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ABSTRACT
Field-flow fractionation (FFF) is a versatile separation technique with high potential for indepth characterization of complex macromolecular systems with multiple distributions. FFF
has been proven to successfully tackle challenges in chromatography since it does not rely on
a stationary phase with a high surface or interaction area and hence, provide information on
a broader size range than column-based separation. To date, this potential is not fully exploited for the application of FFF as a routine method for the measurement of physicochemical
properties due to lack of theoretical background or applicable calculation approaches. Among
all FFF techniques, thermal FFF (ThFFF) still represents the so far least understood method
from theoretical point of view. ThFFF has a great but still not fully explored potential in advanced polymer separation and characterization. Additionally, to separation prior to multidetection-based analysis, ThFFF has the capability to be used for analysis of the thermophoretic
properties of polymers or particles. Unlike all other FFF subtypes, evaluations of ThFFF separations require a correction of effects induced due to temperature differences in the carrier
liquid. One of the main goals in this dissertation is dedicated to extension and revision of the
broad spectrum of solvents and experimental conditions used for ThFFF calculations. Optimizations of ThFFF separations required so far empirical attempts by trial-and-error approaches.
Thus, the second goal of this work was to shorten this process and to allow precise predictions
of the influence of the polymer solubility on the ThFFF separation efficiency.
The investigation of the potential of ThFFF for the multidetection-based analysis of
polymers with complex topology was the third goal of this work. Initially, thermal diffusion
was assumed to be independent on the molar mass and on the polymer topology. However,
recent advances indicate a certain dependency of thermophoretic behavior on branching or
microstructure. To shed light on this topic, ThFFF is theoretically assessed and designed to
prove its capability to resolve polymer branching characteristics from the measured thermophoretic properties. Therefore, two different libraries of branched polymer model systems
based on aliphatic-aromatic polyesters and on a new type of short chain branched polyethylene are investigated. Furthermore, the potential of the optimized ThFFF theory was assessed
in the context of crosslinked polymer architectures. These investigations shine light onto the
so far controversially debated topic of electron beam irradiation effects on thermoplastic polyurethane. This topic is addressed by a combination of multidetector ThFFF and supporting
associated characterization methods showing the potential of ThFFF to evaluate crosslinked
and ultra-high molecular weight macromolecular structures.
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ZUSAMMENFASSUNG
Bislang ist die Feldflussfraktionierung (FFF) als Routinemethode zur Messung physikalischchemischer Stoffeigenschaften auf der Basis von Retentionsdaten mangels theoretischen Hintergrunds oder anwendbarer Berechnungsansätze noch nicht voll anwendbar. Gleichwohl hat
sich FFF als erfolgreich erwiesen Herausforderungen in der Chromatographie zu kompensieren, da FFF keinerlei stationäre Phase benötigt und daher Informationen über einen breiteren
Trennungsbereich im Vergleich zu säulenbasierter Separation liefert.
Von allen FFF-Techniken ist die thermische FFF (ThFFF) die bis dato theoretisch am wenigsten verstandene FFF-Methode. ThFFF hat ein großes, aber zugleich noch nicht vollständig
ausgeschöpftes Potenzial im Bereich der modernen Polymercharakterisierung. Im Gegensatz
zu allen anderen FFF-Subtypen erfordern Auswertungen von ThFFF-Trennungen allerdings
eine Korrektur von Effekten aufgrund temperaturbedingter Unterschiede in den Eigenschaften des Eluenten. Eines der Hauptziele dieser Dissertation ist die Erweiterung und Überarbeitung des Spektrums an Lösungsmitteln und experimentellen Bedingungen, die bei Berechnungen von ThFFF-Analysenergebnissen (u. a. thermophoretischer Eigenschaften von Polymeren) angewandt werden können. Zudem erforderten Optimierungen von ThFFF-Trennungen bisher empirische Versuchsreihen. Das zweite Ziel dieser Arbeit war es daher, diesen
Prozess zu verkürzen und genauere Vorhersagen über den Einfluss der Polymerlöslichkeit auf
die ThFFF-Trennleistung zu ermöglichen.
Die Untersuchung des Potenzials von ThFFF für die multidetektionsbasierte Analyse von
Polymeren mit komplexen Topologien war das dritte Ziel dieser Arbeit. Bisher wurde die
thermische Diffusion als unabhängig von Molmasse oder Polymertopologie angenommen.
Jüngste Erkenntnisse weisen jedoch auf eine gewisse Abhängigkeit des thermophoretischen
Verhaltens von Verzweigung oder Mikrostruktur hin. Um diesen Aspekt näher zu beleuchten,
wurde das ThFFF Retentionsverhalten und die thermische Diffusion selbst hinsichtlich der
Verzweigungseigenschaften von Polymeren anhand zwei verschiedener Polymermodellsysteme mit je einer Bandbreite verschiedener Topologien untersucht. Im Zuge dieser Untersuchungen wurde auch durch eine Kombination von Multidetektor-ThFFF und unterstützenden
zugehörigen Charakterisierungsmethoden ein substantieller Beitrag zur Aufklärung des bisher kontrovers diskutierten Themas der Elektronenbestrahlungseffekte auf thermoplastisches
Polyurethan geleistet und so das Potenzial von ThFFF zur Analyse vernetzter Strukturen mit
ultrahoher Molmasse genutzt.
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HST
HSP
MEK
THF
ATR-FT-IR
NMR
DSC
UHMW
a. u.
hb.
Eq(s).
Fig.

Size exclusion chromatography
Liquid chromatography (non-specified)
Liquid adsorption chromatography
Liquid chromatography under critical conditions
Kuhn-Mark-Houwink-Sakurada (plot or analysis)
Multi-angle (laser) light scattering detection
Small-angle neutron scattering
differential refractometric detection
Dynamic light scattering
Thermal diffusion forced Rayleigh scattering
Field-flow fractionation
High temperature …
High temperature SEC with quadruple detection
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SYMBOLS
M
index n
index w
index z
index eq
index Seg
Ð
η0, ηS
dn dc-1

Molar mass
Number average moment
Weight average moment
Centrifugal average moment
Standard-equivalent
Molar mass of a linear segment
Molar mass dispersity
Solvent viscosity
Refractive index increment

L


Laser wavelength

n0


[η]
RG
Rh

D
R[η]

Scattering angle
Solvent refractive index
Volume fraction
Intrinsic viscosity
Gyration radius
Hydrodynamic radius
Decay time
Viscosity radius

KMHS, vR

Scaling exponents
KRMS, KKMHS Scaling constants
K
(optical) constant
DB
Degree of branching
LCB
Long chain branches
per 1000 monomers
SCB
Short chain branches
per 1000 monomers
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Number of branching points
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Radius contraction factor
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Viscosity contraction factor
g’’
Soret contraction factor
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index lin. linear reference analyte


ST
t0
tR
R
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Drainage parameter
Soret coefficient
Void time
Retention time
Retention ratio

u


Flow velocity
Mean flow velocity
index p
parabolic
index 3rd cubic
uF
Analyte migration velocity
⁄
Relative height or thickness

w
(FFF-)Channel height
ℓ
Analyte cloud thickness
λ
Dimensionless FFF parameter
(relative mean layer thickness)
D
Translational diffusion coefficient
DT
Thermal diffusion coefficient

NA
kB
Th
Tc
T
ΔT

Non-parabolicity parameter
(Flow-profile asymmetry)
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Boltzmann constant
Hot wall temperature [°C]
Cold wall temperature [°C]
Absolute temperature [K]
Temperature gradient [K]



Stop flow time (relaxation)



Thermal conductivity
… at the cold wall temperature
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V, 
δ or δD,P,H
Tg
c
J
ax

Volumetric thermal expansion
coefficient
Hildebrandt or (partial) Hansen
Solubility parameter(s) [MPa0.5]
Glass transition temperature
Analyte mass concentration
Net flux
Polynomial coefficients

lb
lK
χ
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Bond angle
Bond length
Kuhn length
Flory-Huggins interact. parameter
Enthalpic …
Entropic …

C

Characteristic ratio
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1. INTRODUCTION
Within the family of macromolecules, polymers are a highly abundant class of material of
either natural or synthetic basis.[1] Polymers are used by humans since about a thousand
years[2] despite the fact that the exploration of their nature was initiated in comparably recent
history. The term polymer originates from the Greek words “polys” (many) and “meros” (part)
and describes a molecule consisting of repeating smaller building blocks called monomers. It
was coined by Berzelius 1833, but its modern meaning was established far later in the 1920s,
when Hermann Staudinger revised the definition of a macromolecule and set the base of polymer science as a new research area.[3] Many discoveries have been made since then in polymer
science covering synthesis, properties, and structural understanding. Today synthetic polymers are the most abundant material for industry and consumer products such as packaging
material,[4] adhesives,[5] optics,[6,7] coatings,[8] therapeutic drugs and -delivery,[9,10] and textiles[11] with an ever-growing variety and production scale representing in total a multibilliondollar business.[12] Since the application possibilities of polymers are virtually endless, its
market sector remains steadily expanding[13] with the trend from mass product to specific
high-tech applications.[14]
Several strategies were discovered to adjust polymer material properties, such as blending of different polymers,[15] formulation of polymer composites with fillers[16] or fibers,[17]
changing of the polymer architecture on the molecular level in terms of branching,[18] and
crosslinking,[19,20] or copolymerization of different building blocks.[14,21] Continuously, polymer’s property enhancement establishes new fields of research in material and polymer science. Polymers are complex materials having more or less broad distributions in molar mass
(chain length), chemical composition, microstructure (e.g. tacticity) as well as molecular architecture or topology.[22,23] For a homopolymer consisting only of one monomer type next
to the molar mass already the dispersity may have major influence on bulk material properties
such as crystallinity or toughness. For instance, very broad dispersity can lead to deviating
crystallization behavior or phase separations in polymers of the same chemical identity, if the
processing conditions are not suitable. This can be seen for instance in mixtures of n-alkanes
with highly varying chain length.[24,25] Changing polymer architecture from linear to gradually or hyperbranched topology, further properties such as glass transition temperature (Tg),
viscosity, solubility as well as mechanical and viscoelastic properties are altered. Tailoring of
polymer properties on the basis of molecular topology is discussed comprehensively in section 2.1. With regard to multicomponent polymers like copolymers material property changes
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are possible by varying sequence of different monomers. Copolymers can be in principle composed in random, alternating or block-wise order of their co-monomers. Depending on this
order, properties of copolymers with the same overall composition can be tremendously different. A well-established example for a copolymer material family are polyurethanes and
will be discussed in detail in section 5.4. Furthermore, the combination of architectural and
chemical heterogeneity makes polymers today the most versatile type of material.
With the apparently endless variety of macromolecular structures and their heterogeneities, the ability to characterize these materials becomes necessary and hence, the demand of sophisticated analysis methods arises. Common batch techniques are applied targeting the chemical identity (NMR, IR, atomic spectroscopy) or molar mass and size (mass
spectroscopy, solution viscometry, light scattering).[26] However, all these methods yield only
average characteristics and are incapable of quantifying less abundant subpopulations when
it comes to macromolecules with broader dispersity. Therefore, a separation and subsequent
analysis distribution of subpopulations is essential for drawing a comprehensive conclusion
on the polymer’s intrinsic or bulk properties as well as performance.[27] A number of important methods based on different mechanisms were developed to separate polymers in solution. Well-established separation approaches are interaction based methods like size
exclusion chromatography (SEC), liquid adsorption chromatography (LAC)[23,28] and liquid
chromatography at critical conditions (LCCC)[28,29] or flow-based methods like hydrodynamic
chromatography (HDC)[30] and the diverse family of field-flow fractionation (FFF).[31]
In this portfolio, SEC has become the most established and hence, the workhorse separation method in polymer analysis.[28,32] All column-based liquid chromatography (LC) types
are carried out in columns packed with porous beads as stationary phase through which a
liquid flow as mobile phase is forced carrying the polymer analyte to be separated.[33] In contrast to LAC, where the separation is based only on enthalpic interactions between solute and
stationary phase, in SEC those are intentionally avoided or suppressed[34] and the separation
is solely based on entropic interactions. Analytes are separated according to their hydrodynamic volume by their ability to diffuse into differently large pores of the packing material.
The dimensions of a polymer coil in solution are sketched in Fig. 1.1 When the separation
modes of SEC and LAC are precisely balanced, the separation happens in LCCC mode. LCCC
is typically used for separation according to end-groups or functionalities of the polymer independent on molar mass.[28]
Upon calibration with polymer standards of comparable solution properties to those of
the analyte, SEC represents a facile determination method for molar masses and distributions.
10
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Figure 1.1 Dimensions of a linear random polymer coil with the hydrodynamic radius Rh, the gyration
radius RG and the statistical end-to-end-distance (typically much larger than RG and Rh).

The characteristic molar mass moments are the number (Mn), weight (Mw) and centrifugal
average (Mz), as defined in Eqs. (1.1) to (1.3) in dependence to the measured concentration ci.
The molar mass dispersity Ð is given in Eq. (1.4).
 
 

∑ 
∑ 

∑  
∑ 

∑   
 
∑  

Ð    

(1.1)

(1.2)

(1.3)

(1.4)

However, for complex macromolecular architectures or chemically heterogeneous polymers
comparable polymer standards are not available. Consequently, not the same correlation between elution volume and molar mass exists and on the basis of calibration with established
polymer standards the determination of molar masses becomes considerably erroneous.[28,32]
The challenges arising in separation and characterization of complex polymer systems by
classical methods is discussed in detail in section 1.1.
An alternative is provided by the family of FFF techniques that has attracted significant
attention for the fractionation and characterization of complex macromolecules, colloids, aggregates or associates and particles.[35] Here, the limitations of column-based separations are
avoided by the absence of a column packing material and – depending on the method – a
choice of different separation-controlling parameters.[31] The key benefits of FFF are explained
in section 1.1 and the fundamentals of FFF are discussed in section 2.3. FFF methods are nor-
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mally named after the separation providing the driving separation force field applied externally perpendicular to the flow direction. One member of the FFF family is thermal field flow
fractionation (ThFFF) where the separation force is provided by a temperature drop.[31,36] Improving the understanding of the separation mechanism, tuning the retention and interpreting the ThFFF retention behavior of polymers to understand polymer structure is the main
focus of this thesis.

1.1. Analytical Methods and Challenges in Polymer Characterization
1.1.1. Single-Detection Size-Exclusion Chromatography
Undoubtedly, SEC has reached a quasi-monopole in macromolecular analysis[37] and its remarkable value will continue for this class of materials,[38] because it does not require extensive sample preparation or complicated data evaluation. However, for calibration-based molar
mass determination accurate molar masses are only found, if standard procedures are employable and both the repeat unit chemistry and the architecture of the calibration standards
are similar and in the same size range.[39] Molar masses from SEC calibration have to be considered only as standard equivalent molar masses Meq and are only comparable within the
frame of reference. However, often this is overlooked and Meq are reported as true molar
masses.[40] Relating those molar mass to sizes obtained through e.g. dynamic light scattering
or microscopy can lead to significant bias or even complete misinterpretation up to physically
unrealistic results, if the polymer standards do not resemble the retention behavior of the
analyte.[39] This and further issues become problematic in particular for the analysis of
copolymers by SEC due to an additional distribution in chemical composition besides the molar mass distribution. Already in correct separation mode SEC tends to an overestimation of
molar mass dispersities caused by inner column band broadening.[33] Different chemical composition affects on one hand the hydrodynamic volume of the polymer in solution and on the
other hand the optical contrast in respect to the solvent (refractive index increment) or the
absorbance of ultraviolet or visible light (UV-VIS), which are measured by concentration-sensitive differential refractive index (dRI) or UV-VIS detectors, respectively. Hence, a correct
analysis of absolute molar masses for complex polymers or copolymers by SEC with concentration detection is nearly impossible.[28]
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1.1.2. SEC coupled to Viscometry Detection
To tackle issues in SEC regarding chemical differences SEC hyphenated to further detectors
is used. The first step towards absolute molar mass and size characterization is the combination of online viscometry with concentration detection, which enables a quasi-absolute molar
mass determination on the basis of a universal calibration. For a universal calibration the
product of the intrinsic viscosity (the specific viscosity of a polymer solution extrapolated to
infinite dilution) and the molar mass is fitted versus the retention volume. For a broad range
of polymer architectures and chemical compositions an accurate measurement of molar
masses and sizes was empirically confirmed.[41] However, for very compact particles, such as
hyperbranched polymers a universal calibration is not valid anymore and may lead to erroneous results.[42] The universal law relies on Einstein’s viscosity relation, discovered in the
beginning of the 20th century (Eq. (1.5))[43]

   1 + 2.5 

(1.5)

η   

(1.6)

with the volume fraction of the suspended analyte, and the Kuhn-Mark-Houwink-Sakurada
(KMHS) equation (Eq. (1.6))

where K and  are empirical parameters. The exponent  can be determined by fitting the
intrinsic viscosity versus the molar mass in a double logarithmic plot and provides information about the shape or conformation of the polymer in solution and can range from 0 for
ultra-compact objects over 0.5 for collapsed polymer coils and 0.7 for random coils in a thermodynamically good solvent up to 2 indicating a rigid rod-like shape.[44]
From the molar mass and the intrinsic viscosity, a hydrodynamic size is accessible. This
relation is also based on Einstein’s viscosity relation (Eq. (1.5)) and displays a size or volume
of a sphere, which would have the same intrinsic viscosity. This hydrodynamic radius can be
expressed as so-called viscosity radius, as defined in Eq. (1.7) with the Avogadro constant NA.
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1.1.3. Light Scattering
1.1.3.1.

Multi‐Angle Static Light Scattering

Another approach allowing a true, absolute molar mass measurement is the combination of
multi angle light scattering (MALS) with concentration detection (typically dRI). The light
scattering of polymers is mainly used in the Rayleigh regime of light scattering and is applicable for object sizes between  1 nm to 2 µm diameter.[45,46] The dependency of the scattered
light on molar mass and radius is described by the reduced Rayleigh ratio (scattered light
intensity of the polymer solution over the intensity of the solvent in the same detector environment) as defined for dilute solutions in Eq. (1.8)

2    
 
    1 +   
  


(1.8)

with the analyte concentration c, the scattering angle , the solvent refractive index n0, the
laser wavelength L and the refractive index increment dn dc-1.[47] The principle of MALS is
illustrated in Fig. 1.2.

Figure 1.2 Detector design of MALS.[48] Courtesy © Postnova Analytics GmbH

In MALS detection the intensity of scattered (laser) light of the polymer solution in a quartz
flow-cell is measured simultaneously for up to 21 angles. The intensity of scattered light is
proportional to the concentration and the molar mass. Furthermore, a scattering anisotropy,
for instance in scattering intensity dependence on the scattering angle is seen once the polymer is larger than 1/20 of the wavelength of the laser, i.e. RG > 12 nm for 600 nm-laser.
As stated in Eq. (1.6), a molar mass determination by MALS always required a concentration information, either set by defined concentration in a series of differently diluted solutions
in batch experiments or by combination of MALS with a concentration detector in online
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mode, coupled to a separation method. The data evaluation of scattered light intensity in dependence on angle and concentration is typically done by a Zimm plot (batch measurements,
multi-angle and multiple concentrations) or a Debye plot (online measurements, multiple angles only, for dilute solutions of one concentration)[49] in various formalisms such as Debye,[50] Zimm[47] and Berry.[51] Other plot and fit formalisms such as the Guinier plot or the
shape-biased fits for sphere, random coil or rod-like objects are to be named for the sake of
completeness. A typical evaluation of static light scattering data by Zimm plot and Zimm
formalism is shown in Fig. 1.3. In this data evaluation method, the light scattering data are
transformed and plotted in such a way, that the data can be fitted linearly according to equal
concentration and equal scattering angle. The concentration and angle dependent fits are extrapolated to data points, where c  0 and   0, respectively.

