of a linear analog.

Despite the general usefulness of this plot, it shows little sensitivity to grafting density. A
similar lack of sensitivity was observed when comparing the contraction of the hydrodynamic
radii (Figure 3.6). An alternative is to plot log (g ) as a function of molar mass as seen in Figure
3.4. A negative slope is observed for the 100% graft density brushes where a positive slope is
observed for 30% graft density. Currently we have no explanation for this behavior, however,

sensitivity to graft density is greatly improved.
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Figure 3.4. Plot of log (g ) versus molar mass for bottlebrushes with 100% (A ) and 30% (e)
grafting density.

Initial development of the Soret contraction factor showed that a plot of log (¢ ) with
respect to the number of chain ends was effective in the characterization of a series of stars and
pom-poms [23]. When the data set from this work is plotted as such it becomes easy to discern
between bottlebrushes of varied grafting density and two types of architectures, making Figure
3.5 especially useful. Recent g analysis of a branched polyester system whose number of chain
ends can be inferred from degree of branching and molar mass was compared to the bottlebrush
results. This results in what appears to be distinct regions of polymer architectures, where
bottlebrushes may be distinguished from a randomly branched pseudo dendritic polymer. For
bottlebrushes this is convenient due to the nature of the synthetic process and ease of
determining number of chain ends. In other systems, especially natural polymers, this may be
more difficult to determine. This work introduces the ability to differentiate between grafting
density and architecture of a polymer without the need for linear standards of same chemistry

and molar mass.
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Figure 3.5. Plot of log (g ) with respect to the number of chain ends for branched polyesters (@),
bottlebrushes of 30% (e®), and 100% ( A) grafting density. Data for hyperbranched polyesters is
from literature [21].

3.6 Conclusions

This study conveys the usefulness of the Soret coefficient and ThFFF in the
determination of architectural traits in polymers. The simplicity of measuring St and My of a
polymer to obtain dimensional traits combined with advancements in accuracy over both NMR
and SEC must not be understated. Additionally, it appears that disparate architectures
(hyperbranched and bottlebrush) correspond to distinct domains in a plot of log g”” and number
of chains. Furthermore, other methods which evaluate contraction of viscosity or other properties
require linear standards of the same chemistry to accurately assess polymer architecture. These
are not always available and make ThFFF particularly desirable to this end.

This work clearly illustrates that the Soret coefficient is sensitive to the architectural traits
of polymers and is correlated to the magnitudes of polymer dimensions in a solution, regardless
of its nominal architecture. This is particularly useful for the development of synthetic materials,
as polymers of similar theoretical and measured St values may provide comparable performance

in the development of artificial materials.
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online MALS and QELS.

Backbone | Sidechain cF:)c?nBteAnt ThFFF-MALS

(DP) (DP) (%) Rrms (Ff,/f;g’ Rn RSD (%) | Ry/Rn
20 22 95 <10 | - 5.6 4.6 -

20 55 98 <10 | - 8.8 0.9 -

20 112 99 13.7 | 3.0 12.7 3.5 1.08
100 20 95 <10 | - 8.6 2.1 -
100 60 98 141 | 2.2 12.6 3.0 1.12
100 120 99 238 | 2.2 19.9 4.1 1.20
400 24 95 248 | 2.0 20.7 2.0 1.20
400 40 98 411115 35.3 5.0 1.16
400 120 99 596 | 0.4 52.6 3.6 1.13
400 14 30 10.8 | 5.2 9.4 3.5 1.15
400 49 30 16.6 | 4.5 15.8 1.0 1.05
400 95 30 199 | 8.5 18.7 1.3 1.06
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Figure 3.7 A plot of log (g ") with respect to the number of chain-ends for branched polyesters
(@), bottlebrushes of 30% (®), and 100% ( A) grafting density. Poly(methyl methacrylate)
(PMMA), like PnBA but with readily available linear standards, was chosen as an alternative
linear analog. St,in in (A) was estimated as outlined in Theory and Calculations. St,in in (B) was
estimated via an experimentally determined calibration curve of St with respect to the molar
mass (from 100-300 kDa). The degree of contraction for higher molar mass brushes was
considerably increased using PMMA instead of PnBA in the theoretical approach. The
experimentally determined calibration curve yielded results more similar to Figure 3.5.
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CHAPTER 4
SAMPLE PREPARATION AND ARCHITECTURAL ANALYSIS OF AN INDUSTIRAL
POLYMER FORMULATION VIA THERMAL FIELD-FLOW FRACTIONATION

Michael Toney?, Yongfu Li?, Ryan Baumgartner®, Margo Mclvor?, David Meunier?, Wei Gao®,
Edwin Mes®, S. Kim Ratanathanawongs Williams*®

4.1 Abstract

Polysiloxanes are a class of highly tunable semi-inorganic polymers which are widely
used in industrial formulations. Low molar mass polysiloxanes are typically liquids at room
temperature and are useful lubricants and diluents. Crosslinking of these polymers can result in
an increased solution viscosity or the formation of semi-solids. Size exclusion chromatography
of these materials is challenged by non-ideal elution due to their branching and high molar mass.
Thermal field-flow fractionation (ThFFF) is a useful method for the analysis of polymers with
high molar mass due to its open channel design and greater resolution (than SEC with a single
column) for polymers whose mass is >~10* Da) [1]. Two formulations of a crosslinked
polysiloxane were analyzed by ThFFF with online light scattering to determine the Soret
contraction factor (g ). These polymers were synthesized by a platinum catalyzed reaction
between a poly(methylhydrosiloxane)-polydimethylsiloxane copolymer (PHMS-PDMS) and a
vinyl terminated polydimethylsiloxane (PDMS-Vi). Due to the high viscosity of the product, the
reaction was carried out in a solution of at least 90% diluent. This presented challenges for
ThFFF due to the low concentration of analyte and presence of insoluble gel material.
Precipitation of the product from the diluent followed by ultracentrifugation and filtration
resulted in fractograms with reproducible peak shape and molar mass results with less than 6%
RSD. A comparison of the two formulations by g~ analysis showed the expected result that an
increase in the ratio of backbone (PHMS-PDMS) to crosslinker (PDMS-Vi) resulted in an
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increase in overall crosslinking. These results were validated by GC-MS of the depolymerized

materials.