Figure 1.3 Determination of the weight average molar mass Mw and z-average of RG from batch light
scattering data by Zimm formalism using the Zimm fit method, exemplarily shown for a three-arm
star polystyrene in tetrahydrofuran in four concentrations (own experiment, measured with a Fica 50
light scattering device, modernized by SLS-Systemtechnik, G. Baur, Germany).

These data points are fitted in the same way than the measured data point and the ordinate
intercept of both fits become the reciprocal of the weight average molar mass. Furthermore,
for analytes upon a minimum size the slope of the fit yielding the angle series at zero concentration contains the information about the z-average of the gyration radius RG,z.
Molar mass and radii data from online MALS detection after separation can be used in
the same way as stated for the KMHS analysis (Eq. (1.6) by double logarithmic plot and analogue fitting to obtain information about conformation or shape of polymers, respectively.
The relation of M to RG is defined as follows in Eq. (1.9)
   

(1.9)
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where KR is again an empirical constant and R is the scaling exponent. Typical values for R
range from 0.33 for dense (non-draining) spheres over 0.5 for collapsed random coil conformations and 0.58 for a random coil in a thermodynamically good solvent up to 1 for rigid-rodlike shapes.[52]

1.1.3.2.

Dynamic Light Scattering

MALS is also used in combination with dynamic light scattering (DLS). Whereas in MALS the
intensity of (monochromatic) scattered light is averaged over a certain time constant, in DLS
instead the fluctuations of the scattered light are analyzed in a high time resolution.[53] These
fluctuations are caused by interference effects of scattered light due to Brownian motion of
the analyte’s internal scattering centers. The fluctuating scattered light is detected and processed by a hardware autocorrelator according to intensity per increasing time intervals I(t).
In online detections after separation DLS is often applied only at one specific angle. For the
data evaluation the autocorrelated data are fitted by different models which link the decay
and trend of the data to the translational diffusion coefficient. Commonly used models are the
cumulant fit (average D for the analyte)[54,55] and the regularization fit (various subpopulations resolvable).[56] The simplest case in DLS are monodisperse analytes, where the intensity
gT autocorrelated in dependence to the decay time τD is fitted by Eq. (1.10)[54]
   1 +  exp 2 

4

    

2

(1.10)

with β as a coherence factor. The data treatment in DLS is illustrated in Fig. 1.4.

Figure 1.4 Intensity fluctuations of scattered light measured in DLS in A as recorded signal and in
B after autocorrelation of the data (blue) and fitted (red). Plot in A adapted and reprinted with
permission from Ref. [57] Copyright © 2016 Elsevier B.V., Plot in B adapted under Creative Commons
Attribution License CC BY 4.0 from Ref. [58].

16

Introduction
The translational diffusion coefficient D can then be translated into a size information such
as the hydrodynamic radius Rh via the well-known Stokes-Einstein Equation (Eq. (1.11))[59]


 
6  

(1.11)

where kB denotes the Boltzmann constant, T is the absolute temperature in K and 0 is the
dynamic viscosity of the solvent.

1.1.4. Multidetector Liquid Chromatography
Multidetector approaches with up to 5 detection systems combining MALS, DLS, viscometry,
UV-VIS and/or dRI have now become state-of–the-art for comprehensive polymer characterization at ambient temperature[28,60] as well as at elevated temperature (e.g. necessary for polyolefin analysis).[61] Other detection methods also used in hyphenation with SEC are offlineFTIR,[62,63] online-NMR[64–66] and mass spectrometry to elucidate compositional differences.[67–69] Yet, in terms of molar mass and size in some cases MALS is not applicable due
to a too low optical contrast[70,71] or fluorescence.[72,73] In those cases, calibration-based SEC
or a coupling to mass spectrometry remain better options. Multidetector approaches in liquid
chromatography provide a plethora of information and can overcome the drawbacks for instance from calibrated SEC, because it is not directly dependent on the retention behavior.
However, if the separation is strongly affected also multidetector approaches fail in yielding
conclusive information due to co-elution of different subpopulations. Co-elution can occur on
one hand by anchoring effects of side branches in branched or hyperbranched polymer structures in the pores of the stationary phase of SEC.[74] On the other hand, adsorption effects of
side- or end groups in a fraction can lead to co-elution, too. This is a main challenge in the
analysis of structurally complex homo- and copolymers[75] and biomacromolecules.[76] Problems of co-elution have to be therefore addressed by multidimensional chromatography such
as coupling of SEC with LAC or LCCC with multidetector approaches[23,28] to unravel structural and compositional complexity.[77]
However, despite the fact that LC corresponding detection becomes costly with increasing dimensionality, the separation range is limited to a maximum molar mass and size due to
upper and lower size exclusion limits of SEC and limits in reversible ad- and desorption in
LAC, respectively. On one hand, upon a certain size or molar mass (beyond 107 g mol-1) exceeding significantly the separation range of SEC[78] an inversion and hence, co-elution with
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smaller fractions of different topology may occur due to an inversion of the separation mechanism from size exclusion to hydrodynamic chromatography mode.[30,79] On the other hand,
fractions in the ultra-high molar mass (UHMW) region tend to degrade in SEC separations
due to high flow induced shear forces.[80] Shear degradation becomes an increasing challenge
in high-efficiency systems[38] exceeding 800 bar system pressure in order to maintain high
flow rates for fast analysis.[81] Therefore, for separations of UHMW polymers or particles
alternative separation methods are required.

1.1.5. Alternative Flow-Based Separation
An alternative separation method prior to any detection is given by FFF.[82] The basic concept
of FFF was invented by J. C. Giddings in the mid-1960s,[83] who also developed the majority
of the nowadays established FFF sub techniques. FFF can overcome some of the mentioned
limitations of column-based LC. The principle of FFF is explained in detail in section 2.3. First
of all, due to the absence of a column packing material adsorption to the stationary phase and
shear degradation is tremendously reduced.[31,84] Analytes over a wide size range from 1 nm
to several µm (normal retention mode) can be separated with a high overall resolution.[85] The
mild flow conditions allow the analysis of fragile analytes such as colloidal-sized dendronized
glycopolymers,[86] liposomes[87,88], polymersomes,[89,90] protein assemblies,[91,92] supramolecular assemblies[93] like biohybrid structures[94,95] or whole cells.[96–98] However, within the
separation range, LC-based separations maintain a higher peak resolution. A superior advantage of FFF over LC are programmable separations, which enable 3-5 times higher peak capacity than in SEC and analysis time, which can be kept in reasonable limits.[38] Depending on
the FFF subtype, polymers can be fractionated simultaneously according to physicochemical
properties like size, composition, effective mass, electrostatic or magnetic response.[31,99]
However, a disadvantage of FFF is peak broadening under constant separation conditions,
which needs to be addressed by optimization with tuned separation conditions. Another remaining challenge in macromolecular characterization can be found in the versatility of FFF,
which increases the opportunities and thus, the effort for optimization. This fact hinders the
exploitation of FFF’s for an easy routine analysis.[31,100,101] Meanwhile, for specific applications
FFF has made a great step towards routine analytics, like for quality control of pigment nanoparticles[102], nanomedicines[103] or adhesive dispersions.[104] So far, only ThFFF has already
become a full established routine characterization method for styrene-butadiene copolymer
blends[105–107] and polyisoprene rubber[108] for industrial products. Though, high performance
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polymers like polyolefins will remain challenging regardless of the separation method because all flow-related parts must be kept at high temperature to avoid precipitation and clogging of capillaries. Nevertheless, contributions to method optimizations as necessary for FFF
can be done by investigation of polymer model systems of the same chemistry and in dependence to molecular topology, but readily soluble at ambient temperature. This is substantial
part of this thesis and section 5.3.2 is mainly devoted to the application of ThFFF for polyolefin
characterization.

1.2. Objectives and Scope of the Thesis
Early ThFFF retention studies by Giddings and Schimpf with polystyrene (PS) of linear and
star-architecture showed a certain dependency of the retention according to architecture, but
related it to the temperature dependence of the translational diffusion only. They concluded
that for the specific polymer solvent combination the thermal diffusion as underlying driving
force for the retention is neither dependent on molar mass nor on branching.[109] However,
the generality of these findings remained unclear. Thermal diffusion or thermophoresis is a
phenomenon of concentration imbalance in a solution being under influence of a temperature
difference and is explained in detail in section 2.4. This concentration imbalance is always
partially counterbalanced by translational diffusion. The ratio between thermal diffusion coefficient DT and translational diffusion coefficient D is called Soret coefficient ST (Eq. (1.12)).
 




(1.12)

In extension to Giddings, Runyon found in later studies also a correlation to the number of
chain ends in regular star-shaped non-aromatic homo- and copolymers.[110] In that context,
copolymers of methyl and butyl acrylate may be also considered as crossover of copolymer
and variation of side chains[110] and is in agreement with earlier studies where ThFFF was
confirmed to provide a separation towards copolymer composition.[35,111,112]
The independence of DT to polymer architecture was accounted to be generic in the previously mentioned first studies without specific investigation. However, for a potential use of
the Soret coefficient as parameter to describe or provide information about branching, it is
necessary to elucidate the influence of polymer branching on thermal diffusion. Greyling and
coworkers found a certain dependence of DT to the polymer architecture for PS and indicated

19

Introduction
furthermore that solvent selectivity plays a significant role.[113] Although the reported DT values were calculated without corrections for nonuniformities of the flow, they confirm qualitatively the observed trend.
Objective 1
In fact, the lack of sufficiently precise flow and temperature nonuniformity corrections made
accurate DT calculations elaborate and challenging. Therefore, Belgaied and coworkers developed in the mid-1990s a polynomial approach to provide an applicable correction, based on
coefficients reported for the most common solvents used in ThFFF at that time.[114] Hence, the
first objective in this thesis is to improve and extend applicable solutions as a basis
for accurate calculation of DT from measured ThFFF retention data. This matter is discussed in detail in section 5.1.
Objective 2
The influence of branching on thermophoretic behavior was the basis for investigation of the
solvent selectivity and the influence of the thermodynamic quality of the solvent on thermophoresis. Generally, to find a suitable solvent for ThFFF separations where the thermal diffusion is sufficiently high to provide a good retention and separation has so far remained an
elaborate trial and error process. Although thermophoresis is practically used for separation
or accumulation applications (e.g thermophoretic trapping),[115,116] the phenomenon itself is
not fully understood and hence, a complete fundamental theory does not exist yet. Numerous
approximate approaches were developed to predict thermal diffusion based on physicochemical parameters such as thermal conductivity, activation energy of the viscous flow or
the Hamaker constant.[117] The latest DT prediction model was proposed by Mes, Kok and
Tjissen[118] (heinafter named Mes DT model) is confirmed to provide better predictions than
compared to theories reported earlier. However, the accuracy of predictions by the Mes DT
model strongly relies on the approximated segment size information from the polymer and
to some extend on the solubility model. DT predictions reported so far used either monomer
sizes extrapolated from polymer dimensions

[119]

or approximated this information by the

bulk density and molar mass of the monomer and are in consequence still of lower accuracy.
Therefore, the second objective in this thesis was to improve the prediction capability
of the Mes DT model with input data on a more comprehensive basis for the segment size
information and by using a three-dimensional solubility model (Hansen solubility).[120,121] The
improved prediction power of the Mes DT model as basis then allows to probe segment size
information from experimentally measured DT based on the improved model. Segment
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size in polymer chains indicates the local stiffness (persistence) within polymer structures in
dependence to branching and solvent interaction. The prediction power improvement of the
Mes DT model and its reverse application to retrace polymer stiffness in solution is discussed
in section 5.2.
Objective 3
With the improved calculation methods to derive accurate thermophoretic data from ThFFF
experiments as a basis (discussed in objective 1), the third objective of this thesis was to
thoroughly investigate the correlation between the molecular topology and thermal
diffusion without influences of chemical composition. Therefore, a library of silylated polyesters with tailored degree of branching was investigated in solvents with varied selectivity.
This study is discussed in section 5.3.1. Confirmation of the relation between polymer topology and thermal diffusion was aimed based on another polymer model system having the
lowest possible intrinsic chemical heterogeneity. For this study (section 5.3.2) a library of
polyethylene (PE) samples with varying polymer topology was studied. The type of PE used
here was synthesized by late-transition metal chain walking catalysis. The general structure
of this PE is characterized equally high short chain branching but varying long chain branching (LCB). The definition of LCB is described in section 2.2. Due to its unique structure this
chain walking PE (cwPE) is entirely amorphous and readily soluble at room temperature in a
broad variety of solvents untypical for regular PE. Therefore, it represents a suitable model
system to be studied without the challenges of high temperature characterization. Based on
the fin-dings in this study, a branching characterization method for polyethylene is
developed on the basis of Soret coefficients measured by ThFFF. Thus, the concept of
the Soret contraction, proposed by Runyon a decade ago, has to be validated.[122] The results
of this investigation are discussed in section 5.2.
Objective 4
Another unresolved problem is the accurate treatment of thermophoretic data from ThFFF
experiments in programmed field conditions. From sedimentation FFF[123,124] and flowFFF[125,126] effects of delays in retention induced by fast-changing field force due to the so
called secondary relaxation phenomena[127] are known. However, for ThFFF the increment
changes in field strength were accounted to be relatively slow and delays in retention, thus,
to be negligible without experimental validation.[128] Therefore, the fourth objective in this
thesis is to investigate and implement a secondary relaxation correction in ThFFF
data treatment of field-programmed experiments and to apply it in thermophoretic anal21
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ysis as a novel, complementary investigation of electron-beam irradiated thermoplastic polyurethane (TPU) material. In this investigation multidetector ThFFF is applied to separate degraded, branched and crosslinked fractions and to enable a characterization of molar masses
and distributions not sufficiently understood by SEC. Since about 40 years, the irradiation
influence on polyurethane materials is an intensively investigated and still ongoing research
interest in that comprehensive absolute molar mass characterization has not been part, yet.
Hence, findings and proposed mechanisms of irradiation impact on TPU remained partially
inconclusive. Details on this study are given in section 5.4. A graphical summary of all objectives outlined above and their contribution to the outcome of this thesis is given in Fig. 1.5.

Figure 1.5 Graphical abstract of the objectives accomplished in this dissertation dealing with the
overall topic of ThFFF as separation and characterization method, which comprise advances from the
theory improving the accuracy of ThFFF derived physicochemical parameters in objective 1 (a), the
predictability of themophoretical and ThFFF retention behavior in objective 2 (b) and the application
of optimized ThFFF as comprehensive characterization method complementary to established techniques in objectives 3 and 4. Sketches in b and c reprinted under Creative Commons Attribution License CC BY-NC-ND 4.0 from publication 8.2; ThFFF scheme and sketch in d reprinted with
permission from publication 8.4. Copyright © 2019 American Chemical Society.
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2. SCIENTIFIC BACKGROUND
2.1. Tailoring of Polymer Properties
Physical properties of polymer material such as mechanical strength, viscoelasticity, melting
point or melt viscosity are in first instance defined by the morphology, which is a result of
interaction between the molecules.[129] For industrial applications mechanically tough polymers are established since almost a century, which originates in high crystallinity as found
for regular linear homopolymers without bulky pendant groups like high density polyethylene (HDPE). However, a demand to specifically adapt polymer properties arises either
the processing conditions need to be optimized or the application profile in the final product
is not sufficiently matched. A purely physical property adaptation is achieved by blending of
different polymers, which could lead to possess undesired phase separations. Adaptations
from the chemical point of view are achieved by changing the monomer composition or the
polymer topology, as well as by combination of both options as shown in Fig. 2.1, A and B.

Figure 2.1 Overview of polymer heterogeneity in chemical composition (A), molecular topology (B)
and the crossover between both represented by grafted bottle-brush copolymers. Adapted with permission from Ref. [130] Copyright © 2009, Springer Nature.

By using copolymerization to induce property changes, the tendency for crystallization is
intrinsically reduced, since they contain more than one repeating unit in the chain. In random
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or statistical arrangements of repeating units the resulting copolymer becomes entirely amorphous.[131] A subsequent change to more ordered structures leads on one hand to gradient
copolymers, which enables to combine the properties of two or more materials in a
continuous manner without uncontrolled phase separation.[132] In addition, there are also perfectly alternating copolymers providing desired properties like for microporous materials as
used in gas permeation membranes[133] or as backbone for hierarchically composed multifunctional polymers in for instance supramolecular or colloids-based applications.[86,134,135]
A widely applied copolymer type are block or segmented copolymers, which possess
sequences of repeating units, or domains with different length defining their properties. Often
block copolymers are composed of one crystallizing block in which the degree of crystallinity
is related to the size of the crystallizable domain. A typical example for such material are
thermoplastic polyurethanes (TPU). As illustrated in Fig. 2.2, depending on the composition
of the crystallizing hard segments and the amorphous remaining soft segments TPU materials
can be tailored from brittle, highly crystalline to soft, flexible, thoroughly amorphous morphology in that a particular property can be “build in” without significant reduction of other
targeted properties.[136]

Figure 2.2 The representative morphology of segmented copolymers with crystalizing (hard) segments and amorphous (soft) segments, e.g. typical for thermoplastic polyurethane. Reprinted with
permission from Ref. [137] Copyright © 2015 Society of Chemical Industry.

Meanwhile, changing the topology or in relation to that, the microstructure without significant change in chemical composition is a complementary way to adjust desired polymer properties. Brittle, highly crystalline materials composed of linear homopolymer can be plasticized
without the need of low molecular and possibly hazard plasticizers. An introduction of side
branches onto the main chain, by postmodification (synthesis or irradiation) or by synthesis
of initially branched polymers imped crystallization of the polymer. A further increase of
branching leads to a lower Tg, lower melting point, lower melt viscosity, higher ductility, but
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also non-preferentially to a lower stability of the bulk material. Prominent examples showing
the versatility in tailoring polymer properties by topology design with varying branch length
and keeping about the same chemical identity are polyethylene (PE) and polypropylene (PP).
Innovations in catalysis and/or with combination of different -olefin co-monomers a broad
portfolio of properties can be realized ranging from liquid, waxy to solid tough material of
varying ductility even at high molar mass, which promoted PE and PP to materials with the
largest polymer market sector in the world.[138]
The third dimension in tailoring polymer properties next to chemical composition and
topology is dispersity regarding all polymer characteristics discussed above such as dispersity
in molar mass, branching (lengths, branch or graft density) or copolymer composition (blockiness, block length). Broad molar mass dispersity may enhance processability of polymers by
improving the rheology in molten state at high shear rate. In contrast, a narrow molar mass
dispersity improve materials stability, impact resistance, toughness at low temperatures, and
higher resistance to environmental stress cracking but processing of these materials at high
molar masses would be more challenging.[139,140] Thus, dispersity in composition can be used
to adjust phase segregation, crystallinity and in consequence also the melting behavior of
copolymer materials.[139] Overall, superimposed to the effects of composition, topology and
molar mass, a variation in dispersity enlarges the tailoring possibilities of polymer properties.
However, it also increases tremendously the complexity of the system making an understanding of the structure-property relation challenging. Therefore, comprehensive characterization with suitable separation and detection methods is required to retrace effects of
changed synthesis and processing parameters in material development.
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2.2. Quantification of Branching in Polymers
In order to quantify branching in polymers in a comparable manner several generic definitions have been introduced. The oldest concept to express branching was introduced by
Zimm[141] 1949, who defined a radius contraction factor g (Eq. (2.1))
, 


, 

(2.1)



with Rg of the branched polymer and Rg, of a linear analogue with equal molar mass.
Following the same principle, Zimm and Kilb introduced later a related quantity named
viscosity contraction factor g’ (Eq. (2.2))[142]
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(2.2)

which is defined by the corresponding intrinsic viscosities of the branched and the linear
polymer, respectively. g’ and g are directly convertible to each other with the help of a drainage parameter , which ranges from 0.5 to 1.5.
Based on the contraction concept, several further application-based measures were defined for comparison of branching. For a monodisperse polymer (also valid for online data
from separation- and multidetector- based characterization) having trifunctional type of
branching the contraction model was defined by Zimm as given in Eq. (2.3) using the quantity
of the number of branching points per molecule B.
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7
9

.

(2.3)

Other contraction models like for tetrafunctional and comb-like structures as well as for
polymers of broader dispersity are reported in the literature. A well-established parameter in
polyolefin characterization is the number of long chain branches LCB as defined in Eq. (2.4)


(2.4)

where M is the polymer molar mass and MRU is the molar mass of the repeat unit. As alterna  1000 ∙  ∙

tive quantity for branching in a macromolecule, the theoretical molar mass of a long chain
branch segment MSeg has been defined (Eq. (2.5)).
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Here, the term (B – 1) refers to a linear segment in between two branching points, whereas
the term (B + 2) represents the segments attached to the same branching point on both sites.
To practically calculate values for LCB or MSeg from experimental data, B needs to be
extracted from g. For a trifunctional monodisperse polymer this quantity is directly accessible
by solving Eq. (2.4) to B, as illustrated in Eq. (2.6)

16     64 
504  + 81     567    63 + 49 + 81
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(2.6)

A simple expression of the degree of branching (DB) particularly for polycondensation AB2polymers not related to measured size information was defined by Frechét[143] and Kim[144]
(independently), stated in Eq. (2.7)
é 

+
++

(2.7)

where D, T and L are the molar quantities of dendritic, terminal or linear incorporated units
in the hyperbranched polymer, e. g. measured by NMR upon signal integration. The definition
of the different units in an AB2-polymer as well as the difference between a hyperbranched
polymer and a dendrimer is explained in Fig. 2.3.

Figure 2.3 Generalized structure of a hyperbranched polymer in comparison to a dendrimer. Adapted
and reprinted from Ref. [145].

This definition for DB was later refined by Frey and coworkers (Eq. (2.8)), because they recognized that Frechét’s definition is only suitable for polymers of high molar mass and overestimates the DB in the molar mass range typically yielded in polyester synthesis.
 

2
2+

(2.8)

Frey’s refined definition of DB allows the comparison of polymers to a great extend regardless
of the molar mass.
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2.3. Field-Flow Fractionation
Field-flow fractionation (FFF) is a generic concept of a flow-based separation technique exhibiting a distinct advantage in separating macromolecules and colloids by its essential onephase nature.[83] It was conceived in the mid-1960s by J. C. Giddings in order to overcome
challenges in column based chromatographic separations due to slow equilibration,
precarious distribution between two phases or high shear forces, particularly in SEC.[83,146]
The basic principle of FFF relies on the combination of a non-uniform axial flow and different
transverse concentration profiles induced by an applied separation force field. A general description of the separation is illustrated in Fig. 2.4.

Figure 2.4 Generalized separation principle of FFF: A) after injection, B) during focus or stop flow
(relaxation) and C) elution and subsequent separation.

A hypothetical mixture of analytes with different sizes P1 and P2 is injected at the beginning
of the separation channel of the height w. Under influence of an externally applied separation
force field perpendicular to the channel orientation a field-driven mass transport (FP1, FP2) is
induced, which is counteracted by a diffusion-driven mass transport (DP1, DP2) leading to a

relaxation of the analytes to different mean layer thicknesses ℓ from the accumulation wall

during focus or stop flow, respectively. Once carrier fluid is pumped through the channel

during elution, the analytes are subsequently separated by migration through the channel in
different flow velocities u(x) of the laminar parabolic flow having the mean flow velocity .

The criteria to achieve a relevant separation are sufficient strength and selectivity of an

effective field and its feasibility in technical realization. Each type of field induces a different
response of analytes to be separated based on a specific physicochemical property. Up to now
a vast number of different fields have been successfully verified to enable separation. Hence,
FFF has become a relatively large family of separation methods. Typical fields include centrifugal force, gravitational force, temperature gradient, a cross-flow stream, electrical potential,
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standing acoustic wave or magnetic fields. The resulting FFF subtypes are in general named
after the applied field. Examples are symmetric (generally FℓFFF) or asymmetric cross-flow
(AF4), thermal (ThFFF), electrical (EℓFFF), sedimentation (SdFFF), gravitational (GrFFF), dielectrophoretic (DEP-FFF), acoustic (AcFFF) and magnetic (MgFFF) field-flow fractionation.[99]
FFF can be in principle set up in any flow or field geometry. Most commonly a thin ribbonlike parallel plate configuration with typical dimensions of 20 - 80 cm in length, 1 - 2 cm in
breadth and 70 - 500 µm in thickness is used. From all invented FFF subtypes so far, AF4,
ThFFF, and SdFFF were commercialized and established as separation and analysis methods.
An example for an established FFF subtype with a different geometry is hollow fiber flow FFF
(HF5), which is a derivation of AF4. The technical realization of established FFF techniques is
illustrated in Fig. 2.5.

Figure 2.5 Technical realization of different separation force fields in the most commonly used FFF
subtypes: SdFFF with a centrifugal force field (A), ThFFF with a thermal field by temperature drop (B)
and AF4 with a hydrodynamic field realized with a cross-flow superimposed to the channel flow (C).

Often pressurized channels up to 20 atm are used to enable a good flow control in FℓFFF or
to extend the application to prevent boiling of the carrier liquid in case the heated block in
ThFFF reaches a higher temperature than the boiling point of the carrier liquid. Channels with
high pressure stability furthermore allow separations with supercritical carrier fluids.[147]

2.3.1 Derivation of the Basic FFF Separation Description
2.3.1.1 Concentration Distribution
Under influence of a force field, analytes are forced to migrate towards one channel wall.
Their accumulation is counteracted by the normal diffusion process due to concentration imbalance and Brownian motion. The resulting analyte flux as expressed Eq. (2.9) is defined as
sum of a convective and a diffusive term.
     




(2.9)
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The convective term is described by the analyte’s migration velocity uF towards the accumulation wall forced by the field and the local analyte concentration c(x) at distance x from the
accumulation wall, whereas the diffusive part is represented by the first Fick law including D.
At steady state (fully established relaxation) an equilibration between field-induced convective flux and the diffusive flux is reached and overall flux becomes 0 for all x. The local concentration is then described by an exponentially decaying profile as given in Eq. (2.10)
    

 




    ℓ

(2.10)

Thus, the local concentration depends on the mean layer thickness ℓ, which represents the
height of the analyte cloud’s center of gravity with one half of the analyte’s total mass above
and the other half below ℓ. In dimensionless form, the mean layer thickness is expressed by
the FFF parameter  as the ratio of ℓ to the channel height w.[146]
  ℓ  

(2.11)

, depends on the underlying physicochemical property causing a reaction to the field and
controlling retention in FFF.[148] Properties defining  are discussed in section 2.3.2.

2.3.1.2 Velocity Distribution
FFF relies on a laminar carrier flow perpendicular to the force field orientation. The laminar
flow of an isothermal, incompressible fluid between two stationary infinite parallel plates is
expressed by the reduced form of the Navier–Stokes equation (Eq. (2.12))[149]









(2.12)

with the viscosity , and the system pressure p. Double integration of Eq. (2.12) by neglecting
side wall friction yields the formula of the classical Poiseuille flow[150] describing the laminar
parabolic flow-profile with constant  (Eq. (2.13)) and a pressure drop Δp due to friction.
  Δ 
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(2.13)

The first fraction term in Eq. (2.13) mean flow velocity  is and the local deviation forming

the flow velocity profile is represented by the parabolic term in brackets.
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The dimensionless form of the flow-profile is given in Eq. (2.14).


 
 6      




(2.14)

Typical FFF channels are designed in flat ribbon-like appearance with rectangular cross section of large aspect ratio, which allows neglecting side wall effects. However, for other
geometries friction at the side walls are to be respected by implementation of a correction
term.[151,152] The velocity profile then becomes
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(2.15)


 also dependent on the breath b of the channel. The influence of side wall effects
on flow velocity profiles is illustrated in Fig. 2.6 for small and large aspect ratios.
where

Figure 2.6 Dimensionless velocity flow-profiles calculated by Eq. (2.15) for a rectangular channel of
low aspect ratio w b -1 = 5 (A) and high aspect ratio w b -1 = 80 (B) as normally used in flat channelbased FFF. The scale in y b-1 and x w-1 was adapted for better view.

2.3.1.3 Normal Mode Retention in FFF
the ratio of the zone migration velocity of an unretained solute (equal to ) to the zone miTo describe retention of analytes in chromatography the retention ratio has been defined as

gration of a retained analyte uzone, which is equal to the ratio of the void time t0 to the retention time tR. The zone migration can be described by combination of the concentration and
flow velocity distribution. The retention ratio can be then expressed as given in Eq. (2.16)
  
 


 



   


(2.16)
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Subsequent partial integration, substitution and rearrangement yields the analytic solution
for the well-known FFF retention equation,[153,154] given in Eq. (2.17) for analytes retained in
an isoviscous laminar parabolic flow.

1  2  + 1 + 2
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(2.17)

For well retained analytes having values of  lower than 0.06 (equal to R  0.4) the retention
ratio can be approximated within a deviation of 5 % by the asymptotic form in Eq. (2.18)
  6 

(2.18)

Next to the normal mode retention describable by Eqs. (2.16) and (2.17), other retention
modes occur once analytes (typically nano- and microparticles) have a hydrodynamic size
where the analytes center of gravity does not reach the vicinity of the accumulation wall
anymore. Particles of a significantly large size are oriented in zones of higher flow velocity
than smaller analytes. Furthermore, they have an increasing flow resistance and are
accelerated by the flow. Both effects lead to a so-called steric inversion of the retention order,
which is used for particles separated in steric-FFF mode e.g. by SdFFF. Additionally, large
objects occupying zones of differing flow velocities experience lift forces induced by the
carrier flow. In gravitational FFF this effect is purposefully used to realize separations in the
so called hyperlayer-FFF mode.[155] Both retention modes typically occur far beyond the size
range of polymers in solution and are therefore not further discussed here.

2.3.2. Physicochemical Parameters guiding Retention in FFF
The retention of analytes in FFF is directly related to their characteristics defining the response to the separation force field, which are comprised in the dimensionless FFF parameter
λ. This parameter can be therefore generally defined as a ratio of the diffusion driven mass
transport to the field-induced mass transport as described in Eq. (2.19)


ℓ  



    

(2.19)

in that F stands for a local field induced force on the analyte. In this context the parameter λ
gets a true physical meaning. The theoretical tractability of FFF furthermore allow the
measurement of physicochemical parameters directly related to experimentally measured retention data, which are either intrinsic physicochemical properties or associated to the interaction of the analyte with the carrier liquid.[148]
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For AF4 λ is defined by the hydrodynamic size like the radius, as shown in Eq. (2.20)


  
6   

(2.20)

where the field is described by the ratio of the channel flow rate V0 to the flow rate of the
cross-flow VCF. Meanwhile in SdFFF, analytes are separated according to their effective mass
meff where the field is provided by the centrifugal acceleration G.


  
  

(2.21)

Instead, separations by EℓFFF are associated with the analyte’s environment, which is described by the electrophoretic mobility µ in an applied electric field E.





(2.22)

In this thesis the potential of ThFFF to achieve the objectives if this work was investigated.
Therefore, ThFFF and the underlying phenomenon behind that are described more in depth
in the following sections.
To obtain physicochemical parameters from FFF retention experiments below the high
retention limit t Eq. (2.18) is to be applied, Eq. (2.17) can only be solved numerically by rootfinding algorithms since an analytical solution is mathematically impossible. Additionally, for
fairly accurate calculations of λ from given R the simple approximation given in Eq. (2.23) has
been suggested by Schimpf, Schure and Schettler.[156]
≈


6 1  ⁄

(2.23)

2.3.3. Thermal Field-Flow fractionation (ThFFF)
In ThFFF retention is caused by thermophoresis. This phenomenon was discovered by Ludwig[157] and further understood by Soret[158] in the mid-1800’s, who observed a concentration
difference in solutions induced by a temperature gradient ΔT being the difference between
the hot wall temperature Th and the cold wall temperature Tc. This concentration shift is a
result of a thermophoretic mass transport described by the thermal diffusion coefficient DT,
which is counteracted by the normal diffusion. The ratio of both is defined as the Soret coefficient ST (see Eq. (1.12)). Hence, for ThFFF λ is related to ST and the field force ΔT (Eq. (2.24))


1

≅
 + 
 

(2.24)
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The thermal expansion coefficient  of the carrier liquid is for the vast majority of solvents of
a small quantity ( 10-3 K-1) and is therefore often neglected.[159]
However, the measurement of ST from ThFFF retention data is a more complex matter, because unlike for all other FFF subtypes, the viscosity of the carrier fluid is not constant over
the channel height. This needs to be respected in the derivation of the flow velocity profile.
In this case the Navier-Stokes equation for an incompressible fluid with non-constant viscosity is defined as given in Eq. (2.25)
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The integrated form of the dimensionless flow-profile then becomes as shown in Eq. (2.26),
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(2.26)

The calculation of (T) in this expression requires the knowledge of the exact temperature
profile T(x w-1) across the channel. This has also to a minor extend a non-linearity between
Th and Tc due to a slight temperature dependency of the thermal conductivity  of the carrier
fluid. The exact formulation of T(x w-1) is described in Eq. (2.27)
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(2.27)

The cumbersome expression of the exact flow-profile in Eq. (2.26) solved with ⁄  in

Eq. (2.26) requires elaborate numerical calculations and does not allow for an analytical solution for the retention equation after Eq. (2.13) as derived for an isoviscous flow in Eq. (2.17).
Therefore, a simplified approximation was derived by extension of Eq. (2.14) to a cubic formula and the introduction of a parameter  describing the distortion of the flow-profile, as
given in Eq. (2.28).
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(2.28)

The influence of the flow-profile distortion in the frame of basic separation in ThFFF is illustrated in Fig. 2.7 with its exact and approximate solution as well as comparison to an
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isoviscous flow. The combination of Eqs. (2.10) and (2.28) yields the established analytical
solution of the ThFFF retention equation (2.29) for a cubic velocity flow-profile.
  6   1    +   6   + 1  6   ℎ 
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(2.29)

The parameter  (hereinafter coined non-parabolicity parameter) can be derived by the initial
slope  of the exact flow-profile in the limit of x w-1 → 0, as shown in Eq. (2.30).[114]
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(2.30)

Other possibilities to approximate are described within section 5.1 of this thesis.

Figure 2.7 Principle of ThFFF during elution. The exact solution of the distorted flow-profile (orange)
and for the corresponding cubic approximation (green) with  = –0.3 (e.g. cyclohexane at ΔT = 75 K,
Tc = 25 °C, pressurized) is illustrated in comparison to the isoviscous parabolic flow (blue). Adapted
with permission from Ref. [160]. Copyright © 2019 American Chemical Society.

For very well retained samples the distortion of the flow-profile becomes of lower significance influence for the retention. In this case, Eq. (2.18) can be modified by the term of λ for
ThFFF to fairly approximate thermophoretic properties based on ThFFF retention data.[36]
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(2.31)

Unlike for Eq. (2.18), approximations by Eq. (2.31) are only fairly reliable and recommended
for lower ΔT and/or solvents exhibiting rather low flow-profile distortions, because the impact of  in Eq. (2.28) remains of higher quantity than the approximation error in λ.
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2.4. Approaches to Basic Theory and Prediction of Thermal Diffusion
Thermal diffusion or also coined as thermophoresis or Ludwig-Soret-effect describes the phenomenon of a directional movement of molecularly dissolved molecules as well as solid dispersed particles which are driven by a temperature gradient. Thermal diffusion is generally
about two orders of magnitude lower than translational diffusion by Brownian motion and
has been observed in gases,[161] liquids,[162] supercritical fluids[147,163] and even in solids.[164]
Although it is often overlooked due to its small quantity, the understanding of this
phenomenon is of essential importance. It was reported to have significant contribution in
the polymerization of ribonucleic acids to ribosomes during the chemical evolution of life on
earth, reinforced by a temperature gradient from submarine volcanic activity.[165]
In principle thermophoresis can be described with the irreversible thermodynamic theory
by Onsager.[166] However, this theory provides only a formal framework for non-equilibrium
phenomena, but it does not allow the calculations of distinct values DT or ST.[167] For gases the
effect is quite well understood and can be sufficiently described with a kinetic theory by
Chapman: in a temperature gradient gas molecules in the environment of a different molecule
or particle, which continuously collide with it have a slightly higher kinetic energy on the
hotter side than on the colder side. Consequently, the object experiences statistically a net
momentum and moves towards the colder site.[168] The object then shows a so-called thermophobic behavior. Since a fundamental theory has not been found yet, thermal diffusion is
described with the help of phenomenological and to some extend experimentally verified
laws. A general description of the net flux under a temperature gradient JT,x can be defined in
relation to Eq. (2.9) by introduction of a convective term (dependent on the temperature gradient) to Fick’s diffusion law (Eq. (2.32))
,  
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(2.32)

However, this theory fails to thermophoresis in liquids and solids where for low molecular substances as well as for polymeric species up to a certain limit also movements towards
the hotter side, i.e. thermophilic behavior have been observed.[169–172] Previous studies indicated, that in liquid systems thermophoresis is the resulting effect of multiple and potentially
superimposed contributions such as electrostatic charge, interfacial effects and molecular interactions.[162] In that, the dependency of the molecular weight on DT has been found to play
a significant role only for low molar mass systems, which were found to be both either thermophilic or thermophobic.[173–175] Instead, non-charged macromolecules of molar mass far
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bigger than the molar mass of the solvent molecules were found to be generally thermophobic
with a constant DT independent on the molar mass.[109,174] Hence, many theory approaches
have been developed to describe the complex nature of thermophoresis in liquids, which are
for instance linked to a difference in the heat of transport,[176,177] related to molar enthalpies[178,179] or use the activation energy of viscous flow.[180,181] With these theories notable
correlations between predictions and experiment, measured by batch techniques such as thermogravitational column[161,182] or thermal diffusion forced Rayleigh scattering (TDFRS),[183]
were found within their limited frame of reference. However, still in 2020 thermal diffusion
discovered over 150 years ago is still full of surprises even in the limited frame of dilute macromolecular solutions and appears almost random in both magnitude and direction.[184]
Meanwhile several theories with focus on polymer thermal diffusion have been derived
with contributions and assessments by Khazanovich,[185] Bender,[186] Schimpf and Giddings,[117] or Schimpf and Semenov[187,188] with varying success in DT predictions. The latest
DT prediction model with so far the highest prediction power is the Mes DT model, which was
reported 2003 by Mes, Kok and Tjissen[118]. Their model describes DT in dependence on the
polymer-solvent interaction using the relationship presented in Eq. (2.33)
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(2.33)

with the Boltzmann constant kB, the solvent’s dynamic viscosity ηS(T), the volume fraction S
and the first and second partial derivative of the polymer solvent interaction parameter χ from
the Flory–Huggins solution theory,[189,190] differentiated to T. Insights on χ (also coined as
Floy-Huggins parameter) and its calculation e.g. with the help of solubility theories is explained in the following section. For dilute polymer solutions S is normally set to a value of
1. rm represents a radius of a local segment of the polymer chain in the size region of a
monomer, which has been approximated so far by extrapolation of polymer scaling data down
to monomer molar mass[118,186] or calculated from state equations for crystal of spheres.[188,191]
This is in fact a weakness of the Mes DT model, because the quantity of rm has a large effect
on the prediction result. However, since thermophoresis is practically used for ThFFF separations the interest and relevance in the accurate prediction of DT has increased, which could
avoid in future elaborate trial-and-error process to find conditions for high and selective
retention in ThFFF. Furthermore, an improved DT prediction model may allow a better understanding of possible trends in DT linked to polymer properties, which is essential for a possible
application of ThFFF as polymer characterization method.
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2.5. Solubility Theories
The term “solution” generally describes a dynamic equilibrium state where the interaction
between solvent molecules and solute becomes greater than the interactions between the material’s molecules itself. In this case (spontaneous dissolution), the change in Gibbs free energy
Gmix as the difference of the enthalpy of mixing Hmix and the corresponding entropy Smix
times the temperature becomes negative, which is additionally dependent on the relative molar amounts of the components (molar ratio, xi).