4.2 Introduction

4.2.1 Crosslinked Polysiloxanes

Polysiloxanes are a class of inorganic or semi-inorganic polymers which are a widely
used alternative to oil-based polymers due to their chemical and thermal stability, low coefficient
of friction, low glass-transition temperature, and the natural abundance of silica - the principal
precursor material. These physicochemical properties have been modified by altering the
composition and structure of the Si-O backbone [2]-[4]. This is achieved by various
combinations of mono-, di-, tri-, or tetravalent units with the respective symbols and general
formulas: M = RsSiO1, D = R2SiO22 , T = R1SiO1/2, and Q = SiOa42 [5]. Typical R groups are
methyl, alkyl, phenyl, hydrogen, and trifluoro propyl. A linear polysiloxane may consist of two
end groups (M) and some number of repeat difunctional units (D) along the backbone. These are
generally fluids at room temperature and are frequently used as lubricants. Non-linear
architectures may be achieved by incorporating pendant groups and/or chain-ends capable of
crosslinking. A wide range of physical properties may be accessed by altering the density of
crosslinked sites in a network. An increase in crosslinking is directly correlated to an increase in
moduli and hardness which vary from a soft gel to stiff rubber [3], [6]. This, in combination with
strong chemical stability, allows for a diverse set of applications such as medical devices to

nonstick coatings, hydrophobic surfaces, castings, cosmetics, and others.

4.2.2 Current Sample Preparation and Characterization Methods

Formulation of crosslinked polysiloxane can result in multiple heterogeneities: molar
mass, degree of crosslinking, size, and composition. Additionally, reaction conditions may
require a diluent (often a low molar mass polysiloxane, <10 kDa) due to the formation of a semi-
solid which could slow or halt reaction progress. The broad heterogeneous nature of these
mixtures presents numerous analytical challenges. Often, these systems include soluble and
insoluble (gel) crosslinked polymer which are of high molar mass (>10° Da). Although size
exclusion chromatography (SEC) has been optimized for broad polydispersity [7], branched or
crosslinked polymers with high molar mass often elute non-ideally [7]-[9]. This non-ideal
elution has been attributed to multiple factors, such as slalom chromatography, chain scissions,
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and anchoring to pores of the SEC column [7]. The mechanisms of these non-ideal interactions
are not completely understood but some of the non-ideal interactions may be explained by a
decrease in the thermodynamic quality of the solvent, due to branching, which increases the
interaction between the polymer and stationary phase [7].

This hinders the analysis of crosslinking through conformation or Mark-Houwink plots.
Additionally, injection of gel material will clog a column, requiring its removal prior to analysis.
Removal of gels is typically achieved by filtration and is known to result in loss of low molar
mass material. This is likely due to membrane fouling which can lead to error in reported mass
percent of gel content, as it is often reported as percent of mass lost after filtration. One other
method of gel removal is sedimentation, a classic experiment for determination of molar mass
distributions of polymers [10]. Macromolecules differentially sediment according to their
physical properties like mass, size, density, and shape. Sedimentation is accelerated by utilizing
equipment like ultracentrifugation devices. The Lamm equation is used to model the change in
concentration over time with parameters like the diffusion coefficient, sedimentation coefficient,
rotator angular velocity, and radial position [10], [11]. In the case of gel containing polymer
formulations, separation has an added layer of complexity due to the heterogeneity of the system
and presence of swollen networks. Separations by this method benefit from the lack of stationary
phase but involved time consuming method development and limited detection schemes.
Microgels are known to sediment more than 20 times the rate of linear and branched polymers

and they may be quickly separated by ultracentrifugation [12].

As previously mentioned, analysis of soluble polymers by SEC is challenged by high
molar mass in combination with the non-linear architecture. Field-flow fractionation (FFF) is an
alternative technique with greater resolution than single column SEC for polymers whose mass is
greater than 10* Da [13]. Similar to chromatography, separation is achieved by the differential
elution of analytes in a column or channel, except that FFF is characterized by its open channel
design and parabolic flow profile. Analytes are retained by the application of an external field
perpendicular to the flow path, driving them towards an accumulation wall. In the case of
thermal field-flow fractionation (ThFFF), the channel is comprised of two copper blocks
separated by a thin polyimide spacer [13]. The field is a temperature gradient generated by

heating the top block while cooling the bottom block. In the presence of a temperature gradient,
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analytes generally migrate towards the cold block in a process known as thermophoresis. This
flux is characterized by the thermal diffusion coefficient (D) and results in the concentrating of
the analyte near the channel surface. Brownian motion, characterized by the translational
diffusion coefficient (D), opposes this motion and their ratio is known as the Soret coefficient
(St) [124]. Upon injection into the ThFFF channel, the analyte undergoes a relaxation process
where equilibrium between the two fluxes is achieved, and an equilibrium cloud height is
established. Under equilibrium conditions, retention can be equated to physiochemical properties
related to the retaining field. In ThFFF, the parabolic flow is distorted by a temperature induced

viscosity gradient and can be described by Equation 4.1 [14].

D
StAT ~— DpAT

1
R =64 (v + (1 -61v) [cothﬁ — 21]>,Where A= 4.1)

The precise relationship between retention time and St allows ThFFF to simultaneously
separate and characterize a sample [15]-[18]. This has been leveraged to determine branching in
polymers using a contraction factor based on St [19]-[21]. The open channel design combined
with the ability to characterize branching allows for the total characterization of gel containing
materials without a pre-analysis filtration step. However, this analysis depends on the accurate
molar mass determination of the analyte at a given retention time. There are few publications on
the analysis of gel containing polymer solutions for FFF [22], [23] and ThFFF [24]. In addition,
the only reported Dt values in literature were for linear PDMS measured by thermal diffusion
forced Rayleigh scattering (TDFRS) [25].

4.2.3 Objective of This Work

In this work, vinyl terminated polydimethylsiloxane (PDMS) was reacted with a
copolymer of PDMS and poly(methylhydrosiloxane) (PHMS), ~5% statistical random addition
of PHMS. Variation of the mole ratio of Si-H groups to vinyl chain ends yielded two differently
crosslinked samples denoted as PDMSx1 and PDMSx2, where -x1 and -x2 refer to SiH:Vi of
low and high, respectively. This reaction was conducted in a 200 cSt silicone oil diluent to
prevent the rapid solidification of the mixture. This formulation, intended for commercial uses, is
a polymer mixture with heterogeneities in size/mass (102-10° Da) and architecture. A polymer
formulation containing multiple architectures, both insoluble gels and soluble microgels, as well
as a diluent has never been studied by ThFFF. This sample set presented novel challenges in the
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reproducibility and accuracy of molar mass determination via online detection (multi-angle light
scattering and different refractometry). It is the goal of this study to assess the impact of sample
preparation on the molar mass determination of PDMSx1 and PDMSx2, as well as their
branching (or crosslinking) by g analysis. Given the novelty of this application, the results were
orthogonally validated by depolymerizing the samples and then analyzing the fragments by GC-
MS.

4.3 Materials and Methods
4.3.1 Synthesis of Crosslinked Polysiloxane
Crosslinked polysiloxane was synthesized according to a patent [26] with various SiH:Vi

ratios.