Δ  Δ   Δ      ln  +  ln  

(2.34)

Solutions appear in all (classical) states of matter from mixing of gases to metal alloys. In this
context, the term “solubility” describes quantitatively to which extend a solute interacts
thermodynamically with a solvent. Understanding solubility or the influence of a solvent
environment is of great importance e. g. for optimization of chemical syntheses,[192] industrial
processes such as extractions[193] or crystallizations,[194] pharmaceutical aspects[195] or
– within the scope of this thesis – for improvements in physicochemical analyses.
Similar to the demand of prediction methods for DT stated in the previous section, since
the early times of chemical industry there is a great interest to find possible solvents or better
solvents, respectively, to avoid elaborate solvent testing, costly time and resource-consuming
trial and error processes. A rather simple theory was introduced already in 1936 by Hildebrand, who defined a single solubility parameter  on the basis of cohesive energy density, as
shown in Eq. (2.35).[196]

δ 

Δ  


(2.35)

with the heat of vaporization Hv and the molar volume Vm. Values of  are given in SI conform units of MPa0.5. Values in older references given in (cal cm3)0.5 may be converted by
multiplication with a factor of factor of 2.0455. Substances with similar solubility parameters
are more alike to interact with each other resulting in solvation. Instead, solvents differing by
more than about 2 MPa0.5 (empirically found) are considered as nonsolvents.
However, Hildebrandt’s single parameter approach has significantly limited prediction
power and it clearly cannot capture the full complexity of real solubility including all possible
solute−solvent interactions. Therefore, Charles Hansen refined Hildebrandt’s theory to a
three-dimensional model, where  is a sum of three partial contributions as given in Eq. (2.36)
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with dispersive interactions (D) including London-dispersion and van-der-Waals forces, polar contributions (P) from dipole-dipole or electrostatic interactions as well as - interactions in or by aromatic systems, and hydrogen-bonding contributions (P) significant for
polar-protic compounds.[120] D, P, P are also coined as Hansen’s solubility parameters (HSP).
Furthermore, Hansen extended the meaning of the difference of  between compounds from
Hildebrand’s theory in the sense of a sphere radius Ra (Eq. (2.37))

  Δ  + 14 Δ  + 14 Δ 

(2.37)

where the regarded compound marks the center of a sphere in a three-dimensional Cartesian
coordinate system with its partial solubility parameters as D ≙ x, P ≙ y, H ≙ z coordinates
and is probed to a compound to be dissolved in or mixed with. The fraction 14 in Eq. (2.37)
reflects the different impact quantity of the partial contributions on the HSP distance. At a

certain maximum distance from the sphere center Ro the interactions of solute or solvent
molecules become equal to the solute-solvent interactions. This distance marks the radius of
the Hansen solubility sphere for the regarded compound and indicates the border between
soluble (inside) and insoluble (outside).[121] An example for a modelled solubility survey with
the Hansen’s theory is illustrated in Fig. 2.8. The ratio Ra Ro-1 is defined as the relative energy
difference RED and may be used to express solvent quality on a scale even without the need
of 3D modelling. HSP are nowadays widely available in the literature or for not reported substances accessible e.g., by calculations using group contribution models.[197,198]

Figure 2.8 Hansen solubility sphere calculated for poly(methyl methacrylate) with HSP and the
sphere radius reported in the literature.[121] The color scale indicates the relative energy distance (RED)
of the solvent to the sphere center.
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However, despite its multidimensional concept, the Hansen solubility theory (HST) exhibits
limits in prediction power. One drawback is the determination of Ro (RED = 1), which needs
to be approximated empirically by testing of poor and “border” solvents. Furthermore, it can
only predict positive deviations from Raoult's law (linear approximation of the vapor pressure
in binary mixtures). In fact, HST may accurately predict cosolvency effects where a substance
becomes soluble in a mixture of two nonsolvents, but it fails in the description of the opposite
effect when a substance becomes insoluble in a mixture of two solvents with competing
interactions, named co-nonsolvency. Meanwhile, improved, but more complex solubility
models have been reported more recently, like the MOSCED[199] model or regression-based
models (QSAR, QSPR).[200,201] Other limitations have been addressed later by Hansen and
coworkers and extend the validity range of the model.[121] They introduced a relation to yield
HSP in dependency to pressure or temperature (Eqs. (2.38) to (2.40))
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(2.39)

(2.40)

with the ratio of the reference volume Vref., typically at the reference temperature Tref. to the
volume at the regarded temperature V(T). The ratio Vref. V(T)-1 can be either calculated temperature-dependent by volumetric thermal expansion coefficients or pressure-dependent by
compressibility coefficients. With that, calculations including supercritical fluids have become possible.[202]
Close after Hildebrandt and around 25 years earlier than Hansen, Flory and Huggins developed independently a rather simple lattice model to describe the solubility of particular
polymers on the basis of enthalpic and entropic contributions. They derived a relation on the
basis of the Gibbs free energy (Eq. (2.34)), linked the solubility of a polymer to its volume
fraction  and introduced a polymer-solvent interaction parameter ,[189,190] known as the
Flory-Huggins parameter (Eq. (2.41).

Δ     ln  +  ln  +  ln  
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(2.41)

Scientific Background
The parameter  describes the sum of all solute-solvent interactions and is in the simple model
defined as sum of an enthalpic part H and an entropic contribution s. H can be approximated on the basis of the molar volume using the squared solubility distance either from
Hildebrandt’s theory or from HST (Eq. (2.42)).
 

 


(2.42)

Despite assumptions and certain oversimplifications, the Flory–Huggins solution theory and
the parameter  are still widely used for predictions and interpretations related to polymers.
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3. STATE-OF-THE-ART
3.1. Polyesters with Tailored Degree of Branching
Among branched polymers hyperbranched polyesters represent a prominent progress in industrial polymer chemistry due to their industrially attractive properties like low solution or
melt viscosity and a high number of terminal groups, which can be modified with
functionalities for targeted applications. For this reason, they are well-established in commercial products like coatings, resins or in blends for polyurethane foams.[203] Initial key benefit
of these polymers is the relatively facile production by “one pot” synthesis procedure leading
in the first instance to statistically branched polyesters when unmodified AB2-monomers are
polymerized.[204,205] Further synthesis approaches allow to tune the properties of the originally statistically branched materials either by modification of the monomer’s end groups
with protective groups or my postmodification of the polyester’s functional groups with additional monomers. A scheme of this synthetic tailoring approach using differently modified
AB2-monomers is outlined for silylated aromatic-aliphatic polyesters in Fig. 3.1.[206]

Figure 3.1 Summary of the synthetic strategy to tailor architectures of desired topology in between a
degree of branching 0 – 50 %. The pseudodendrimer with DB = 100% is yield by postmodification of
linear units in the hyperbranched polyester with DB = 50 % with double protected monomers. Adapted
with permission from Ref. [206] Copyright © 2010 American Chemical Society.
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This system has been used as a library of model polymers in the research conducted in this
thesis by means of ThFFF (outlined in section 5.3.1). Therein, the pre- and postmodification
allow for variation of the properties by extending the range of realizable topologies from linear polymers up to pseudodendrimeric structures. Pseudodendrimers have irregular structure, but similar branching density as regularly branched dendrimers without the need of
elaborate and costly multi-step synthesis.[18,207] Depending on the generation the irregular
structure of the so-called pseudodendrimers may lead potentially to an even higher local density of terminal units than in dendrimers.[208,209] Therefore and due to their facile synthesis
stated above, they are also of great research interest for potential pharmaceutical applications
such as drug-delivery[210] or for treatment of neurodegenerative diseases.[211–213]
Unlike the relatively facile synthesis of the polyesters introduced above, the characterization of hyperbranched polymers or pseudodendrimers, which often have additional functionalities on their terminal units, is more challenging and requires sophisticated separation
and analysis approaches.[214] The polymer system given in Fig. 3.1 has been thoroughly
investigated in the last decade by means of multidetector SEC,[206] interaction-LC,[215] 2DLC,[216] small-angle neutron scattering[42,217] and thermal analysis.[218] With these investigations it could be also elucidated, that the universal law of the Flory-Fox-equation applied in
SEC with universal calibration is not valid anymore for hyperbranched structures.[42] Thus,
comprehensive characterization results are reported, which allow to use these polyesters as
initial model system to develop new characterization methods, e.g., by means of ThFFF.

3.2. Characterization of Irradiated Thermoplastic Polyurethanes
Since their invention in the late 1930’s,[219] thermoplastic polyurethanes (TPU) have become
an established, versatile class of material with widely used properties, including modulable
flexibility, mechanical strength, elasticity, good abrasion resistance, and transparency[220,221]
and a broad application range from elastic foams over textile fibers, innovative rubber material[222] up to 3D additive manufacturing[223,224] or shape-memory materials.[225] TPU are segmented block copolymers (see section 2.1) consisting of a polydiisocyanate hard segment,
often extended with a low molecular weight chain extender, and longer aliphatic soft segments. The typical structures of TPU (and of the materials used in this thesis) is illustrated in
Fig. 3.2. Hard segments can possess aliphatic as well as of aromatic nature. Aromatic TPU
may vary in their bulk properties from low to high crystallinity,[226] whereas aliphatic TPU is
more likely an amorphous material.[227]
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Figure 3.2 Structure of a TPU with aliphatic and aromatic diisocyanate (blue), 1,4-butane diol as chain
extender (green) and a poly(n-butyl adipate) soft segment (magenta), precopolymerized with a short
aliphatic diol.

To improve material properties by post synthetic modification to the final product, polymers
can be reactivated by the formation of radicals induced using high energy gamma or electron
beam irradiation. An example of electron beam irradiation in a production process is sketched
in Fig. 3.3. High energy irradiation is established in industrial polymer processes like the fabrication of heat-resistant cable insulations[228] or high performance tires,[229] as well as in
lower dose for sterilization of medical products.[230,231] The higher the energies involved in
the interaction of polymer material with high-energy irradiation the greater the electron binding energy to an atomic nucleus.[232] Hence, irradiation results in complex and random superimposed processes in the material where reactivity of formed radicals combined with other
bulk properties such as crystallinity leads to isomerization (branching), crosslinking or degradation by chain scission. Polymers are classified in generic types which are like polyethylene or polyacrylates prone to crosslinking or to polyisobutylene or polytetrafluoroethylene, which mainly undergo chain scission.[232]

Figure 3.3 Principle of electron beam processing in a process line using a high voltage e-beam accelerator. Reprinted under Creative Commons Attribution License CC BY 4.0 from Ref. [233].
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The classification of PS and polypropylene varies in the literature.[232,234] Also for TPU the
classification has remained unclear since about 40 years of research and seems to depend on
chemical composition, crystallinity and process conditions. For both, aliphatic and aromatic
TPU either crosslinking[235,236] or degradation[237,238] was reported in the literature so far. Most
of the studies dealing with irradiated TPU mainly focused on characterization techniques in
bulk such as x-ray diffraction with differential scanning calorimetry,[239–241] gel-content
studies or infrared and Raman spectroscopy.[240,242,243] Fewer studies included molar mass
characterization mainly monitored by single-detector SEC with standard calibration[244–247]
and rarely by absolute molar mass determination with SEC-MALS.[248] Despite the known
facts of potential topological changes or increased amount of functional groups by cleavage
of ester or urethane groups leading both to affected elution behavior in SEC as explained in
section 1.1, recent studies on beam irradiated TPU still are done with standard calibration SEC
only. It needs to be emphasized, that (highly) branched species of larger molar masses or with
higher amount of functional groups could elute later than less branched fractions of lower
molar mass. Therefore, the comparison of standard-equivalent molar masses by calibrated
SEC is not appropriate and may lead to erroneous results and wrong conclusions. To shed
light on this topic and to elucidate the predominant mechanisms in electron beam irradiation
of TPU material, studies by channel-based fractionation have been carried out within the
frame of this thesis.

3.3. Comprehensive Analysis of Polyolefins by Multidetector HT-SEC
Since polyolefins like PE and PP are only soluble above their melting temperature, separationbased characterizations have to be carried out at elevated temperatures in organic solvents of
high boiling point with sufficient thermal stability and low polarity, such as 1,2,4-trichlorobenzene or 1-chloronaphthalene. Therefore, high-temperature (HT) chromatography such as
HT-SEC coupled to MALS and dRI has been established to characterize polyolefins of varying
molecular architecture.[249] Thereby HT-SEC provides a faster analysis than other fractionation techniques used in polyolefin analysis such as temperature rising elution fractionation
or crystallization analysis fractionation, which clearly also provide valuable information
about composition and crystallinity, but are highly time-consuming with analysis times up to
20 h.[62,250,251] It is well known, that linear PE (HDPE) has an open structure forming random
coils in dilute solution. Instead, branched types of PE such as LDPE or LLDPE exhibit rather
compact conformation as a result of their branching density.
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However, polymers of similar chain arrangement but with significantly differing topology
cannot be clearly identified by means of power law relations using data from the established
HT-SEC approach with triple detection using MALS, dRI and viscometry. For this reason,
Plüschke and coworkers extended triple detection HT-SEC by additional online DLS detection
introducing quadruple detection HT-SEC (HT-SEC-d4).[61] This extended analysis approach
allows to simultaneously determine molecular conformation, topology properties and the calculation of the structure parameters based on hydrodynamic and viscosity radii in terms of
the ratios ρ = RG Rh-1 and  = R[] RG-1 or the apparent density. With this set of information
topological variations in polyolefins can be better resolved. An illustration of the method’s
capability is displayed in Fig. 3.4.

Figure 3.4 Comprehensive characterization by HT-SEC-d4, setup sketched in (a) with simultaneous
record of four independent detections (b). Different types of regular PE of linear (LINPE, NIST) to
short (LLDPE) and long-chain-branched structure (BPE, HBPE, LDPE) were investigated with regard
to their topology by conformation (c, d) contraction (e, f) analysis and density-related measures (g).
MALS image in (a) Courtesy © Wyatt Technology Corp., images a to e) reprinted with permission
from Ref. [61] Copyright © 2018 American Chemical Society.

Next to the comprehensive characterization and elucidation of regular established types
of polyethylene, HT-SEC-d4 furthermore has opened the opportunity to unravel structure
property-relations of a new type of highly short-chain-branched polyethylene synthesized by
the so-called chain walk catalysis (cwPE) after a concept introduced by Brookhart and Guan
about two decades ago.[252] In contrast to regular-type PE synthesized by Ziegler-Natta
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catalysis (Lewis-acid metal-complexes e.g. titanium, zirconium chlorides with aluminum alkyls)[253,254] or Kaminsky-type metallocene catalysis (aromatic sandwich complexes with titanium or zirconium),[255] this type of PE is synthesized with a late transition metal -diimine
catalyst of the type developed by Brookhart and coworkers.[256,257] This type of catalyst with
a palladium(II) catalytic center yields PE with properties differing tremendously from regular
PE such as an entirely amorphous structure and a solubility at room temperature even in
normally pretty untypical solvents for PE due to a high number of short chain branches (verified by NMR).[258] By adjusting the synthesis conditions like ethylene pressure, reaction temperature, synthesis time and catalyst concentration, different topologies can be realized.
Thereby, cwPE from different synthesis parameters exhibit analytical measures variations in
long chain branching ranging from highly branched to almost linear, whereas the number of
short-chain branches remains constant. Low synthesis pressure leads to predominantly hyperbranched structures, whereas high pressure generates polymers of linear topology. The
synthesis temperature affects the topology to a minor extend and influences mainly the molar
mass of the polymers.
HT-SEC-d4 furthermore allowed in a combined approach with other characterization
techniques such as small-angle neutron scattering, atomic force microcopy and the comparison to simulations with varying chain walking probabilities, to unravel the structure formation during synthesis of this PE type.[259] Previous studies reported for cwPE spherical nanoobjects observed by AFM lead in combination with theory to the conclusion, that cwPE may
cover a broad range of structures from compact globular up to coil-like linear topology. However, the recent study by Dockhorn, Plüschke and coworkers revealed, that the walking-toinsertion ratio of the catalyst remains constant over the polymerization time. This consequently limits the walking distance of the catalyst to a certain segmental range. Above a certain polymer size, monomers cannot be homogeneously implemented anymore along the
entire molecule and are instead added or inserted in a distinct region of the growing molecule.
Hence, during chain growth the polymer undergoes a transition from dendritic towards linear
topology, which leads for all synthesis parameters more or less to disordered dendritic bottlebrush polymers. An overview about the outcome of this comprehensive study is summarized
in Fig. 3.5.
The unique properties and the topological variety of the cwPE used in the study stated
above represents a perfect polymer system, which allows to develop complementary branching characterization approaches as aimed in this thesis by ThFFF for polyethylene in
general without the need of elevated temperatures and in an extended choice of solvents.
47

State-of-the-Art
Studies of regular-type PE by ThFFF in high temperature mode have been in fact already
reported, but they required high technical effort (immanent in high temperature techniques
regardless of the separation technique) and were in first instance a proof of principle.[260–262]
However, cwPE may allow for optimizations of ThFFF separations under easier experimental
conditions and cost-effective, readily available equipment.

Figure 3.5 a) Evolution of topology in cwPE indicating the general trend to disordered dendritic like
bottle brush polymers with growing polymer chain; topology in comparison between experimental
finding by AFM (height mode) and structures simulated with realistic chain walking rates of around
7 (c) and 5 (d). Theoretical chain walking rates range from 1 for a linear chain to 100 for a dendrimer.
Reprinted in part with permission from Ref. [259] Copyright © 2019 American Chemical Society.

3.4. Analysis of Branched Polymers by ThFFF
Branching was accounted for long time to have no effect on polymer thermal diffusion. This
assumption was based on results by Schimpf and Giddings, who found that for star-shaped
PS of different number of arms and combs of different length the FFF parameter  falls in line
with the translational diffusion coefficient. They concluded that DT is independent on branching and molar mass for the system PS in ethylbenzene[109] and implied this independency
to be generic referencing theoretical considerations by Brochard and de Gennes.[263] While
the independency on molar mass has been widely verified by different experimental techniques (see section 2.4), the branching dependency remained experimentally unclarified up to
recent investigations (explained below) and is therefore addressed in detail in objective 3 and
4 of this thesis.
Branching analysis is in principle possible assuming DT to be constant, since the resulting
ST still scales with the changing translational diffusion coefficient D by a difference in hydrodynamic size for molecules of the same molar mass and different branching. This assumption
was also used by Runyon as a basis in his work, in which he found that macromolecules with
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a higher number of side chains have in the ThFFF channel shorter retention times, which
represents a connection of ST to differences in architecture. In his work this was expressed by
the number of chain ends. Based on that, he introduced the concept of the Soret contraction
factor g" in analogy to the viscosity contraction factor g’ and the radius contraction factor g
(see section 2.2) being a ratio of the branched structure’s ST and of the linear analogue with
the same molar mass (Eq. (3.1)).[122]
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(3.1)

g" was in fact found to be linearly related to the number of chain ends in the macromolecule,
which confirms its ability to express an information about branching as a third independent
parameter next to g, and g’. Assuming DT being unaffected by branching (DT,bra = DT,lin) would
lead to a shortened form of g" being the ratio of the translational diffusion coefficients only.
For the system PS in 2-butanone (MEK) in fact an agreement to the initial findings of Schimpf
and Giddings was found. However, for poly(methyl methacrylate) (PMMA) in MEK significant differences from this trend were observed, which remained unclear so far. The correlation of ST to the number of chain ends was investigated for homo- as well as for copolymer
star molecules and furthermore, correlations between experimentally found ST and values
predicted by the Mes DT model were investigated (see Fig. 3.6).[122] Both matters, the information incorporated in the Soret contraction and the predictability of DT by model are regarded in objective 3 in this thesis and are reported in publication 8.3 to 8.5, respectively.

Figure 3.6 a) Experimental versus predicted mean Soret coefficients for differently star-shaped PS
samples, and b) Soret contraction factors log(g") vs. the number of chain ends for non-linear PS (red)
and PMMA-stars (purple). Adapted from Ref. [122], Illustration concept by J. R. Runyon.
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Another approach to a potential branching-selective separation by ThFFF was chosen by
Greyling 2018, who reassessed to some extend the work by Schimpf and Giddings stated
above for PS stars and linear samples and found an influence of the solvent on the selectivity
in separation of branched and linear structures. Furthermore, he found indications for a
branching dependency of DT.[113] However, despite the stated trend of DT to the number of
arms holds true qualitatively, the reported DT have to be seen critically, because they were
calculated with the simplified high retention approximation (Eq. (2.30)) even though the actual measured retention apparently did not fulfill the requirements of high retention. Additional errors are expected by the disregard of the flow-profile distortion in the calculation,
although the necessity of its correction has been known for more than 30 years[114,264,265] and
is confirmed by numerous comparisons of experimental DT from ThFFF and other measurement methods.[118,191]
Next to topological differences, other influencing parameters have to be considered when
ThFFF is used as branching analysis method. The dependency of ST and DT may be superimposed by other differences in polymer microstructure and copolymer composition. Investigations by Greyling[266] and Muza[267] indicated exemplary for PMMA a dependency of the
thermophoretic behavior on the stereoregularity (tacticity) of polymers. This is in agreement
to findings by Köhler and coworkers, who concluded upon thermophoretic studies by TDFRS
that the polymer chain stiffness may have an influence on thermal diffusion.[174]
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4. EXPERIMENTAL PART
4.1. Details to Polymer Model Systems
Silylated aromatic-aliphatic polyesters of designed DB from 0 to 50 % were synthesized by
polycondensation of 4,4-bis(4- hydroxyphenyl) valeric acid (AB2) with a tert-butyldimethylsilyl protected version of the monomer (ABB*) as reported previously.[268] The preset
ABB*/AB2 ratio yields a tailored degree of branching of the resultant polymer. These samples
are after their targeted DB as follows: SY-0, -8, -12, -22, -32, and -50. SY denotes the presence
of a silyl group. The SY-100 sample was produced following a postmodification process where
the statistically branched OH-50 (analogue to SY-50 but with OH end groups for further
modification) was reacted with additional AB*2 monomer having two silyl groups.[208] This
replaced any remaining linear regions formerly present in the hyperbranched sample with an
AB*2 terminal chain yielding a pseudodendrimer of a nominal DB = 100 %. Molar masses and
dispersities measured by SEC-MALS analysis are summarized in publication 8.3.
The model library of cwPE used in this work were synthesized with α‐diimine palladium
catalyst ( [(N, N’-bis(2,6-diisopropylphenyl)-2,3-dimethyl-1,4-diazabutane)Pd(CH2)3COOCH3]+
[BArF4]- (ArF=3,5-bis-(trifluoro-methyl)phenyl)) as described elsewhere[61,259,269] based on the
synthesis approach of Brookhart et al.[256] with the conditions shown in Table 4.1. All samples
contain ~ 100 branches per 1000 total carbon atoms according to 1H NMR analysis but differ in
topology mainly influenced by ethene pressure[252].
Both polymer model systems used in objective 3 were derived from previous works. Their
synthesis was not part of this dissertation.
Table 4.1 Synthesis conditions, expected topology and the characterization average results of the
cwPE model library used in ThFFF studies, found by HT-SEC-d4.
Synthesis conditions
Average results found by HT-SEC-D4
p
Reaction
Mw
Sample
T [°C]
Expected topology
RG,z [nm]
νR
a
[bar]
time [h]
[kg mol-1]
hb1
0.14 35
24
15.8 ± 0.3
0.56 ± 0.3
highly branched, medium Mw 230 ± 6
hb2
0.09 0
24
161.3
±
2.2
12.9
±
0.2
0.45 to 1.15*
highly branched, lower Mw
b1
4
0
20
140 ± 3
16.6 ± 0.4
0.60 ± 0.09
linear, lower Mw
16.3 ± 0.2
0.65 ± 0.08
b2
2
0
20
136 ± 2
branched, lower Mw
sb
2
10
20
25.4 ± 0.5
0.47 to 0.73*
slightly branched, higher Mw 313 ± 8
lin1
8
0
20
175.4 ± 0.5 18.5 ± 0.2
0.53 ± 0.02
linear, lower Mw
lin2
8
10
20
384 ± 7
30.4 ± 0.3
0.35 to 0.74*
linear, higher Mw
Pd catalyst 10 µmol, chlorobenzene 30 mL, a absolute ethene pressure
*) dependent on the molar mass
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The thermoplastic polyurethane materials L780D10 (aliphatic polyester-TPU) of the composition 4,4′-dicyclohexylmethane diisocyanate (H12MDI) copolymerized with 1,4-butane diol
(BD) and a segment of poly(1,6-hexylene adipate), and C74D50 (aromatic polyester-TPU) composed of diphenylmethane diisocyanate (MDI), BD and poly(1,4-butylene adipate) used in the
electron beam irradiation study reported in publication 8.5 were produced and provided by
BASF Polyurethanes GmbH. The structures and further experimental details are given in the
Supporting information of publication 8.5.

4.2. Electron Beam Irradiation
Rectangular samples of dimension approximately 40 mm x 10 mm were cut from a bulk polyurethane sheet and were irradiated in a special irradiation chamber[270] using an electron
accelerator ELV-2 (manufactured by Budker Institute of Nuclear Physics, Novosibirsk,
Russia).[271] Prior to irradiation the samples were dried at 40 °C for 4 h under vacuum in the
vacuum oven. After the drying process the polyurethane sheet were place into the irradiation
chamber. Before irradiation, the temperature was firstly heated up to 80 °C and kept for 5
minutes under vacuum in order to remove moisture and oxygen. Subsequently, the
temperature was cooled down to the target irradiation temperatures in the nitrogen
atmosphere. The irradiation was carried out with constant electron energy (1.5 MeV) and
electron current (4 mA), the dose was applied by several steps of 25 kGy until the target dose
had been reached.

4.3. ThFFF Analysis
ThFFF experiments were carried out with a TF2000 set up, consisting of an isocratic pump,
degasser, auto-sampler, actively heated and cooled ThFFF channel, PN3621 21-angle light
scattering (MALS) detector with a laser of the wavelength 532 nm and PN3150 differential
refractive index (dRI) detector (all by Postnova Analytics GmbH, Germany). The cold wall
block was cooled by a liquid cooling circuit with a refrigeration unit Unichiller® 025-MPC
(2.5 kW) by Peter Huber Kältemaschinenbau GmbH (now AG), Germany. The channel dimensions were 45.6 cm tip-to-tip length, width 2 cm and a thickness of 250 µm, realized by spacers
made of Mylar A® and Teonex® by DuPont Teijin Films Ltd. A constant flow rate of 0.2 or
0.3 mL min-1 was applied for all separations. This is specified further in the supporting information of the publications 8.2 to 8.5. A channel pressure of about 0.6 to 1 MPa was adjusted
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for the used flow rate by a back-pressure tubing (inner diameter 0.001“) between the ThFFF
channel and the MALS detector in order to maintain the stability of the dRI baseline and to
avoid possible accumulation of gas bubbles due to residual dissolved gas in the carrier fluid
or boiling of the solvent. The samples were injected in a concentration of 4 to 5 mg mL-1. The
injection volume for all TPU separations was 102.5 µL. Separations of cwPE and the silylated
polyesters were done with 102.5 µL or 49 µL. The data recording and analysis was carried out
with the TF2000 version of the NovaFFF software. A list of carrier liquids used in ThFFF separations comprised in this dissertation is given in Table 4.2. ThFFF Measurements of TPU
material, dissolved in N,N-dimethylacetamide with di-n-butyl amine were carried out without
LiCl to avoid corrosion damage in the separation channel.
Table 4.2 List of carrier liquids and additive chemicals used in ThFFF separations
Carrier liquid
Purity
Supplier, Remarks
Tetrahydrofuran
ReagentPlus®, ≥ 99 % Sigma-Aldrich Chemie, GmbH, Germany
Cyclohexane

EMSURE®, ≥99.5 %

Merck KGaA, Germany

Mesitylene

99%, Acros Organics™

Fisher Scientific GmbH, Germany

Chloroform

Chromasolv™ 99%

Honeywell Int. Inc. USA

N,N-dimethylacetamide

ReagentPlus®, ≥ 99 %

Sigma-Aldrich Chemie, GmbH, Germany

Paraffin oil (C9-C13 alkanes) favorit® Lampenöl klar
< 0.2 mol-% residual
aromatic compounds
(Py‐GC/MS, 1H-NMR)

Alschu-Chemie GmbH, Germany,
fractionated by vacuum distillation over Vigreux fractional column, Purification and
analysis, see SI of publication 8.5

Additive chemicals
Lithium chloride
Di-n-butyl amine

Supplier, Remarks
Merck KGaA, Germany
Fisher Scientific GmbH, Germany

Purity
EMSURE®, ≥99 %
99%, Acros Organics™

4.4. HT-SEC-d4 Analysis
High temperature quadruple-detector size exclusion chromatography (HT-SEC-d4) experiments were done with a PL-GPC220 (Polymer Laboratories Ltd., U. K.) setup, connected to a
MALS detector (Wyatt Technology Corporation, USA), a dRI detector and an online viscometer (both Agilent Technologies, Inc., USA) as described in our previous report.[61] The carrier
fluid 1,2,4-trichlorobenzene was purchased from Sigma Aldrich with a purity of ≥ 99 % and
stabilized with 1 g L-1 2,6-di-tert-butyl-4-methylphenol (Carl Roth, Germany, purity ≥ 98 %)
to prevent thermo-oxidative decomposition. Data recording and analysis was done with the
Astra® software, version 6.1.2.84 (Wyatt Technology Corporation, USA).
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4.5. Temperature-Dependent Dynamic Light Scattering
Temperature dependent dynamic light scattering (DLS) experiments were performed with a
DynaPro® NanoStar® instrument (Laser λ = 658 nm) by Wyatt Technology Corporation, USA
using a 1.25 µl quartz cuvette (total volume approximately 1 mL). In all experiments, the cuvette was completely filled with ca. 0.8 mL sample solution to avoid cavities, containing 1 mg
mL-1 of polymer solution, which was filtered through a 0.45 µm PTFE syringe filter (Carl Roth,
Germany). The cuvette was closed with an affiliated PTFE lid and sealed with Parafilm® wax
foil to prevent evaporation of solvent. The data recording and analysis was done with the
software Dynamics® by Wyatt Technology Corporation, USA, versions 7.6.0.48 and 7.8.0.26
using the cumulant fit method.[272] During the run of all experiments (T = 20 to 60 °C in stages
of 5 K, total time ca. 6 h) no solvent lost due to evaporation of volatile solvents or leakage of
the sealing was observed.

4.6. SEC-MALS-dRI at Room Temperature
SEC-MALS-DRI analysis was performed at room temperature with a set up composed of an
HPLC-Pump 1200, a Polar Gel-M separation column (300 x 7.5 mm; 8 µm) (both by Agilent
Technologies, Inc.) coupled to a TREOS II 3-angle light scattering detector by Wyatt Technology, Corp. and a K-2301 dRI detector (generic) by KNAUER Wissenschaftliche Geräte GmbH,
Germany (with N,N-dimethyl-acetamide) or a viscosity/differential refractive index (dRI) dual
detector ETA-2020 by WGE Dr. Bures, Germany (THF). The samples were dissolved in 500 µl
of solvent. TPU was dissolved in N,N-dimethylacetamide with 0,5% di-n-butyl amine and filled
up to 1 mL with N,N-dimethylacetamide (+ 3 g L-1 LiCl). cwPE and silylated aromatic-aliphatic
polyesters were measured in THF (stabilized with 0.025% butylated hydroxytoluene). For each
run, a sample volume of 20 µL was injected and separated with a flowrate of 1.0 mL min-1.
Data recording and evaluation was done with the Astra® Software by Wyatt Technology Corporation, USA, version 6.1.2 and 7.3.1.9.

4.7. Spectroscopic Methods
Attenuated total internal reflection-Fourier transform infrared analysis (ATR-FTIR) was carried out at room temperature using a TENSOR 27 infrared spectrometer (Bruker Optik GmbH,
Germany) equipped with a MIRacleTM diamond crystal ATR accessory (PIKE Technologies,
Inc., USA). 32 scans were taken and averaged per spectrum in the spectral region 4000 to
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400 cm−1 at a resolution of 4 cm−1. Data evaluation, including baseline correction and vector
normalization[273,274] for valid comparison, was done with the spectroscopic software OPUS,
version 7.5 (Bruker Optik GmbH).
1H-NMR spectra were recorded with a Bruker Avance III spectrometer operating at 500.13

MHz. DMSO-d6 was used as solvent, lock, and internal standard [δ(1H) 2.50 ppm]. The spectra
were recorded using the standard pulse programs included in the Bruker Topspin software
package, version 3.2.

4.8. Thermal Analysis
Thermogravimetric Analysis was performed using a TA Instruments TGA Q 500 (V20.13 Build
39) in the range between 35 and 600 °C. The experiments were performed under constant
nitrogen purge of 25 ml min-1 and a nominal heating ramp of 10 °C min-1.
DSC analysis was performed with a DSC 2500 differential scanning calorimeter by TA
Instruments, Inc., USA, equipped with a liquid nitrogen accessory. For all analyses, a sample
weight of approximately 10 mg per measurement was analyzed under a constant nitrogen
purge in Tzero-Al hermetic with perforated lid. The aliphatic TPU L780D10 was analyzed by
the following method: Isothermal equilibration at –90 °C for 5 min, followed by a preheating
run to 80 °C. After a 30 s isothermal hold, the sample was cooled down again to –90 °C with
another 5 min isothermal equilibration. Then the first heating scan was performed to 250 °C.
After a 30 s isothermal hold the cooling scan was performed to –90 °C with an isothermal
equilibration step for 5 min, before the second heating run up to 280 °C was done. All heating
and cooling scans/runs in this method were carried out with a ramp of +/–10 °C min-1.
The aromatic TPU C74D50 was analyzed instead by the following method: Isothermal equilibration at –90 °C for 5 min, followed by the first heating scan to 250 °C. After a 30 s isothermal
hold the cooling scan was performed down to –90 °C with an isothermal equilibration step
for 5 min, before the second heating run up to 280 °C was done. The heating scans were performed with a ramp of +40 °C min-1 and the cooling scans a ramp of –10 °C min-1. Melting
(Tm) and crystallization temperatures (Tc,m) were taken as the maximum of the endothermic
transition, whereas glass transition temperatures (Tg) were taken as onset and as midpoint at
half of the step height in heat capacity Δcp. Data recording and analysis of both, TGA and
DSC analyses was done with the Software Universal V4.5A by TA Instruments, Inc., USA.
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5. RESULTS AND DISCUSSION
5.1. Improvements in the Mathematical Description of ThFFF Retention
In order to simplify calculations for accurate ThFFF investigations as outlined in section 2.3.3,
Belgaied, Hoyos and Martin[114] developed a polynomial based approach for an easy
determination of the non-parabolicity parameter  in dependency to the cold wall temperature Tc and T, as shown in Eq. (5.1) with solvent specific polynomial coefficients.
    +   ∆ +   +   ∆  +   +   ∆ 

(5.1)