4.3.2 Removal of the Diluent Via Precipitation

The product formulations contained < 10% by weight crosslinked polysiloxane.
Remaining mass was a 200 cSt polydimethylsiloxane diluent which contributed to the
overloading behavior (see Figure 4.5) of the formulation. To remove the diluent, the formulation
was first dissolved in toluene (10 mg/mL of crosslinked polysiloxane). HPLC grade methanol
(Sigma Aldrich) was added dropwise, with constant stirring, in a ratio of 5:1. The ‘solids’ were
collected via filtration, dried, and massed to determine the percent recovery, which was >99%
for PDMSx1 and PDMSx2. All further sample preparation was performed using the recovered

precipitate.

4.3.3 Removal of Insoluble Gels and Soluble Microgels (> 1 pm)

Insoluble gel materials were removed via three separate methods: filtration,
ultracentrifugation, and ultracentrifugation followed by filtration. All filtration was performed
with a 1.0 um PTFE syringe filter (Whatman Puradisc, 13mm) and at a concentration of five

mgmL™,

Ultracentrifugation was performed on a Beckman XL-70 centrifuge with a model SW
32ti rotor. All experiments were conducted at 250,000 G and concentration of 10 mgmL™. Two
separate schemes involving ultracentrifugation were used to remove insoluble gels. The first was
a 2-hour centrifugation followed by decanting the solution into a vial and collecting the gel into a

separate vial. The solution was then filtered using a 1.0 um PTFE syringe filter to remove large
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soluble microgels and the gel was dried and massed. The second scheme was centrifugation for
varied times (3, 6, and12 hours) and fraction collection via volumetric layers. A 6 mL volume of
solution was separated into 3 — 2mL fractions by careful pipetting. Layer one refers to the first,
or top, layer. Layers 2 and 3 are subsequent fractions. The remainder of the insoluble gel was

collected, dried in an oven at 40 °C overnight, and massed.

4.3.4 Summary of Sample Preparation Steps

Three sample preparation schemes were devised to eliminate insoluble gel and soluble
microgels whose size is greater than 1.0 um. First, the polymer formulation is dissolved in
toluene to form a stock solution. Methanol precipitation was then used to separate the diluent
from the semi-solid product of the crosslinking reaction. These ‘solids’ were then dissolved
again in toluene and processed by (1) filtration, (2) ultracentrifugation, and (3)

ultracentrifugation followed by filtration (Figure 4.1).

Stock Precipitation e Analyte
0C ~ a yte .
solution ‘solids’ solution '
2
Ultracentrifugation
1 l

3

Filtration
Filtration

Figure 4.1. Sample preparation schemes for gel containing polymer formulation.

4.3.5 Thermal Field-Flow Fractionation (ThFFF) with Online Detection

Fractionation was conducted in a TF2000 Polymer Fractionator (Postnova Analytics, Salt
Lake City, Utah) outfitted with a 20 uLL sample loop and a stop-flow switching valve. The spacer
was cut from 127 um thick Kapton tape (Fralock, Valencia, California). HPLC grade toluene
(Sigma Aldrich) was pumped through the channel at a flow rate of 0.2 mLmin™. The temperature
difference between the hot and cold walls ranged from 80 to 95 °C with the cold wall

temperature T varying between 25 and 30°C. A stop-flow time of 90 sec was incorporated for
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reported data unless indicated otherwise. The on-line detectors were comprised of two
instruments from Wyatt Technology Corporation (Santa Barbara, CA), a Dawn Heleos 11 multi-
angle light scattering (MALYS) instrument and an Optilab T-rEX differential refractometer (dRI).
Data was collected and analyzed with ASTRA 7 software using a Berry second order fit for all
MALS data.

4.3.6 Solvent Selection

Since there is no first principles theory which can be used to calculate the thermal
diffusion coefficient of a polymer in a given solvent, choice of carrier fluid is often determined
by a trial-and-error approach. Despite this, there is a predictive model of thermal diffusion which
has shown promise for estimating Dt of organic soluble polymers [18], [27]. The model is based
on the estimated temperature dependence of the Flory-Huggins interaction parameter and was
calculated for PDMS using available Hansen solubility parameters (HSP) [28]. Two distinct
experimental literature values for HSP of PDMS [28] were used to calculate two separate
thermal diffusion coefficients using the updated methods outlined in the work by Geisler et al.
and the results are summarized in Table 4.1. Toluene was chosen as the solvent for analysis due
to its experimental Dt and its common use in the analysis of PDMS [29].

Table 4.1. Calculated Dt values for linear PDMS in various organic solvents as determined by
methods outline in literature[18], [26].

Polymer HSP Solvent Experimental Estimated Dt Percent
Parameters Dr x10® cm?s1K?t Difference
[27] x10® cm?s1K? %
PDMS HSP:17,2,4 Ethylbenzene 2.28 0.018 -99
Toluene 2.39 0.294 -88
Cyclooctane -1.22 1.07 -188
Ethyl Acetate 2.57 1.64 -36
PDMS HSP:14,1,1 Ethylbenzene 2.28 0.593 -74
Toluene 2.39 1.49 -38
Cyclooctane -1.22 2.40 -297
Ethyl Acetate 2.57 4.39 71

4.3.7 Calculation of g”
The Soret contraction factor (g ”) is the ratio of St for a branched polymer (Str) to a
linear St for a linear analogue (St,iin) of equivalent molar mass. Stpr is determined from the

experimental retention time and Equation 4.1. Due to the hyperbolic cotangent, it is not possible

99



to analytically solve for A and thus St. To approximate this value for a given retention ratio,
solver methods were employed which can determine St to some arbitrary accuracy. Error in
experimental determination of St is typically less than +0.5% [14], thus error in solver was
arbitrarily limited to less than 0.001%. St for the linear analog, vinyl terminated PDMS, and the
crosslinked PDMS product was determined experimentally using Equation 4.1 with the Excel

solver tool.

To approximate St in at an arbitrary molar mass, a calibration curve relating St of the
linear analog to molar mass was generated by the ThFFF-MALS-dRI analysis of vinyl
terminated PDMS (DOWSIL SCV 128 Polymer). Triplicate analysis of the linear analog
demonstrated low error in the determination of this relationship with an R? greater than 0.998
and an average RSD of approximately 1% (Figure 4.7). The molar mass range of the calibration
curve spanned from 130 kDa to 1300 kDa.

4.3.8 Depolymerization and GC-MS of Crosslinked Polysiloxanes

The silicon-oxygen bond in the backbone of the polysiloxane chain was cleaved by a base
catalyzed reaction in the presence of excess tetraethyl orthosilicate (TEOS, DOWSIL™ 200
Fluid 2 cSt). Approximately 100 mg of precipitated polysiloxane product with 0.1 g of n-octane
as an internal standard, and 0.1 g of potassium hydroxide (Sigma Aldrich) was dissolved in 4 g
of TEOS. The reaction vessel was purged with nitrogen, sealed, and heated at 120 °C for 1 hour.
The base was neutralized by purging with CO2 gas which resulted in the formation of a
precipitate. After centrifuging the sample at 5000 RCF for 10 minutes, the samples were filtered
and loaded in GC vials.