For the commonly used in ThFFF 12 organic solvents in total (until 1994), they computed the
solvent specific coefficients a1 to a6, numerically by a linear fitting process (involving Eqs.
(2.26) to (2.30)) in the range of moderate cold wall temperatures Tc. In the meantime research
continued and ThFFF investigations were performed in many other solvents[113,117,191,275–280]
and even at elevated Tc as high temperature ThFFF,[260,261] which are not covered in their
report. For these studies values for  had to be computed by elaborate calculations for specific
experimental conditions or the distortion of the flow-profile was completely ignored, which
led to imprecise thermophoretical data[113,281,282] mainly affecting results for polymers with
typically poorer ThFFF retention than observed for larger objects like latex particles,[283–285]
micelles or other vesicle-like objects.[286–288] To yield accurate thermophoretical data from
ThFFF experiments comparable to data from other methods such as TDFRS an applicable way
for the non-parabolicity correction in the processing of ThFFF data is definitely needed. This
issue has been tackled in the first objective of this thesis and is outlined in publication 8.1.
The first goal in this study was to extend and revise the reported list of solvents and the
corresponding coefficients a1 to a6 needed for calculations of  (Eq. (5.1)). The coefficients of
in total fifty-nine solvents were computed with 210 calculation sets per solvent on the basis
of sophisticated experimental literature (dynamic viscosity and thermal conductivity) and
their temperature dependency in ranges of Tc = –10 °C to 120 °C and T up to 120 K involving
application ranges of normal and high temperature ThFFF. The full list is reported in publication 8.1. In this survey, coefficients of solvents like n- and cycloalkanes were summarized in
fits for the homologue series in dependency to the number of carbon atoms in the alkane
chain or ring.
The second goal of this study evolved during the computation of the velocity flow-profiles in the first goal. In principle all nonpolar and aprotic-polar solvents were accurately
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resembled by the cubic flow-profile approximation (see Eq. (2.28)). Even for high field conditions (T = 100 K) only a moderate distortion of the flow-profile of  < – 0.4 was found. However, polar-protic solvents such as alcohols and water exhibited severe flow-profile distortions
reaching non-parabolicity parameters up to  ≈ – 0.6. For such tremendous distortions, an
increasing inability of the cubic flow-profile approximation to match the exact flow-profile
(computed with Eqs. (2.26), (2.27)), roughly correlating with the solvents’ polarity, was found.
In consequence, also the retention description (Eq. (2.29)) becomes increasingly inaccurate.
Hence, the coefficients reported for such solvents have a quite limited validity range. In order
to maintain the key benefit of having only one adjustable parameter in the non-parabolicity
correction for accurate ThFFF calculations, an empirically found modification of the original
ThFFF retention, given in the following Eq. (5.2) is proposed in this study.
   + 6  + 0.5    1   

(5.2)

This relation incorporates a higher influence of  on R for severe flow-profile distortions and
improves in general the accuracy of the retention description compared to descriptions of R
on the basis of higher polynomial flow-profile approximations reported in the literature,[159,289–291] which are not equally universal and always require specific physicochemical
solvent data in their application. The flow-profile distortion and a comparison of the retention
descriptions given above is illustrated in Figs. 1 and 2 of publication 8.1.
The third goal in this study was to provide a simple tool to approximate λ from measured
retention ratios without numerical solution. For ThFFF calculations such a relation, which
incorporates the flow distortions as the main issue affecting the accuracy of the calculation,
was not available yet. Therefore, the approximation equation proposed by Schimpf and coworkers (Eq. (2.23)) was refined empirically and adapted by introduction of polynomial terms
with , which yielded the following equation (5.3):
≅

 

     

      

      



(5.3)

The accuracy of this approximation is verified in Fig. 3 of publication 8.1.
It is believed, that this study will contribute to greatly improve the applicability of ThFFF
as characterization method for thermophoretic studies. The coefficients being yielded in this
study set furthermore the basis for significantly simplified calculations of ST or DT from
measured ThFFF retention times and are used in the objectives 3 and 4 of this thesis.
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5.2. Tuning of ThFFF Separation and Analysis by Solubility and DT Prediction
Finding a polymer solvent combination that yields sufficiently high DT for a good retention
in ThFFF analysis as presented in the studies from objective 3 (publication 8.3 and 8.4) had to
be performed still to a greater extend in a trial-and-error process. The latest DT prediction
model by Mes, Kok and Tijssen helps to shorten this process already tremendously and
provide an orientation, but up to this study they have not reached a prediction level yet
accurately matching experimentally found DT.[118,191] Reassessments of available DT prediction
theories by Runyon indicated, that their predictive power depends to a great extent on the
quantity of the segmental size information rm and to a minor extend on the temperature
dependency of the Hildebrandt solubility parameter used in the prediction.[191] DT values were
so far predicted with theoretically approximated rm of 0.201 nm[118,186] or 0.29 nm[191] for PS
and 0.153 nm[186] or 0.27 nm[191] for PMMA, respectively, derived either by extrapolation of
the scaling laws of these polymers down to monomer molar mass or via sphere-equivalent
closest packing models.[188,191] It is questionable, whether such small length scales stated
above are still meaningful in thermodynamic sense. Furthermore, the temperature
dependency of the Hildebrandt solubility parameter (T) was calculated by the liquid thermal
expansion of the regarded polymers in melt (taken from the literature). Both, rm and (T)
provide room for optimizations in prediction accuracy. Therefore, in the second objective in
this thesis reported in publication 8.2 the prediction capability of the Mes DT model (defined
in Eq. (2.33)) was targeted to be improved with data input on a more comprehensive and
thermo-dynamically reasonable basis. This concerns segment size information and more
comprehensive Hansen solubility theory[120,121] to model (T) and hence, the partial


derivatives ,    . This combination has not been attempted before. In this approach,

rm was approximated as given in Eq. (5.4) in relation to the Kuhn length lK

    cos  2 ≈ 2 

(5.4)

which can be approximated with the bond length lb, the bond angle b and the characteristic
ratio C. lK represents in principle the average length of a segment in the theoretical description of a (long) polymer chain by the freely-jointed-chain-model and is for worm-like polymer
chains about twice the persistence length and hence, a measure of the chain stiffness. C is
defined in this model as a correction factor for the deviation of the polymer’s behavior as a
real chain from the freely-jointed-chain-model and represents also a dimensionless measure
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of the chain flexibility.[292] The parameters lb , C and  are tabulated in comprehensive reference literature[293], for instance from experimental work or rotational isomeric state modelling.[294] Indications that DT dependents potentially on lK or a related segment length, was
already described previously.[174,184] Eventually, this sets a direct physiochemical or thermodynamic basis for the Mes DT model. The temperature derivatives of χH in this study were
modelled with temperature-dependent HSP according to Eqs. (2.38) to (2.40). For that, also the
volumetric thermal expansion coefficient V valid for the regarded temperature range was
used to consider phase transitions of amorphous polymers in solubility parameter calculations. The necessity for this was already reported previously.[295] This was accounted to be
more realistic, since V is also a result of the cohesive energy density at given temperature.
The prediction results of the Mes DT model with newly assessed input revealed a superior
prediction power to resemble experimentally found DT as shown in Fig. 5.1 than compared to
the previous study by Runyon and Williams.[191] This confirms at least for unipolar and as
well for aprotic polar systems a general validity and accuracy of the Mes DT model and has a
fundamental character despite that the complete fundamental DT theory has still not been
developed yet. The Mes DT model can in principle also display negative DT in case of thermophilic behavior. However, further work is needed for the validation of this matter as well as
for protic-polar systems, i.a. to elucidate the contribution of electrostatic interactions.

Figure 5.1 DT predicted with Eqs. (2.33),(2.38)-(2.40) and (5.7) in comparison to the predicted DT reported previously.[118,191] Both predictions are plotted against experimental DT reported for the presented polymers in a broad choice of solvents. The full overview of predictions and list of references
is reported in publication 8.2. The dashed line is guide for the eye at DT, exp. = DT, predict.. Adapted with
permission from publication 8.2. Copyright © 2020 American Chemical Society.
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The DT predictions assessed in this study indicated to some extent also a correlation of the
thermal diffusion and consequently the retention in ThFFF to the thermodynamic quality of
the solvent for the regarded polymer. With the improved input, the Mes DT model may provide a great help to find an optimal solvent for ThFFF separation, however, trends to the
solvent quality may not directly be derivable and require certain effort of calculations and
experiments to yield D and DT. To shorten the optimization process, the ThFFF retention and
selectivity was probed for the cwPE system (investigated also in objective 3) for several solvents and correlated to the solvent quality modeled by HST. In fact, a direct correlation of the
experimentally measured ThFFF retention was found in dependency to the relative energy
distance, i.a. to the distance of the solvent’s HSP from the sphere center of the polymer. This
correlation is indicated in Fig. 5.2 for 3 out of in total 5 investigated solvents. According to
the observed trend, a solvent yielding an optimal retention and selectivity will be located
closest to the sphere center. In fact, the highest retention in this study was found for cwPE in
n-decane which’s HSP are located in the vicinity of the sphere center. Separations in n-decane
were found to require even less than one third of the field strength to yield an equal retention
than compared to the separation in cyclohexane (comparison shown in publication 8.2). A
slightly lower retention, but in the same order of magnitude was found for an aliphatic hydrocarbon mixture (paraffin oil). This outcome in fact allows to find a preferential solvent for
ThFFF separations without comprehensive calculations.

Figure 5.2 ThFFF fractograms of seven cwPE (investigated also in objective 3) with varying topology
from highly branched (hb) to linear (lin), separated in THF (a), chloroform (b) and cyclohexane (c).
d illustrates the calculated Hansen solubility sphere for PE to approximate the quality of the probed
solvents in relation to their distance from the sphere center (RED). Adapted with permission from
publication 8.2. Copyright © 2020 American Chemical Society.
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5.3. Branching Characterization of Polymer Model Systems by ThFFF
5.3.1. Architecture Characterization of Branched Aromatic-Aliphatic Polyesters
In the study reported in publication 8.3 ThFFF was applied to characterize the architecture
of aromatic−aliphatic polyesters with varying tailored degree of branching. This study
addresses objective 3 and is intended to elucidate the correlation between the molecular
topology and thermal diffusion. This polymer system investigated here was derived from the
synthesis development study by Khalyavina and coworkers[206] as summarized in section 3.1
and represents in contrast to star-shaped polymers investigated previously by ThFFF (see
section 3.4) a polymer system with irregular random type of branching. The model library
illustrated in Fig. 5.3 containing polymers with degree of branching 0, 8, 12, 22, 32, 50 and 100
% was investigated by ThFFF for two aprotic solvents of different polarity (THF and
cyclohexane), supported by offline temperature dependent DLS.

Figure 5.3 Chemical and topology representation of the polymer model library comprised of silylated
aliphatic-aromatic polyesters containing all an equal focal unit as well as linear (index L, blue), dendritic (index D, red) and terminal (index T, green) units. DB ranges from a) 0 % (linear) over b) 8 to
32 % (gradually branched) and 50 % (hyperbranched) up to c)  100 % (pseudodendrimeric).

Thereby, a generally higher retention was observed in THF, which is in first instance attributed to the overall larger hydrodynamic size of all model samples observed by DLS. However, in a second instance additionally clear dependencies of DT to the solvent and to the
degree of branching are found, as indicated in Fig. 5.4 b. This confirms previous findings by
Greyling,[113] and proves that there are branching-selective and nonselective solvents for
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separations by in ThFFF. This may be an explanation for the findings by Runyon for dendritic
PMMA in MEK, which remained unexplained at that time (see section 3.4).[122] DT values were
extracted from the measured ThFFF retention times from the MALS peak maximum
(exemplarily shown in Fig. 5.3 a) by computational root-finding solution of Eq. (2.29) with
non-parabolicity correction by coefficients reported by Belgaied et al. [114] combined with
diffusion coefficients measured by offline DLS. Therefore, DT values reported in this work are
accounted to be accurate and well-comparable to values potentially measured by optical batch
techniques despite the polymers have a broader Ð from 1.8 to 2.5. For cwPE representing
homopolymers of a lower chemical heterogeneity also retention behavior in more and less
selective manner depending on the solvent was observed. This was investigated in detail in
the second goal of this objective (publication 8.4) and is summarized in section 5.3.2.
Next to DT dependency also the ability of the Soret contraction concept was probed in
this study. For both solvents a direct correlation of g’’ to the degree of branching (DB) was
found (see Fig. 5.4 b). Surprisingly, the dependency of g’’ to DB becomes lower for a DT-nonselective solvent. This behavior could be explained with a copolymer-like thermal diffusion
behavior due to the chemical heterogeneity of the monomers having aromatic components
and ester groups in the center and terminal silyl groups. According to the Mes DT model and
studies by Köhler et al. regarding the influence of coil draining on polymer thermal diffusion,[296] the thermophoretic behavior of copolymers is to a great extend described dependent
on polymer−solvent interactions at the interface and also a combination of contributions from
in this case both intramonomer “blocks” with two distinct chemistries. It appears, that the
silyl groups on the global polymer solvent interface are better solvated in THF guiding DT and
causing a dependency of DT to branching, whereas the aromatic rings more in the center of
the molecule are better solvated in cyclohexane but cannot significantly contribute to the
resulting DT of the polymer.
The molar mass trace of the linear reference polyester was found to cover the molar mass
range of the main fraction of all investigated polyesters (Fig. 5.4 a). This allowed to generate
quasi online data of g’’, calculated per discrete retention time slice. Unlike the mean values of
g’’ (from peak apex retention data) stated above, here the broad molar mass dispersity is an
advantage for the analysis. The differential weight distribution of g’’ shown in Fig. 5.4 c confirmed the results and trend of the g″ mean values in good agreement. However, the outcome
in Fig. 5.4 c additionally reveals the existence of small subpopulations with positive log(g’’) or
g’’ above 1 in the samples of lower DB and predominantly in the linear reference, respectively.
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Figure 5.4 a ThFFF fractograms of an exemplary choice of silylated polyesters with different DB
measured in cyclohexane with a constant ΔT = 100 K (Tc = 23 °C). b Dependence of DT and g″ (both
from MALS peak apex) on DB in cyclohexane (black) and THF (blue). c Distribution of g″ calculated
from quasi online data from slices of the fractogram data displayed in a. The solid line represents the
fit for trend in THF and mean value in CH. Dotted lines represents one standard deviation. Adapted
with permission from publication 8.3. Copyright © 2019 American Chemical Society.

Fraction collection and subsequent analysis by matrix assisted laser desorption ionization
with time-of-flight mass spectroscopy (MALDI-TOF) confirmed these fractions as cyclic
subpopulations of lower molar mass. These small molar mass fractions were also observed in
complementary analysis of the polyesters by SEC-MALS-dRI. This first report of the thermal
diffusion behavior of cyclic polymers is a promising development. The Soret contraction
analysis has been confirmed to display accurately the architecture of polymers and could
additionally lead to advances in the analysis of cyclic polymers, particularly in mixtures.
Unlike the other contraction factors g and g’, which indicate also for cyclic structures
contracted conformations (g ≈ 0.5), g’’ allows to distinguish between branched or cyclic
structures. The formation of cyclic structures is a general phenomenon in polycondensation
reactions, which occurs mainly due to so-called back-biting and end-to-end condensation at
higher monomer conversion degree.[297,298] For the polyester system used in this study
etherification as side reaction during polycondensations can be also discussed as origin for
cycles.[299]
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5.3.2. Topology Analysis of Chain Walk Polyethylene by ThFFF
Parallel to the ThFFF branching analysis study outlined above, the second aim in the study of
objective 3 was the investigation of a polymer model system with broad range of topological
differences, but also with the lowest possible chemical heterogeneity. This study is reported
in publication 8.4. cwPE represents a perfect polymer model system due to the importance
of polyethylene in research and industry on one hand and the unique properties of palladium
catalyzed cwPE on the other hand being readily soluble at room temperature in an extended
portfolio of solvents. For this reason, the retention behavior of a library of seven model polymers with variations in their global topology was investigated with ThFFF hyphenated to
absolute molar mass and size detection. The generalized topological features and the local
chemical structure of the cwPE samples is illustrated in Fig. 5.5.

Figure 5.5 Simulated appearance of cwPE of the polymer model library investigated in this study
ranging from a) hyperbranched (hb) to b) linear (lin) topology, comprised of short chain branches,
long chain branches as well as branch-on-branches. Adapted with permission from Ref. [259] Copyright
© 2019 American Chemical Society.

Prior to the ThFFF study, the polymers were comprehensively characterized by the state-ofthe-art approach HT-SEC-d4 (see section 3.3) in order to set a validated basis for the
development of a potential branching analysis approach based on ThFFF retention. Thereby,
branching characteristics were expressed by the radius contraction factor g, B, LCB and MSeg.
Unlike the polyester system, for polyethylene in general no real linear reference material is
available for the calculation of the contraction factors, which would additionally be soluble
under the same experimental conditions. Instead, theoretical extrapolation-derived scaling
models can be applied for the calculation of RG,lin = 0.023 M0.58 and [η]lin = 0.053 M0.70,
respectively. The validity of these models was confirmed by Plüschke and coworkers for
regular types of PE[61] as well as for cwPE.[259]
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Like in the ThFFF study of the silylated polyesters, also in this study the ThFFF results were
combined with offline temperature dependent DLS measurements to allow an accurate
calculation of thermal diffusion coefficients with DLS-determined values of D and accurately
calculated Soret coefficients. In contrast to the polyester samples, the cwPE samples have very
narrow molar mass dispersity, which allowed a well reliable calculation of average DT from
dRI peak apex retention times and offline-measured D. The required ST were calculated again
with non-parabolicity correction and numerically solved ThFFF retention parameter from
measured retention times. The evaluation of the recorded data from ThFFF-MALS-dRI
analysis were found to be in good agreement with the results obtained by HT-SEC-d4. A
comparative summary of the polymer properties is reported in Table 1 of publication 8.4.
As a first outcome of this work, for the first time, a clear dependency of DT on the
polymer topology could be undoubtedly confirmed. As illustrated in Fig. 5.6 a, DT shows
an exponentially decreasing trend with shortening linear segments in the polymer structure
or with a growing number of branches per molecule, respectively. A trend to even negative
DT can be approximated, which would describe a thermophilic behavior for oligomeric segments. On the other hand, it indicates the trend that DT apparently becomes independent on
the molar mass for large linear segments e.g. represented by entirely linear polymers. Both
findings are in agreement with results from Stadelmaier and Köhler, who found a thermophilic behavior for n-alkanes and other mono-/oligomers in various solvents and contrarily a
thermophobic behavior of their polymeric analogues upon Mw of 10 000 g mol-1.[174]

Figure 5.6 a Correlation of DT (ThFFF, constant ΔT = 101 K, Tc = 23 °C) to the polymer topology
expressed by B and MSeg. The dotted and dashed lines are for guiding the eye. b Comparison of normalized DT from TDFRS studies with n-alkanes and values from this study. Orange circles indicate
replotted data for n-alkanes in cyclooctane from the original report (for exact alignment).[174] Plot in
a reprinted with permission from publication 8.4, plot in b adapted with permission from Ref. [174].
Copyright © 2019 (a), © 2009 (b) American Chemical Society.
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This system furthermore allows in sufficient comparability to elucidate the by Köhler
assumed trend of n-alkane’s thermal diffusion scaling with the chain length (shown in Fig.
5.6 b with superimposed normalized DT from this study). It was not possible to directly
investigate this trend due to the insolubility of long n-paraffins at ambient temperatures. The
physicochemical properties of cyclohexane are, except of the dynamic viscosity, closely
similar to cyclooctane as used in the work by Stadelmaier and Köhler. The comparison
indicated in Fig. 5.6 b confirms, that polymers above a certain molecular size generally become
thermophobic. This trend is also reported for PS,[173,175] polydimethylsiloxane or poly(alkyl
acrylates) in various solvents.[175]
In contrast to the polyester system investigated in the study above, the calculation of
Soret contraction factors was more challenging. Unlike for g and g’ from the HT-SEC-d4
analysis, here no theoretical reference model available or alternatively, DT for a linear
polyethylene are not yet reported. To enable a calculation of Soret contraction factors despite
this lack of information, a model to predict ST for linear analogues of the same Mw has been
developed by extrapolation of ST versus MSeg to an assumed linear segment equal to the molar
mass of the entire polymer (Eq. (5.5)).
, 

 ∙ ∆ +   ∙    ∙ ∆ +  
∆

(5.5)

The polynomial coefficients for several experimental conditions (Tc, stop flow) are reported
in publication 8.4. The model was in fact found to be consistent and so derived g’’ were found
in very close agreement to the mean radius contraction factors g from HT-SEC, which indicates next to the Soret contraction study reported above and in publication 8.3 also in this
study its profound capability to provide information about polymer topology.
However, to provide a resolved information per sample from the fractograms in terms of
quasi-online data, another subsequent fitting approach had to be developed. The very narrow
dispersity of the samples being useful for accurate average data obstructs the generation of
online data in this study. The approach to calculate ST,lin from a calibration of the molar mass
versus retention time of an almost linear sample was also not applicable, due to the very
narrow dispersity of the cwPE samples, which is impaired in the calculations by the broad
retention range in ThFFF fractograms due to a highly selective separation and a certain
portion of non-equilibrium band broadening (a general effect in FFF separations). Therefore,
a recursive fitting approach was developed using LCB data from HT-SEC-d4 analysis and peak
apex data from ThFFF separation as a supporting basis. In that, LCB data from HT-SEC-d4
were fitted against the molar mass and rematched to the molar mass trace from the ThFFF
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analysis. This approach (fully outlined in publication 8.4) allowed to calculate LCB on the
basis of ThFFF retention data. LCB are originally defined on the basis of the radius contraction
factor only. Therefore, it is required to transform g’’ and vice versa for LCB calculations, which
can be done using a similar exponential relation like between g and g’ (Eq. (2.1)). As indicated
in Fig. 5.5 b and c, the developed recursive fitting approach provides on one hand reliable LCB
distributions, validated for the model library of cwPE samples as well as for unknown samples
which were not part of the fitting process. On the other hand, it enables the generation of
quasi online data for the Soret contraction analysis of very narrowly dispersed polyethylene
samples with equal ThFFF retention characteristics (Fig. 5.7 a). This can be assessed as a
limitation of this approach. For broadly distributed systems (regarding Mw and branching) only
an online determination by a separate detection may generate reliable data for an accurate online
branching analysis on the basis of ThFFF separation and the Soret contraction concept. Another
challenge in current ThFFF analyses is the relatively low analyte concentration per slice, which
makes a reliable measurement of D by online-DLS challenging. In that case D could be
alternatively accessed indirectly via R[η] from online viscometric detection, although a certain
systematic error needs to be taken into account, because Rh and R[η] potentially differ for various
polymers and topologies despite both are sphere-equivalent radii.[61,300] Advances in technical
development e.g. flow cell design of online MALS[301] and potentially DLS could also enable more
sensitive detection in future.