4.3.9 GC-MS of Depolymerization Products

Gas chromatography mass spectrometry analysis was carried out with an Agilent
Technologies 7890B GC system paired with a 7693 Autosampler and 5977B MSD. A
30 m Rxi®-5sil MS column with Integra-Guard (Restek #13623-127) was used. The inlet
temperature was held at 270 °C. The oven ramp began at 50 °C, held for 6 minutes, then
increased to 200 °C at a rate of 8 °/minute. With no hold time, the oven was ramped to 300 °C at
30 °/minute and held for 5 minutes. The carrier gas was helium (constant, 1.5 mLmin™) and a
split ratio of 150:1 to was used to demonstrate conditions without overloading, followed by a
ratio of 20:1 to observe low concentration species. Spectra were analyzed with Agilent
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MassHunter software and the peaks were plotted and integrated in Origin 9. This method was
used to validate the depolymerization procedure by the analysis of five ¢St PDMS and a series of
silane standards with some of the expected depolymerization products: trimethyl ethoxy silane,
vinyl dimethyl ethoxy silane, dimethyl diethoxy silane, vinyl methyl diethoxy silane, methyl

triethoxy silane, and vinyl triethoxy silane — all acquired from Dow Chemical.

4.4 Results

The overloading behavior of this formulation resulted in irreproducible peak shape and
unstable baselines which prevented the accurate determination of molar mass. Even after
removal of the diluent, overloading persisted (Figure 4.6). Since architectural analysis by the
Soret coefficient is dependent on accurate molar mass results, an investigation into the impact of
sample preparation was necessary. Preparation by filtration, ultracentrifugation, and
ultracentrifugation followed by filtration resulted in varied molar mass results and determination
of insoluble gel content. An analysis of the impact of these methods on molar mass as well as the

architectural traits as determined by g can be found in the following sections.

4.4.1 Gravimetric Determination of Insoluble Gel Content

The mass recovery was calculated for each sample preparation process and the mass lost
was determined to be the amount of insoluble gel content removed, summary in Table 4.2.
Method 3, ultracentrifugation followed by filtration, removed the least amount of gel content for
both formulations. Ultracentrifugation alone resulted in a greater mass loss for PDMSx1 but not
for PDMSx2.

4.4.2 ThFFF-MALS-dRI Fractograms of Ultracentrifugation Layer Fractions

Ultracentrifugation times of 3, 6, and 12 hours were study. An ultracentrifugation run
time of 12 hours yielded a layer one fraction whose molar mass was similar to the linear starting
materials. A comparison of layer 1 fractions for each run time can be seen in Figure 4.8, the
remainder of the ultracentrifugation data presented herein is for a 12-hour run time. Figure 4.2 is
an overlayed fractogram of PDMSx1 prepared by ultracentrifugation. From layer 1 to 3 there is
an increase in concentration, molar mass, and size due to the nature of the ultracentrifugation

separation mechanism.
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Figure 4.2. MALS (upper) and dRI (lower) fractograms of PDMSx1 fractionated by
ultracentrifugation into three volumetric layers. Layer one is in black, layer two in red, and layer
three in blue.

4.4.3 Light Scattering Results from Filtered Samples
Filtration was used in schemes one and three, where in scheme three the sample was first
processed by ultracentrifugation for two hours and then filtered. Fractograms and light scattering

results for these preparation methods are shown in Figure 4.3.
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Figure 4.3. Fractograms with molar mass and root mean square radii results for filtered PDMSx1
(A), filtered PDMSx2 (C), ultracentrifuged and filtered PDMSx1 (B), and ultracentrifuged and
filtered PDMSx2 (D).

4.4.4 Summary of ThFFF-MALS-dRI Results for Each Sample Preparation Method

A summary of the molar mass, root mean square (RMS) radii, and percent insoluble gel
content can be found in Table 4.2. The molar mass of PDMSx1 and PDMSx2 were not
significantly different when prepared by filtration alone. Ultracentrifugation followed by
filtration yields molar mass results which are significantly different. In general, percent insoluble
gel content and polydispersity is greater for PDMSx2 regardless of sample preparation method.
Ultracentrifugation fraction layers generally increased in molar mass, RMS, and polydispersity.
In comparison to filtration methods, layers 2 and 3 exhibited significantly larger molar masses

for both formulations.
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Table 4.2. Molar mass and gel content results for PDMSx1 and PDMSx2.

Process Sample Mw Mn b Insoluble
(kDa) (kDa) Gel (%)
Unfiltered PDMSx1 - - - -
PDMSx2 31470+ 2614 2005+347 16.1%4.1 -
Filtered (1.0 pm) PDMSx1 1578 +163  1186+76 1.3+0.1 12
PDMSx2 1407 £198 982137 1.4+0.2 58
Ultracentrifuged PDMSx1 ‘ 1308 + 68 ‘ 975+24 13+0.1 8
and filtered PDMSx2 1658 +85 | 1124+21 15%0.1 28
Ultracentrifugation =~ PDMSx1 ‘ 738 £ 46 ‘ 608 +13 12+0.1 36
Layer 1 PDMSx2 1214+203 = 821+80 15+04 44
Ultracentrifugation =~ PDMSx1 ‘ 3325 + 110 ‘ 1809+29 1.8+0.1 -
Layer 2 PDMSx2 2158 +86  1273+28 1.7+0.1 -
Ultracentrifugation = PDMSx1 ‘ 13341 £ 1702 ‘ 3543 +544 3.8+0.8 -
Layer 3 PDMSx2 4224 +697 | 1427+59 3.0%05 -

4.4.5 Thermal Diffusion Coefficient of Linear and Crosslinked PDMS

The thermal diffusion coefficients of vinyl terminated linear PDMS and PDMSx2 were
determined using Equation 4.1 and the diffusion coefficient determined from batch experiments.
Dt values determined from stop-flow and experiments without stop-flow are reported in Table
4.3. The value for PDMS-Vi with a 90 s stop-flow is similar to a literature value of 2.38 x10°8
cm?s K1 for linear PDMS in toluene, as determined by TDFRS [30].
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Table 4.3. Thermal diffusion coefficients for linear PDMS and PDMSx2.

Sample Stop-flow (s) Dy, (x1 08)
cm?s K
PDMS-Vi 0 3.77+0.11
PDMS-Vi 90 2.50+0.03
PDMSx2 0 1.56 £ 0.01
PDMSx2 90 1.20 £ 0.01

4.4.6 Soret Contraction Factor (g”)

The log of the Soret contraction factor (g ) for PDMSx1 and PDMSx2 was calculated
across the range of reported molar masses and processed into a histogram, Table 4.4. An increase
in contraction (decrease in log g ) is observed across the chromatogram, which coincides with
an increase in mass corresponding to the crosslinking of chains. The histogram for PDMSx1 and
PDMSx2 clearly shows a difference in contraction, or crosslinking, between the two

formulations where PDMSx1 shows a maximum log g” of -0.5 while PDMSx2 stretches to -1.0.
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Figure 4.4. Plots of triplicate chromatograms with the MALS intensity at 90° and log g" for
PDMSx1 (top) and PDMSx2 (bottom) with their corresponding histograms on the right.

4.4.7 Semi-Quantitative Gas Chromatography (GC-MS)

In order to orthogonally validate g results, relative degree of branching in PDMSx1 and
PDMSx2 may be assessed by depolymerizing the sample and comparing the relative amount of
ethylene linkage fragments via GC-MS. The peak associated with the ethylene linkage was
observed at 16.85 minutes and its area was normalized to the internal standard, n-octane.
Principle mass fragments at 103.0, 133.0, 191.1, and 249.1 m/z were characteristic for the
ethylene linkage and the peak was not present in the depolymerization products of linear PDMS.
The area of the n-octane peak, ethylene linkage peak, and subsequent normalized area for
PDMSx1 and PDMSXx2 is reported in Table 4.4.
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Table 4.4. Peak area of relevant GC-MS peaks and the normalized area of the ethylene linkage.

Sample Peak area of n- Peak area of Ethylene linkage RSD
octane ethylene linkage . peak area (x1 02) %
PDMSx1 8.98E+06 1.08E+05 1.20 6
PDMSx2 7.86E+06 1.21E+05 1.54 4

4.5 Discussion

In ThFFF method development, it is important to determine the overloading
concentration of an analyte so that separation occurs under ideal conditions. Injection of the
formulation, at typical concentrations for polymers (~2.0 mgmL™1), resulted in light scattering
with jagged features and poor reproducibility. This is due to the presence of the diluent, which is
the majority component by mass (>94%). Precipitation resulted in a semi-solid material, which
again exhibited overloading behavior at concentrations which were too low (<0.25 mgmL™?) for
accurate molar mass determination. While the light scattering traces showed poor reproducibility
with jagged features, molar mass and root mean square radii as measured by online MALS-dRI

exhibited good triplicate standard deviation (<8.5%) for a crosslinked polymer.

Insoluble gel particles are known to clog SEC columns, thus are typically removed by
filtration prior to injection. While it is possible to analyze these materials in FFF without
additional sample preparation, it was observed that tubing smaller than 0.01” in diameter clogged
after several injections. This resulted in unstable system pressure and dRI baseline. Removal of
the gel material from the sample by syringe filtration is known to result in the unintended loss of
lower molar mass components. To study the impact of sample preparation on molar mass results
(a key component in g analysis), three different schemes were devised to remove insoluble gels
prior to ThFFF analysis: filtration, ultracentrifugation, and ultracentrifugation followed by
filtration.

4.5.1 Removal of Insoluble Gel Content

A standard practice in liquid chromatography is to filter samples prior to injection. This is
often achieved by use of a syringe filter whose pore size permits the analyte to pass through the
filter. In FFF, the crossover point for normal mode and steric mode separations is typically
around one um, thus a syringe filter with this pore size was selected. Qualitatively, it was
observed that PDMSx2 more quickly clogged the pores of the filter than PDMSx1. An expected
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result since an increase in crosslinking was expected for a larger SiH:Vi ratio. However, due to
the high standard deviation in molar mass results the two samples did not have distinguishable
differences in molar mass or B. In contrast, the percentage gel content between to the two
samples is different by greater than a factor of four. Syringe filtration yielded the largest
difference in gel content between PDMSx1 and PDMSx2. Gel content by ultracentrifugation
alone yielded more similar values. Ultracentrifugation pushes all analytes, which are not buoyant
relevant to the solvent, to the bottom of the vessel. This mechanism of separation may have
trapped non-gel material in the ‘solid’ layer — resulting in similar determined gel content for

extended centrifugation times.

4.5.2 Comparison of Molar Mass Results for PDMSx1 and PDMSx2

In the solvent selection process, it is ideal to choose a solvent which yields good retention
(R <0.6) at low field strength. This is reflected in the thermal diffusion coefficient, where a
value greater than 1.0 x10” cm?s K- will result in the retention of polymer with mass on the
order of 10* Da under typical operating conditions. No such solvent condition was available for
PDMS and thus polymers whose mass was less than 300 kDa were unretained in the void peak.
Given that the Mw of the crosslinker, vinyl terminated PDMS, was 650 kDa, the low retention
was considered to have a small impact on analysis of the crosslinked species whose mass is
expected to be greater than the retention threshold. However, all reported values for B will be
systematically lower than the true value since low molar mass species will elute in the void peak
and will not be analyzed by MALS.

PDMSx2 was analyzed prior to removal of gel content resulting in molar masses greater
than 30,000 kDa. Due to the impact of clogged tubing in the ThFFF-MALS-dRI system,
PDMSx1 was not measured without additional sample preparation. Samples prepared by
ultracentrifugation followed by filtration and filtration alone showed a greater molar mass for
PDMSx2. However, by filtration alone Mw, My, and B were not significantly different. This may
be a result of the decreased precision in molar mass for samples prepared by filtration. PDMSx2
was expected to have a greater amount of crosslinking and thus molar mass. It is also reasonable

to expect an increase in dispersity due to the creation of networks with relatively large mass.

The molar mass results of sample prepared by ultracentrifugation alone did not follow the
expected profile. In layer one, PDMSx1 exhibited a molar mass similar to the crosslinker,
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indicating a signification portion of material with a low degree of crosslinking. PDMSx2
exhibited a significantly larger molar mass in layer one. The opposite was observed in layers 2
and 3, where PDMSx1 showed a greater molar mass than PDMSx2. This may reflect a change in
the molar mass distribution of the material as a result of an increase in insoluble gel material

which is removed by sample preparation.

4.5.3 Linear Calibration of St

Determination of g is facilitated by a calibration curve relating molar mass to St. The
crosslinking process by nature increases the average molar mass of the system significantly as
observed by the molar mass results of the minimally processed sample. Given the broad molar
mass range of the analyte, it is prohibitive to find a linear analog which spans the full range of
analyzed masses. In this system, the crosslinker was used as a linear analog due to its similarity

in chemistry to the crosslinked system and molar mass range (10%-10° Da).

It has been recently reported in literature [19], [31] and my own work in Chapter 3, that
polymer architecture may influence its thermal diffusion coefficient. Generally, branching results
in a contraction in size-based properties such as D. This contraction then causes a coelution of
species with increasingly disparate mass to size relationships. Likewise, the decrease in Dt of the
branched relative to the linear exacerbates this effect resulting in an even greater contraction in
g” and coelution of linear and crosslinked species. This was an unavoidable effect as toluene was

the only suitable solvent for this analysis.