Figure 5.7 a Normalized differential weight distribution of generated quasi online data of g’’ for seven
differently branched cwPE. Normalized LCB distributions calculated on the basis of ThFFF retention
data by an optimized fitting process are displayed in b in comparison to LCB distributions from HTSEC-d4 state-of-the-art analysis for the most branched sample shown in a and in c validated with a
sample, which was not part of the fitting process. Reprinted with permission from publication 8.4.
Copyright © 2019 American Chemical Society.
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In publication 8.2 in this thesis, the Mes DT model was proven to predict DT in high and improved accuracy with the help of HSP and segmental sizes for a particular polymer. By taking
this as a basis, an additional outcome was derived by applying the Mes DT model in reverse
mode to obtain information about molecular chain stiffness or branching density directly
from thermophoretic data by calculation of rm from experimentally measured DT. Depending
on the underlying polymer model, rm or the corresponding diameter can be somewhat interpreted as the Kuhn length, persistence length or a related segment length such as the size of
a thermal blob as defined by de Gennes[302] with the Flory theory.[292] A thermal blob in a
polymer chain may actually become theoretically equal to the Kuhn segment length for a
polymer depending on the solvent conditions. To avoid misinterpretation, with rm we referred
in this study to a thermophoretically effective blob size. The elucidation of relations to blob
sizes of other polymer models was not part of this study and is delegated to future work.
The calculation of blob diameters from experimental DT measured for the cwPE model
library from publication 8.4 by ThFFF combined with offline DLS (shown in Fig. 5.6
exemplarily in cyclohexane) yielded in fact an increasing trend in correlation to increasing
branching degree (expressed here by LCB) for data measured in good solvents such as
cyclohexane and paraffin oil as indicated in Fig. 5.8 a. Instead, blob diameters probed in
chloroform are found to remain about constant regardless of branching with general slightly
larger sizes, indicating somewhat an increased chain stiffness. A similar or even slightly
reverse trend is assumed for THF. However, the found blob diameter for THF can only be
seen as lower limit of its actual size, because DT data from ThFFF are not fully resolved due to
the very low retention (see Fig. 5.2 a). The trend seen in good solvents is in agreement with
the theory, because with higher branching the stiffness of the polymer should increase
accordingly due to increasing steric hindrance by a higher density of branches along the main
backbone chain.[259] In a thermodynamically good solvent, the solvent can freely drain
through the (brush-like) polymer coil. In a poor solvent instead, the polymer coil is rather
collapsed with reduced interaction to the solvent, which leads to a generally larger blob
diameter without significant dependency on LCB.[302]
The blob diameter of cwPE in collapsed state as well as in high branching limit is consistent to the blob size of cwPE (about 8 to 10 nm) found by atomic force microscopy (AFM)
and SANS reported in previous studies (see Fig. 3.5 b).[259] The trend of increasing segment
lengths with increasing number of branching is also reported for short chain branched (SCB),
regular type PE as indicated in Fig. 5.8 b.[303] Although this system is not directly comparable
to cwPE in terms of LCB, it can be discussed to indicate the same trend.
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Combining the results from publication 8.2 and 8.4 in fact confirm, that the local stiffness of
a polymer can be validated by thermal diffusion measurements. Among other methods to
determine DT, this can be accurately done by ThFFF analysis. This allows a new, alternative
access to local chain conformation, microstructure or fractals, respectively, normally
measured by scattering methods such as small-angle neutron or x-ray scattering.[303,304]

Figure 5.8 a Calculated blob diameters from experimental DT by reverse application of the Mes DT
model in combination with the Hansen Solubility theory. The hashed regions indicate the error bars
of the LCB values (from HT-SEC-d4, publication 8.4). Reprinted with permission from publication 8.2.
Copyright © 2020 American Chemical Society. b Persistence length of regular PE from SANS versus
the number of ethyl (circles)[305] or butyl (triangles)[303] short-chain branches per 1000 carbon atoms.
Reprinted with permission from Ref. [306] Copyright © 2013 Elsevier Inc.

Furthermore, next to the ThFFF study of the silylated polyesters in publication 8.3 the
existence of highly selective and rater non-selective solvents (e.g. chloroform) in terms of
thermal diffusion is proven. The correlation of thermal diffusion to the thermodynamic
solvent quality is also in certain aspects in agreement to Köhler et al., who concluded, that
mainly the (Kuhn) segments from the thin drained outer layer of the polymer coil take part
in the thermophoretic motion.[296] However, regarding the variety of blob sizes depending on
polymer architecture and solvent quality found in this study (Fig. 5.8 a), their conclusion
needs to be reevaluated concerning the question to which depth towards the center of the
polymer coil segments contribute to the overall thermal diffusion.
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5.4. ThFFF applied for Orthogonal Polymer Analysis of Electron Beam Irradiated Thermoplastic Polyurethane
In the study reported in publication 8.5 ThFFF was used as a complementary method to
clarify open questions about the structure of thermoplastic polyurethane material upon
irradiation and whether crosslinking or chain scission occurs predominantly, which cannot
be fully understood by data from classical polymer analysis only, like from DSC, FTIR and
SEC. Therefore, the impact of electron beam irradiation on TPU in doses up to 300 kGy applied
under inert atmosphere at room temperature and at 100 °C was investigated for an aliphatic
and an aromatic commercially available thermoplastic polyurethane material with an equal
quantitative composition of hard and soft segments. Possible radiation-induced reactions and
mechanisms in TPU discussed in the literature are summarized and illustrated in Fig. 5.9.
Irradiation-caused changes in chemical structure, molar mass and size were characterized by
means of infrared spectroscopy (ATR-FTIR), differential scanning calorimetry (DSC), SEC
and, complementary to that, by ThFFF. Both separation techniques were coupled to MALS
and dRI detection. SEC with molar mass calibration was used additionally for comparison.

Figure 5.9 Possible reactions in MDI or H12MDI-based thermoplastic polyurethanes discussed in the
literature: Crosslinking in a) between hard segments or in b) between hard segments,[235] c) cleavage
and recombination of urethane bonds,[307] d) oxidization of the central methylene group (only in aromatic TPU)[235] or e) formation of primary amines e.g. by Photo-Fries rearrangement.[308] Adapted with
permission from Ref. [235] (a to d) and Ref. [308]. Copyright © 2013 (a to d) and © 2009 (e) Elsevier B.V.

Initial investigations by ATR-FT-IR indicated for both materials, that electron beam irradiation initiates a cascade of parallel chemical reactions by formed radicals including chain
scission and chain recombination leading to an increase of branching (seen by changes in
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bands of methylene stretching vibrations), crosslinking and the emerge of new functional
groups and linkages such as amines, amides or carboxylic acids, which are not apparent initially. Notable changes in the material were recognized already upon low irradiation doses.
Parallel studies by DSC yielded in agreement with the findings from the ATR-FTIR study
in both materials signs for isomerization or branching, indicated by a slight decrease in their
glass transition temperatures. The most prominent changes observed in ATR-FTIR and DSC
are shown in Fig. 5.10 for the aliphatic material. Radiation related differences between the
materials were mainly attributed to their different morphology. The aliphatic TPU appeared
as thoroughly amorphous material with a distinct glass transition, whereas the aromatic TPU
showed a highly crystalline character with a complex phase transition behavior seen in
multiple melting and crystallization peaks. Instead, the aromatic TPU indicated only a barely
recognizable glass transition related to its soft segments. Meanwhile the impact of irradiation
affected tremendously the morphology of the aromatic material. A transformation of the hard
domains from well-ordered to increasingly disordered crystallites were found.

Figure 5.10 a) ATR-FTIR study of the aliphatic TPU in a series of increasing irradiation dose applied
onto the material with changes observed in bands of amide A (A), methylene stretching vibrations (B),
amide I, II and III (C, D and E) and the region of C–O–C stretching vibrations from both, urethane and
(soft segment) ester groups (F). b) Glass transition temperatures (Tg) of the aliphatic TPU from the
first DSC heating scan (orange), from the cooling scan (blue) and the second heating scan (red). Filled
symbols indicate onset Tg and open symbols show mid-point Tg at half step height. c) indicates the
corresponding step heights (Heat capacity drops). Adapted with permission from publication 8.5.
Copyright © 2021 Elsevier B.V.
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However, the characterization of radiation induced changes was partially obstructed by
superimposed reorganization effects being typical for TPU with high hard segment
content,[309,310] which did not allow the elucidation whether different crystallite polymorphs
in the material are formed or the observed multiple melting behavior is rather related to
micro-phase mixing assumingly on the outer part of the increasingly disordered crystallites.
Overall, the combination of the findings from both ATR-FT-IR and DSC allowed the conclusion that in the aliphatic TPU both hard and soft segments are equally affected upon irradiation, whereas in the aromatic TPU predominantly the soft segments degrade earlier, indicated
by signs of isomerization in the polyol segments.
Despite the fact that ATR-FT-IR and DSC indicated mainly signs of degradation, previous
studies also reported crosslinking as a dominant mechanism[235,236]. However, the conclusions
in the literature were contradictory. Therefore, molar mass and size characterizations were
carried out to address this question. Thereby, initial analysis by SEC-MALS-dRI revealed for
both materials on one hand the formation of a highly crosslinked fraction with ultra-high
molar masses far beyond the separation range resolvable by SEC, but on the other hand also
an increasing fraction of lower molar masses representing degradation products and a partial
co-elution of several fractions due to apparently differing topology. These interferences may
have significant influence on the comparability of the molar masses and sizes. However, in
recently reported studies this issue had been overlooked or ignored so far[237,246,311,312] even
though abnormal elution behavior of TPU material is already known for longer time.[313]

Figure 5.11 A Optimized separation method used for ThFFF separations of all TPU irradiation series
in publication 8.5 with two assigned regions of interest ROI 1 ad ROI 2 for low and high molecular
weight fractions being separated and recorded in ThFFF fractograms shown in B for the aliphatic TPU.
The realized field strength shown in A is a result of the control in autosampled measurements.
Changes in ΔT also affect Tc due to a non-programmable cooling, which had to be respected in ThFFF
calculations of this study. Image in B reprinted with permission from publication 8.5. Copyright
© 2021 Elsevier B.V.
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For this reason, ThFFF separation coupled to absolute molar mass determination has been
applied in this study to resolve molar mass, size, and scaling with focus on the ultra-high
molecular weight fraction. The ThFFF separation was carried out in programmed field conditions to maintain on one hand a separation of the lower molecular weight fraction and to
keep the analysis time in a reasonable time limit on the other hand. The optimized fieldprogrammed method applied in all separations in this study and exemplary the fractograms
of the aliphatic TPU investigated as irradiation series is shown in Fig. 5.11. The fractograms
given in Fig. 5.11 B clearly indicate the need of another separation method next to SEC. A
detailed quantification per region of interest is shown in Fig. 5 reported in publication 8.5.
With the help of ThFFF it was possible to resolve in particular the region of the high molar
mass fraction. However, ThFFF was not intended to substitute SEC in this study, because it is
unable to sufficiently resolve the low molar mass range of the apparently degraded material.
A comparison of the differential molar mass distribution as illustrated in Fig. 5.12 between
the different methods indicate their optimal separation range. For comparison it is indicated,
that SEC with relative molar mass calibration (often done on the basis of narrow PS standards)
overestimate both, average molar mass moments as well as the molar mass dispersity and is
hence not recommended for investigations of irradiated polymer materials. It is to be noted,
that molar mass characterization with MALS may not resemble in general low molar masses
in the range of oligomers due to their very low scattering intensity. However, in the current
case it is questionable if significant amount of such low molar masses found by standardcalibrated SEC are truly apparent in the material or rather an artefact of delayed elution.

Figure 5.12 Normalized molar mass differential distributions of the aliphatic TPU determined with
the different analysis approaches SEC calibrated with narrow PS standards (dashed), SEC-MALS-dRI
(dashed-dotted) and ThFFF-MALS-dRI. Reprinted with permission from publication 8.5. Copyright
© 2021 Elsevier B.V.

73

Results and Discussion
Meanwhile due to the much greater separation range and the absence of any potentially
interfering stationary phase ThFFF is found superior in resolving particularly the high molar
mass region showing fractions, which cannot be seen by SEC.
Additionally, MALS-dRI detection allowed for an evaluation of the molecular shape of
the fractions above the required minimum size (see section 1.1.3.1) with the help of the scaling
exponent νR yielded by conformation analysis. In both, SEC and ThFFF νR showed a general
trend to lower values approaching the theoretical limit for a dense sphere with increasing
irradiation dose, which confirms the findings by ATR-FTIR and DSC of irradiation-induced
isomerization, branching or crosslinking as causes for the observed compaction.
However, the conformation analysis allowed the quantification of only a small population in the materials since the majority of the material has molecular sizes below the limit for
measuring gyration radii (< 12 nm). To gain a better overview over an extended fraction of
the material, changes in topology were addressed by a thermophoretic analysis as a second
independent investigation based on the ThFFF calculation procedures outlined in the sections
above, since the Soret coefficients were confirmed in previous investigations to display
changes in topology or branching (see section 3.4). Alterations in chemical composition found
by ATR-FTIR are accounted to have a negligible effect on ST of the irradiated TPU materials,
because its influence on ST was reported to be of lower quantity than the influence of changing
polymer architecture in terms of branching[112,113,282] or tacticity.[266,267] The differential
distributions of ST as exemplarily shown in Fig. 5.13 for the aliphatic TPU material show a
trend towards lower ST roughly correlating with the irradiation dose applied in other material,
which indicates a shortening of linear segments in the polymer chains. This agrees with the
findings reported in publication 8.3 and 8.4 of this thesis. The influence of branching on ST
was investigated in objective 3 and 4 as summarized in the following sections.

Figure 5.13 Differential ST weight distributions calculated from the full ThFFF fractograms of the
aliphatic TPU series illustrated in Fig. 5.11 B. Reprinted with permission from publication 8.5. Copyright © 2021 Elsevier B.V.
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The aromatic TPU material did not show significant trends in its ST distribution on the first
view regardless if the irradiation temperature. However, small differences regarding irradiation dose and temperature were found by further analysis of the cumulative ST distribution
using alternative measures. This matter is further explained in publication 8.5.
For calculation of ST values used in the weight distributions the influence of secondary
relaxation had to be respected. Secondary relaxation in FFF separations is an effect of delayed
elution in non-constant field conditions with large increments. Under conditions of fast
decreasing field force the dynamic relaxation equilibrium lags increasingly behind the change
rate of the field force resulting in later retention times than expected for an instantaneous
reaction of the analytes on the field strength. This can be generally described for the retention
ratio R by introduction of a departure term Δ as stated in Eq. (5.6)
   ∙ 1 + ∆

(5.6)

In SdFFF, where separations e.g. of particles are carried out to a great extend in field
programming conditions, an approximation for Δ based on the particle diffusion coefficient
and the field increment has been developed.[124] However, for solvated polymers separated by
ThFFF no investigation of this phenomenon has been carried out yet. So far, polymers were
assumed to adapt instantaneously to a non-constant field force.
In order to approximate the influence of secondary relaxation in the programmed method
used in this study on one hand, but also to skip experiments exceeding the scope of this study,
an approach based on reference experiments with known polymer standards has been chosen.
For that, broad reference samples of PS and PMMA covering a wide retention range were first
analyzed by ThFFF under constant field conditions. Based on these retention data, Soret coefficients were calculated by Eq. (5.3) incorporating the non-parabolicity of the flow-profile
with the help of the newly tabulated polynomial coefficients reported in publication 8.1. The
so calculated ST were fitted against the molar mass in a double logarithmic plot as ST calibration defined by the molar mass. The validity of this calibration approach and the direct proportionality of ST to Mw for linear polymers had been confirmed in previous studies.[262,314,315]
The ST - Mw calibration allowed in the following to retrace the effective ΔT from the molar
mass trace recorded in field programmed separations) of the same reference samples with the
help of Eqs. (2.24) and (5.3). Next to the original ΔT method shown in Fig. 5.11 also a shortened
version was tested without the constant part in the beginning in order to acquire a sufficiently
resolved molar mass trace for the calculation and to probe the robustness of this approach.
Thereby ST was assumed to remain constant independently on the cold wall temperature.
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This simplification holds true for a change of not more than 5 K as reported previously in
universal calibrations tested for ThFFF.[316] The retraced effective ΔT showed in fact a
significant departure from the actual recorded field strength for fast decreasing ΔT, which
confirms that this effect cannot be ignored in accurate calculations. With the help of this
reference experiment an approximation of departure term Δ given in Eq. (5.7) was empirically
found by matching the retraced effective ΔT.
∆ 

0.005
∆
∙  

.