4.5.4 Soret Contraction Factor Analysis

The Soret contraction factor is a mass-based property and thus molar mass data
representative of the sample and capable of distinguishing between other samples is crucial for
accurate analysis. Due to this, all samples analyzed by the g were prepared by
ultracentrifugation followed by filtration. Both the range and average of g were greater for
PDMSx2 indicating an increase in overall crosslinking. This matches the expectation and shows
the expected relationship between the SiH:Vi ratio, molar mass, and contraction (or branching).
In combination with the percent of gel content in the sample, branching of industrial formulation
can be fully characterized by ThFFF-MALS-dRI.
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4.5.5 Validation of g” by GC-MS

The Soret contraction factor has now been utilized to study bottlebrushes, short and long
chain branching in polyethylene, stars, pom-poms, and hyperbranched polyesters. Each of these
studies have relied upon model systems which preclude the need for an orthogonal method to
validate g results. Analysis of depolymerized PDMSx1 and PDMSx2 yielded a relative amount
of tri-functional chain sites (or branch points). Since this is a bulk average of the material, it is
directly comparable to the number average g ”. As the number of branch points as determined by
GC-MS increases the log g for the sample decreases, showing a general agreement between the

two methods.

4.6 Conclusion

An industrial formulation which spans seven orders of magnitude in molar mass posed
unique challenges to branching analysis via ThFFF. In contrast to AF4, the solid accumulation
wall resulted in the retention of the diluent which contributed significantly to the overloading
behavior of the sample. In addition, insoluble gel material clogged tubing and destabilized dRI
baselines. This resulted in the need for additional sample preparation, an atypical step in ThFFF
analysis. Removal of insoluble gels by syringe filtration resulted in molar masses which were
insignificantly different for the two formulations. Ultracentrifugation followed by filtration
yielded molar masses which were significantly different. A comparison of g for the two
formulations showed the expected result that an increase in the SiH:Vi ratio during synthesis
increased the overall degree of crosslinking. These results were validated by depolymerization of
the crosslinked materials followed by GC-MS to semi-quantify the number of tri-functional sites

(branch points) in each formulation.
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4.7 Supplemental Information
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Figure 4.5. Overloading behavior of PMDSx2 as a function of concentration before removal of
the diluent.
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Figure 4.6. A fractogram, where the Y-axis is the MALS intensity at 90°, of replicate injections
of PDMSx2 at a concentration of 2 mgmL™. These samples were injected after the diluent was

removed and with no further preparation.
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Figure 4.7. The bottom plot is a fractogram of triplicate injections of the linear analog, vinyl
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was processed into a log-log plot (top) relating molar mass to Sr.
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CHAPTER 5
THE ROLE OF CHAIN DYNAMICS IN THERMAL DIFFUSION

5.1 Abstract

Thermophoresis of polymers in solution is a poorly understood phenomenon and thus
method development for separation techniques like thermal field-flow fractionation are done by a
trial-and-error approach. Novel insights into the relationship between thermal diffusion and the
physiochemical properties of a polymer could lead to improvements in predictive models or the
development of a first principles theory. This communication reports an experimentally observed
relationship between the thermal diffusion coefficient (D) and glass transition temperature (Tg)
in polymers across a series of organic solvents. The correlation between these properties is
further extended by the locally correlated lattice model of polymers which relates the segmental
entropy of a polymer to Tg, and thus Dt. While the leading predictive model of thermal diffusion
accurately predicts Dt for many polymer-solvent systems, error is still sometimes large (up to
200%). This model relies primarily on enthalpic forces and may be further improved by the

consideration of entropic forces.

5.2 Introduction

Thermophoresis is a transport phenomenon which occurs in the presence of a temperature
gradient. First described by Ludwig, and later in detail by Soret, this process was known to result
in the differential separation of diffusing species in liquid or gas phase. In this description of
thermophoresis, the concentrating force of thermal diffusion is opposed by dispersive Fickian
diffusion and the ratio of these two fluxes known as the Soret coefficient. The sign of St
indicates the directionality of the overall flux where a positive St is assigned for species which
migrate to the cold wall and a negative for those which migrate to the hot wall. Generally, it has
been observed that macromolecules tend to have a positive St, although there may be size and
environmental dependencies on the sign [1], [2]. A first principles theory of thermal diffusion in
the gas phase has been developed by Chapman [3]. Despite this success, no such theory has been
developed for thermophoresis in solution [4]-[8]. While the mechanism of thermophoresis
macromolecules is not well understood, it has been leveraged to purify silicon wafers and

characterize a variety of nanoscale materials [9]-[12]. This transport process is characterized by
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the thermal diffusion coefficient (Dr) and when it is multiplied by the temperature gradient
returns the overall flux in the units of cm?s*. Typical values for Dt of polymers and colloids are
on the order of those observed in Brownian motion for particles of their respective size, 10° to
107 cm?K1s1[13], [14]. Colloidal and polymer thermal diffusion have shown different
dependencies on physiochemical properties and thus have often been treated differently in the
development of predictive models [4], [5], [7], [14]-[18]. For the purposes of this
communication, only polymer thermal diffusion will be considered with an emphasis on organic

solvent polymers as they have the largest available data set [8], [13].

5.2.1 Polymer Thermal Diffusion

Thermal diffusion coefficients are typically measured by thermal field-flow fractionation
(ThFFF) or thermal diffusion forced Rayleigh scattering (TDFRS). ThFFF is a separation
technique where the retention time of an analyte is directly related to St and thus Dt can be
calculated if D is measured or known. TDFRS is typically a two-laser technique where the
concentration gradient induced by thermal diffusion is optically observed. Literature values for
Dt of polymers in solution determined by these two methods typically agree, however, TDFRS is
better suited for the analysis of small molecules which cannot be sufficiently retained in ThFFF
due to instrumental limitations. It is through TDFRS measurements that the molar mass
dependence of Dt was observed. This dependence was shown to plateau around one kDa [1],
[19], [20] and all polymers with mass greater than 10 kDa have shown a Dt which is not mass
dependent [8]. In addition to a mass dependency, thermal diffusion of polymers is known to vary
significantly with choice of solvent [8]. The D+ of polystyrene ranges from an apparent zero due
to lack of retention in ThFFF to 1.7 cm?Ks! depending on which solvent or mixture of solvents
are utilized. Due to the wide variance in D, and thus retention in ThFFF, solvent selection is a

trial-and-error process.

5.2.2 Impact of Composition and Architecture

Polymers can be characterized by many physiochemical properties: size, molecular mass,
linear or nonlinear chain structure, tacticity, chain rigidity, glass transition temperature, and
more. Without an insightful theory of polymer thermophoresis, the dependence of Dt on each of
these properties has been investigated utilizing model systems. It has been shown that D+ of a

copolymer, in nonselective solvent, can be approximated if the Dt and mole ratio of each
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component is known [21]-[24]. In reverse, this can be used to rapidly assess compositional drift
[25]. In 1986 Giddings reported that Dt has no dependence on architecture for polystyrene in
ethylbenzene [26]. Only recently was it shown that a separation based on the tacticity of a series
of stereoregular atactic, syndiotactic, and isotactic poly(methyl methacrylate) was demonstrated
to have a strong solvent dependence [27]. Similarly, work with a series of hyperbranched
polyesters showed a correlation between degree of branching and Dt when dissolved in
tetrahydrofuran but not in cyclohexane [28]. However, this dependency could have been
impacted by compositional differences as branching was controlled by silyl protecting group.
Despite this, it is now well established that Dt can be dependent on architecture as evidenced in
the bottlebrush polymers described in Chapter 3, crosslinked polydimethylsiloxanes in Chapter

4, and work with differently branched polyethylenes [29].

5.2.3 Predictive Models of Thermal Diffusion

There have been numerous models developed to predict the thermal diffusion coefficients
of polymers [4]-[7], [17]. An early model by Khazanovich predicted that Dt is dependent on the
stiffness of a chain [7]. It was expected that greater chain stiffness, as approximated by the freely
jointed chain model, will lead to a greater Dr relative to a less stiff chain. Kohler echoed this due
to the observed molar mass plateau of Dt [1]. As a polymer chain grows, the effective segment
size continues to grow until it reaches a maximum. A model published by Mes assigned the
source of chemical potential for thermal diffusion to the temperature dependence of the Flory-
Huggins interaction parameter as calculated from temperature dependence of the Hildebrand
solubility parameter [4]. Since entropic effects are not temperature dependent, they were ignored
in the derivation. The resulting formula, Equation 5.1, was used to accurate predict D of

polystyrene of organic solvents [4].

Dseq 0[T*(9x/0T)]
T aT

Dy = ¢? (5.1)

Where ¢ is the solvent volume fraction, Dseg is the diffusion coefficient of a segment, and X
refers to the enthalpic portion of the Flory-Huggins interaction parameter. While these
parameters are accessible for well-studied polymers, modifications to the approximation of ¢1,
Dseg, and X were made to allow for the calculation of Dt for a wider scope of materials [13], [30].
Calculation of Dseg incorporated the Kuhn segment which led to an accurate predicted difference
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in Dt for stereoregular PMMA. In addition, X was approximated from Hansen solubility
parameters (HSP) which are more widely available than Hildebrand parameters. However,
approximating the temperature dependence of HSP is non-trivial and dependent on the
availability of accurate physical constants for a specific polymer (i.e., the volumetric thermal
expansion coefficient). Despite this, an overall increase in the accuracy of predictions and was
observed for polystyrene, poly methacrylate, poly methyl methacrylate, poly butyl acrylate, and
polyisoprene in various solvents [13]. However, my own calculations for Dt of PDMS (Chapter
4) indicate an inherent flaw in the use of HSPs. PDMS has two sets of reported HSPs which
resulted in Dts which spanned an of magnitude for the same solvent. Additionally, Dt
calculations for polyvinylpyrrolidone led to highly inaccurate predictions (error greater than
200%). This model, while successful, has shown limitations for specific polymer-solvent systems
where the contributors to thermal diffusion may not be fully captured or not accurately

represented.

5.2.4 The Locally Correlated Lattice Model

In an assessment of reported D+ for polymers in various solvents, it was observed that
there is a correlation between the glass transition temperature (Tg) of a polymer and Dr. This led
to an investigation into the fundamental forces which govern polymer Tg. Recently a first
principles model was developed which accurately predicts the glass transition temperature (Tg) of
over 50 polymers [31], [32]. Similar to Dr, T4 is known to be mass dependent until a molar mass
plateau has been reached. In addition, there have been numerous models which attempt to fully
describe the phenomenon but fail to explain observations, such as the relationship between free
volume and Tg. Through the locally correlated lattice model and historical pressure-volume-
temperature data, it was shown that there is a strong correlation between the entropy per segment
of a polymer and experimental Tq. This communication demonstrates and explores the observed
correlation between Tg, Dr, and the calculated entropy per segment derived from the locally

correlated lattice model.

5.3 Results and Discussion

A plot of experimental D+s for polyvinylpyrrolidone (PVP) [13], polydimethylsiloxane
(PDMS) [19], poly tetrahydrofuran (PTHF) [33], polyisoprene (PI) [13], poly n-butyl acrylate
(PnBA) [13], poly methacrylate (PMA) [13], poly(methyl methacrylate) (PMMA) [13],
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polystyrene (PS) [13], poly (a-methyl styrene) (PaMS) [13], poly(2-(2-bromoisobutyryloxy)
ethyl methacrylate) (PBIiBEM), 1-2 polybutadiene (PBD 1-2) , 1-4 polybutadiene (PBD 1-4),
isotactic PMMA (PMMA-I) [13], atactic PMMA (PMMA-A) [13], and syndiotactic PMMA
(PMMA-S) [13] in their respective solvents, in order of increasing relative polarity, can be seen
in Figure 5.1. To the author’s knowledge, this plot demonstrates the full scope of organic soluble
linear homopolymers with reported D values to date. From this plot there appears to be no
obvious trend relating the thermal diffusion coefficient to solvent polarity, as would be expected
given the strong polymer-solvent dependence which is unique with each set of chemistries.
However, a plot of the experimental Dt with experimental T4 reveals an overall trend, in each

solvent series there is a positive correlation, Figure 5.2.
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Figure 5.1. Experimental Dt of polymers dissolved in organic solvents where the x-axis is
arranged in order of increasing relative polarity.

Generally, it appears that if a polymer has a high T4 there may be a solvent combination
which will yield a large D+. This is supported by the fact that branching typically results in a
decrease in Ty. This trend has also been observed for D+ in the bottlebrushes, hyperbranched
polyesters [28], [34], chain walking polyethylene [29], and crosslinked PDMS. The apparent
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correlation between these physiochemical properties indicates that there may be an underlying

physical connection between thermophoresis and the glass transition.
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Figure 5.2. Observed relationship between Dt and Tg for polymers dissolved in tetrahydrofuran,
toluene, cyclohexane, and methyl ethyl ketone.

A locally correlated lattice model was used to derive the entropy per segment of a series
of polymers from literature pressure-volume-temperature data. This model showed a strong
correlation between segmental entropy and Ty. It should be noted that while this appears to be a
positive correlation, the entropy per segment is determined at the glass transition temperature of
the respective polymer. Given that entropy is a temperature dependent property, the relationship
is actually inverse — polymers with lower entropy have a larger Tq. These are polymers which
typically have fewer degrees of freedom and larger Kuhn segments, or greater chain stiffness.
This aligns with trends in Dt previously reported in literature [13], [19]. The plot in Figure 5.3
shows the correlation between segmental entropy and Dt with a notable outlier for PMA in

MEK. Given the phenomenologically strong polymer-solvent dependence of Dr, and success of
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the predictive model based on enthalpic interactions, it is reasonable that entropy would
contribute less to the overall Dt and thus outliers would be expected. Further investigation into
the connection between Ty and Dr is warranted and may lead to an improvement to the current

predictive model.
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Figure 5.3. Observed relationship between Dt and entropy per segment, as calculated by the
locally correlated lattice model [31], for polymers in tetrahydrofuran, toluene, cyclohexane, and
methy| ethyl ketone.

5.4 Conclusions

The dominant in predictive models of polymer thermal diffusion leads to erroneous
predictions for PVP, a relatively polar polymer, and PDMS, which has multiple HSP spheres.
Improvement to predictive models and development of a first principles theory is driven by
discovery of novel relationships. The correlation between Dt and Tg indicates there may be an
underlying physical connection. Segmental entropy is known to be a strong predictor of Ty and
thus correlated with Dr. Entropic forces are ignored in the leading predictive model of thermal

122



diffusion. Further investigation into the relationship between these properties could yield insight

into modeling thermophoresis of polymers.

5.5 Experimental

All polymer Drs were collected from references [13], [19], [33] and original data reported

in this thesis. Polymer T4 and segmental entropy were collected from reference [31]. Calculation

of Dt was performed following the method outline in references [4] and [13].
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CHAPTER 6
SUMMARY AND OUTLOOK

This dissertation describes several advancements in ThFFF methodology for the analysis
of complex polymers. ThFFF is uniquely suited to study complex polymer materials that are at
the forefront of innovation and industrial relevance. At the same time, these complex materials
have provided new avenues for research into the fundamental processes that dictate thermal
diffusion. The advancements presented in this dissertation not only contribute to the scientific
understanding of complex polymers but also highlight the importance of innovation and
perseverance in research. With this in mind, it is worthwhile to offer some practical advice for
future users, which is not readily available in the literature. Components of an analytical
instrument (and the overall system), like all things, degrade with time, which impacts their
performance. Proper maintenance and cleaning can extend the life of the equipment and should
be prioritized. However, some wear cannot be avoided. For instance, ThFFF channels regularly
undergo thermal expansion and contraction which can eventually warp the channel. A review of
the aqueous ThFFF literature will reveal that there are few works in this space — this may be due
in part to the susceptibility of the channel surface to corrosion. The impact of ThFFF channel
surface corrosion and surface composition has not been well studied. While FFF benefits from a
lack of packing material, the quality of the surface of the accumulation wall can strongly impact
performance. It is good practice for researchers to identify key performance indicators (KPIs)
relevant to their systems and track them through a logbook. For instance, peak broadening is
known to occur with an increase in surface roughness of an FFF channel and can be tracked by
monitoring the full-width at half max of a MALS normalization standard. In addition to KPlIs,
recording as much information about the experiment as possible can be crucial to understanding
the results. For many years, the temperature of the cold wall was not reported in ThFFF
literature, only for the community to later learn that this value has an impact on retention time

and thus should be reported.

6.1 Summary

Thermal FFF with online detectors has been shown to be capable of characterizing
distributions in molar mass, chemical composition, and architecture, as evidenced in Chapter 2.
The work presented here has expanded this capability to novel architectures and chemical

compositions not previously studied. In Chapter 3, both the Dt of a novel polymer (PBIiBEM)

126



and the g values for a library of bottlebrush polymers were reported. It was also shown that
architecture does indeed impact Dr, a property of branched polymers that is only recently
discovered and still poorly understood. In addition, contraction factors are historically limited by
the requirement of a linear analog for comparison. This was circumvented for g~ by using an
accurate predictive model of thermal diffusion and polymer chain theory. The results indicated
that if the number of chain ends is known, it may be possible to assess the type of architectures
present in a sample system. Building off this work, Chapter 4 demonstrated that g analysis can
be applied to an industrial product to discriminate between formulations. Crosslinked
polysiloxanes formulated in a diluent presented challenges for ThFFF-MALS-dRI analysis which
are not regularly encountered. Sample preparation methods were developed for accurate molar
mass determination and to achieve the ideal elution behavior, a condition required for the valid
use of the retention equation. Measured Dr values for the branched polymers in Chapters 3 and 4
indicated that thermal diffusion may be affected by architecture. Inspired by this and literature, it
was hypothesized that polymer chain dynamics may play a significant role in polymer thermal
diffusion. Chapter 5 highlights an observed relationship between the glass transition temperature
and Dr. An investigation into glass transition temperature revealed that chain dynamics,
specifically segmental entropy, strongly correlate with a polymer’s Tg. The leading predictive
model of thermal diffusion is calculated by using the enthalpic Flory-Huggins interaction
parameter, ignoring entropic contributions. This work proposes that the link between segmental
entropy and polymer thermal diffusion may be used to expand upon the current model or develop

a novel one which incorporates contributions from segmental motion.

6.2 Outlook

Field-flow fractionation has seen significant growth in the number of publications over
the past decade. This is in large part due to the introduction of on-line multi-detectors that
provide a wealth of information about the separated components that are eluting. First, MALS-
dRI showed that size exclusion chromatography (SEC) of high molar mass polymers did not
follow the expected trend of a monotonic decrease in size (or molar mass) with retention volume.
This phenomenon has been attributed to sheer degradation of the polymer or pinning of the
polymer on the column packing material. These issues and anomalies are not observed in FFF,
and it is now well accepted that FFF is the technique of choice for (ultra)high molar mass

polymers. Furthermore, online detectors such as MALS-dRI represent an orthogonal method (to
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FFF theory and calibration) for determining polymer characteristics as well as reducing the
learning curve for new FFF users. Asymmetrical flow FFF (AF4) has been readily adopted by
environmental, pharmaceutical, and materials researchers. This has culminated in the recent
development of an ASTM method for the analysis of liposomal drug formulations by AF4 [1].
ThFFF has capabilities (e.g., composition, architecture) that exceed AF4’s diffusion-based
separation. However, ThFFF has seen significantly less adoption due to a poor understanding of
thermal diffusion, not only of polymers but also particles. To date, there is no first principles
theoretical description of polymer or particle thermal diffusion. The dominant model of polymer
thermal diffusion has only been shown to be accurate for polymers in non-polar organic solvents
and is limited by the accessibility of polymer-solvent interaction data. A theoretical description
of thermal diffusion could significantly elevate the technique and allow for greater adoption of
the methodology. Additionally, many applications which have boosted the prominence of AF4
are for aqueous based materials. Aqueous ThFFF literature is sparse because the commercially
available channel has a surface that is a nickel-chrome plating which corrodes under most
aqueous conditions. Advancements in instrument design would allow for a continuation in
research to better understand thermal diffusion in aqueous environments. For instance, it is
known that some buffers may change the sign of Dt and/or change its magnitude for colloidal
polystyrene [2]. Recent work has also shown that the addition of salts or surfactants may alter the
selectivity for particles with various levels of acid content on their surface. A greater
fundamental understanding of thermal diffusion for polymers in both aqueous and organic

solvent systems would greatly propel the field forward.
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