(5.7)

This Δ-approximation for ThFFF is inspired by the approximation reported for SdFFF, which also
relies on the field decay (expressed here as ∆) and the retention ratio Rinit at the initial time

of the field decay.[124] As confirmed in Fig. 5.14, the calculated retention time with correction of

the secondary relaxation delay (plotted with the actual recorded ΔT) are found to be in good
agreement to the retraced effective ΔT with nominal retention time.
Overall, this study unraveled, that crosslinking is the dominating effect under irradiation
influence prevailing chain scission and degradation, which is in agreement to the literature
for aliphatic[236] and aromatic TPU.[235] Thereby, the aliphatic TPU indicated a stronger
tendency to crosslinking than the aromatic material, which instead showed a higher
resistance to irradiation.

Figure 5.14 Summary of the approximate secondary relaxation correction developed in this study
based on ST – molar mass calibration of broad PS and PMMA reference samples (A), which is used to
evaluate the secondary relaxation influence by retracing the effective ΔT from the measured molar
mass retention (B). The moment indicated with init. refers to the initial time of the field decay. Reprinted with permission from publication 8.5. Copyright © 2021 Elsevier B.V.
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6. CONCLUSIONS AND FUTURE PROSPECTS
Field flow fractionation (FFF) in its specific subtypes is established to successfully address and
overcome challenges of column-based separations, because it does not rely on a stationary
phase and provides a far broader separation range with higher selectivity compared to
column-based separation methods such as size exclusion chromatography (SEC). However,
the potential of FFF for application as alternative or complementary separation technique is
not fully understood due to the lack of profound theoretical background and optimization in
the interpretation of results. In particular, in Thermal FFF (ThFFF) the underlying separation
mechanism is not yet fully understood. Furthermore, calculations for generation and
interpretation of results were so far elaborate due to lack of applicable mathematical solutions.
Main scope of this dissertation was therefore to generate advances in the theoretical understanding of ThFFF and validation by experiment.
In order to obtain accurate thermophoretic data from ThFFF experiments a correction of
the distortion in the laminar velocity flow-profile occurring in ThFFF is inevitable. Therefore,
the first outcome of this thesis is the provision of solvent specific coefficients, numerically
calculated for in total 59 solvents, allowing an easy applicable and accurate non-parabolicity
correction of the laminar flow-profiles This work represents an extension and revision of the
previous theoretical considerations including the field of normal and high temperature ThFFF.
Additionally, a modified solution of the ThFFF retention equation is proposed to match
severely distorted flow-profiles, maintaining an easy and user-friendly non-parabolicity
correction with only one adjustable parameter. Furthermore, a fast and still accurate
approximation was empirically developed, which avoids numerical, iterative computation for
the calculation of physicochemical properties from ThFFF retention data.
The second outcome of this dissertation is the advance in the understanding of polymer
thermal diffusion phenomena and to use this knowledge to establish ThFFF as a convenient
characterization method. Due to a lack of a fundamental theory to model thermophoresis in
particular for liquids, finding solvents that yield sufficiently high retention in ThFFF remained
so far an elaborate trial-and-error process. The latest thermal diffusion prediction theories
proved to shorten this process tremendously, but up to this study they have not reached a
prediction level yet which accurately matches experimentally found data. Therefore, advances
in polymer thermal diffusion have been made using a revisited approach of the latest thermal
diffusion prediction model combined with the Hansen solubility theory. Suggestions for a
highly selective solvents were derived for a potential ThFFF investigation of regular
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polyolefins in a high temperature approach without the requirement of costly and difficult
technical effort. The improved prediction power allowed to validate local segmental sizes as
measures of the stiffness or microstructure in polymer chains of varying topology using the
revisited thermal diffusion prediction approach in inverse mode with experimental thermal
diffusion data.
In the third research outcome, ThFFF has been proven to be used as branching
characterization method of two different polymer model systems, silylated aromatic-aliphatic
polyesters and disordered bottlebrush-like polyethylene, by resolving their topology
characteristics based on their ThFFF retention behavior. This study clearly indicates, that
thermophoretic properties measured by ThFFF provide a new complementary route to
polymer architecture analysis. Based on differences in the thermal diffusion behavior, a new
model has been developed for the application of ThFFF as an alternative to the established
branching calculation approaches relying on light scattering or online viscometric detection.
These results demonstrate for the first time the usefulness of the Soret contraction concept to
characterize (highly)-branched polymer systems on the basis of thermophoresis and its
additional sensitivity to cyclic polymers is underlined.
Next to the application of ThFFF as branching analysis method, ThFFF was applied to
amend limited characterization capabilities by size exclusion chromatography to elucidate
native properties and induced alterations in complex polymer systems. The impact of electron
beam irradiation on thermoplastic polyurethane (TPU) is such a controversially discussed
topic in polymer research. In this work, the impact of electron beam irradiation on TPU was
studied using infrared spectroscopy, differential scanning calorimetry, SEC and
complementarily ThFFF. Material alterations were correlated with trends regarding
degradation, crosslinking or branching. Thereby, as fourth research outcome the high
potential of ThFFF coupled to light scattering detections is shown for thermophoretic analysis
and to elucidate molar mass and conformation distributions of highly crosslinked and ultrahigh-molecular polymer systems. This study has unraveled, that crosslinking is the
dominating effect in TPU under irradiation prevailing chain scission and degradation, which
is also indicated in previously reported studies, but were not clearly proven in terms of molar
mass and related measures. Additionally, an empirically derived approach in respect to
secondary relaxation phenomena occurring in non-constant separation conditions is
proposed. This phenomenon is known and considered in analysis by sedimentation and
crossflow-based FFF, but had been so far ignored in ThFFF.
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The overall outcome of this thesis opens new avenues for correct interpretation of the
physicochemical properties of macromolecules like topology and conformation, showing that
ThFFF is highly suitable as thermophoretic and potentially as complementary branching
characterization method of complex macromolecular architectures. Yet, there is still need for
fundamental understanding of thermophoresis and accurate modelling of ThFFF retention for
embedding ThFFF in the portfolio of combined polymer characterization techniques. To
enhance the selectivity in ThFFF separations also binary solvent mixtures were successfully
tested previously.[317,318] However, the non-parabolicity correction for solvent mixtures
reaches only a limited accuracy with the polynomial approach developed in the thesis. Hence,
future works is needed to encounter mixing phenomena seen in the vast majority of nonideal solvent mixtures, which show regularly nonlinear and occasionally complex
dependencies of dynamic viscosity and thermal conductivity to the molar mixing ratio.
Solutions such as empirical interaction parameters[319,320] or approaches based on the free
energy of activation[321] are proposed to be implemented in the flow-profile correction of
ThFFF calculations.
Furthermore, despite great advances in the predictability of thermal diffusion being
achieved with this work, further effects need to be assessed and implemented in future
prediction models. Such effects are electrostatic contributions or hydrogen bonding.
Additionally, the prediction models need to be enhanced regarding the transition from
dissolved polymers to dispersed nano- or microparticles. For well predictable systems instead,
thermal diffusion models may be tested in the future with regard to the nature and
comparability of a local size measure indicating the stiffness or microstructure in a dissolved
polymer, which can be probed by experimentally measured thermal diffusion.
Regarding the investigation of chemically and topologically complex polymer systems by
ThFFF hyphenated to absolute molar mass and size detection, further improvements are
accounted by implementation of a direct measurement of diffusion coefficients by online
dynamic light scattering or in case of very low concentrations indirectly by online viscometry.
This will allow a comprehensive branching characterization by multidetection ThFFF
encountering dispersities in molar mass, chemical composition and topology.
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1. Introduction
Since J. C. Giddings had developed the basic idea of Field
flow fractionation (FFF) in 1965 [1] , numerous further varieties of
FFF techniques were invented with different underlying separation
force fields. All they are based on the principle of a separation occurring in a thin ribbon-like channel with a laminar parabolic flow
profile and an applied separation force field perpendicular to the
flow direction. Once an analyte is introduced at the inlet of the
channel via an injection step, the separation force induces an exponential concentration profile of the analyte with the highest concentration at the accumulation wall. Thus, by combination of the
exponential concentration profile and the parabolic flow profile,
the retention in FFF can be generally described by the well-known
retention equation in its integrated form as given in Eq. (1) [2] :

Rp

=

=

6>c(coth( 2~)-

þÿ2»)

(1)

where the retention ratio for a parabolic flow profile Rp is the quotient of the void time t 0 and the retention time tR measured at the
outlet of the channel and is defined as a relationship to a dimenCorresponding author at: Faculty of Chemistry and Food Chemistry, Technische
Universitat Dresden, 01062 Dresden, Germany
E-mail address: lederer@ipfdd.de (A. Lederer).
https: //doi.org/ 10.1016/j.chroma.2020.461082
0021-9673/© 2020 Elsevier B.V. All rights reserved.
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sionless retention parameter þÿ».It describes the center of gravity's
relative height of the analyte concentration distribution from the
accumulation wall (mean layer thickness) under influence of the
separation force field and is consequently defined by a relation to
a physico-chemical parameter of the analyte.
For Thermal FFF (ThFFF) þÿ»is defined as the ratio of the translational diffusion coefficient D caused by the Brownian motion
and the thermal diffusion coefficient DT induced by the separation
force field, divided by the field strength d T. Here, the inverse ratio
describes the so-called Soret coefficient ST = DT D- 1 •
For most FFF techniques, Eq. (1) works sufficiently well and
changes of the carrier liquid's viscosity are negligible. In contrast,
in ThFFF the separation is performed in a pressurized channel (typically 10 bar) [3-5] to prevent boiling of the carrier liquid and
the separation force field is realized by a temperature gradient between the upper (heated) wall and the actively cooled bottom wall.
Consequently, the temperature gradient leads to a non-uniformity
of the viscosity and to a falsified description of the retention by
Eq. (1) with increasing field force due to a distortion of the flow
profile. Therefore, Eq. (1) needs to be corrected by an introduction
of a non-parabolicity factor v [6,7] to calculate the retention ratio
R, as stated in Eq. (2 ).

(2)

Publications
Reprinted with permission from Geisler, M.; Lederer, A. Non-Parabolicity Correction for Fifty-Nine Solvents
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which was developed based on a third-degree polynomial approximation of the distortable flow profile, as given here in Eq. (3).

u(x)
U3,d

6 [ (1

+ JJ)

(x)
w - (1 + 3JJ) (x)
w 2+ 2JJ (x)3]
w

(3)

For most solvents investigated in a previous work [8] as well as
in this article, Eq. (3) provides a sufficiently accurate match of the
exact flow profile. However, for strongly distorted flow profiles an
increasing deviation to Eq. (3) is found. Thus, a more complex but
more accurate relation for R on the basis of a fifth-degree polynomial approximation as shown by Eq. (4) is reported [9-12].
ur;)sth

=di(~f + ... + ds(~f

(4)

Here, v can be still derived from the polynomial coefficient d 1 , but
a calculation of Eq. (4) or R, respectively, cannot be done on a basis
of only one adjustable parameter such as v.
Belgaied, Hoyos and Martin [8] developed a polynomial based
approach for an easy determination of v in dependency on the cold
wall temperature Tc and dT, as shown in Eq. (5)
v = (a1 Tc+ a2)dT

+ (a3Tc + a4)dT^2 + (a5Tc+ a6)dT^3

(5)

The polynomial coefficients a1 to a6 , computed numerically by
a linear fitting process for ThFFF at moderate Tc, have been reported for 12 organic solvents. Yet, ThFFF investigations have been
performed in many other solvents [13-21] and even at elevated
Tc as high temperature ThFFF [22 ,23 ], which are not covered by
the report of Belgaied et al. [8] , where values for v were computed by complex algorithms for specific experimental conditions
or the distortion of the flow profile was completely ignored leading to rather incorrect thermophoretical data [4,16,24 ], particularly for polymers with typically poorer retention than observed
for larger objects such as latex particles [25-27] , micelles or other
vesicle-like objects [28-30]. In order to determine thermophoretical data from ThFFF experiments in comparable accuracy to data
from other methods such as thermal diffusion forced Rayleigh scattering (TDFRS) [31-33] , thermogravitational methods [34,35 ] or optical beam deflection techniques [36,37], an applicable way for the
non-parabolicity correction in the processing of ThFFF data is definitely needed. The requirement of this correction and its impact on
the accuracy of thermophoretical data derived from ThFFF retention in comparison to batch methods as described above has been
already reported [2] and confirmed [9,38,39] decades ago. The major aim of this study is to extend and revise the list of solvents and
the applicable temperature range of the polynomial coefficients a1
to a6 used in Eq. (5) as an easy and user-friendly way to calculate
V.

The calculation of þÿ» containing the physicochemical information of interest from a measured R needs to be typically done by
numerical iterative methods such as root-finding algorithms since
the analytical solution of Eq. (1) or Eq. (2) to þÿ»does not exist.
Schimpf, Schure and
For a conditionally precise approximation of þÿ»
Schettler [40] proposed an empirical relation for retention in a
parabolic flow as given in Eq. (6).
þÿ » = Rp
- 6(1 - Rµ) 1

(6)

in which the ratio of the local flow velocity u and the mean flow
velocity u depends only on the relative height x/w of the flow layer.
For a one-directional flow with non-constant viscosity the
Navier stokes equation is defined as in Eq. (8)

!!_(
T du)- T d u + d17(T). du
dx 17 ( ) dx - 17 ( ) dx
dx
dx
2

(8)

2

with the temperature dependent dynamic viscosity h(T), which after integration and transformation is used for definition of the flow
profile [6,8,9,12 ] in Eq. (9). Effects like pressure drops, edge effects of the non-infinite channel and thermal expansion have been
neglected due to their insignificant contributions at the used low
flow velocity, large channel aspect ratio and thermal expansion
coefficients of the carrier liquids being of the order of 10-3 K- 1
[12,41,42 ]. To generate such a velocity flow profile in dependence
of h(T), the temperature profile across the channel thickness needs
to be known and can be calculated as described earlier [6,8,9,12 ].

u

f,x/w x;w

,O

17(T)

d(x/w) _

1;1 ;/if, d(x/w)
Io1

Ji'/w d(x/w)
O
ry(T)

(9)

u

The non-parabolicity parameter v can be determined with the
help of the relative deviation e (Eq. (10) of the flow profile generated by Eq. (9) to the parabolic flow profile in Eq. (7) in dependency of x/w

E:(X/W) =

li cx;wJ - (IT) cx;wJ
P

(10)

(¥,\(x/w)

v can be then found either in the initial slope of u/u(x/w -+ 0)
at the cold wall or extrapolated as close approximation from e in
the vicinity of x/w 0 (e becomes undefined at exactly 0) [8], both
described in Eq. ( 11 ).

c(X/W-+O)~!(d(lf(x/w)))

-1=JJ

d(x/w)

6

X/W

(11)

---+0

3. Data processing
Eq. (9) and the integrations included were solved by numerical trapezoidal integration with a step width of x/w = 8 . 10- 3 and
with an expression of h(T). Therefore, the exact temperature profile along the channel thickness was calculated by an adapted version of the exact temperature profile (Eq. (12) ) as described earlier
[6,8,9,12 ] with the cold wall temperature Tc and K'(T) as the first
derivative of K(T), in order to consider partial non-linearities of experimental thermal conductivity data K(T), in particular at elevated
temperatures.

T;(Xi/W) =Tc+

K· 1

K

'(; )
1-1

K 1 (7i_i) AT( 1 +
K 1(1i-1)
1 +---L>
- -L',,T)
- Xi/W- 1)
Ki-1
Ki-1
2

(12)

2. Theory
The parabolic profile of a laminar isoviscous flow between two
infinite parallel plates with a distance w to each other is derived
by integration and simplification of the one directional form of the
Navier-Stokes-equation [41] , given by Eq. (7)
(7)

The computation of Eq. (9) and Eq. (12) was done by fitting
of sophisticated experimental literature data of h and K (references see Table 1 ). For each solvent the exact velocity flow profile (Eq. (9) ) was calculated in 210 sets with Tc = -10 to 120 °(
and dT = -20 to 120 K (minus indicates inversion between hot
and cold wall), both Tc and dT with a step width of 10 K. The resulting values of v were then fitted by a third-degree polynome
as a function of Tc and d T. Here, the polynomial coefficients a 1 to
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Table 1
Coefficients ai for the calculation of v in dependency of Tc [ °C] and dT [Kl with the polynome given in Eq. (5).

Tc I °C]
Solvent
Acetonitrile
Diisopropyl ether
Methyl tert-butyl ether
Dichlorornethane

Acetone
Methanol
Ethanol

n-Propanol
n-Butanol
n-Pentanol
n-Hexanol

2-Propanol
2-Butanol
lsobutanol

2 ,2,2-Tri fl uoroet hano I

Tetrahydrofuran
Toluene
Ethyl acetate
N,N-Dimethylacetamide
N,N-Dimethylformamide
Chloroform

2-Butanone (MEK)

1,2-Dichloroethane
Dioxane
n-Alkanes*

Cycloalkanes#

Methyl-Cyclohexane
Chlorobenzene
o-Dichlorobenzene
Tetralin

Mesitylene

Water

1,2-Dimethoxyethane
2-Butoxyethanol
Di-n-butyl ether
N-Methylformarnide
Formamide
Dimethyl sulfoxide
m-Cresol
Cumene

N-Methylpyrrolidone
1,2,4-Trichlorobenzene

Tetralin

Mesitylene
Sulfolane

Chlorobenzene

o-Dichlorobenzene
Cyclooctane
n-Alkanes**

Deca.lin

cis (1) + trans (2)§

CAS

10^5a1

10^3a2

10^5a4

10^7a3

Normal temperature ThFFF

-4.11188
-2.95309
75-05-8
2.81123
2.02670
1.02557
-4.01912
-2.13706
108-20-3
2.62068
1.68458
0.69925
-4.78493
-1.47717
1634-04-4
4.49603
2.60296
0.07636
75-09-2
1.78974
-3.58977
-0.45358
1.28545
0.05291
-3.99199
-1.57742
67-64-1
2.32625
1.72781
0.64776
-5.18911
-1.90968
67-56-1
2.18760
2.17026
0.82145
64-17-5
2.08800
-7.01762
-1.57244
2.99908
0.67626
-9.56185
71-23-8
-5.05499
5.53139
5.85375
1.80902
-9.80667
-1.93859
71-36-3
4.24315
5.05883
0.53406
-11.9714
-8.80312
71-41-0
7.86996
8.96036
3.48033
111-27-3
5.73534
-11.5606
-3.36441
6.84638
0.63774
67-63-0
-11.9367
-4.15953
9.37518
8.38247
0.43086
78-92-2
-15.6858
-8.65824
12.1401
11.9579
1.97072
78-83-1
7.36831
-13.1154
-2.73631
7.78315
0.14484
75-89-8
6.16181
-10.2666
-5.59704
6.92823
2.23231
109-99-9
-4.04762
-1.50392
2.43693
1.69946
0.44876
-4.85476
-1.95288
108-88-3
2.92379
2.19741
0.60389
-4.49963
-1.49405
141-78-6
2.50711
2.02702
0.33271
-5.21419
-1.95502
127-19-5
3.01170
2.32825
0.67272
-4.84601
-1.77355
68-12-2
2.84429
2.01790
0.53384
67-66-3
2.14342
-3.76849
-2.05018
1.45971
0.75091
-4.13048
-0.03280
78-93-3
-0.56049
2.53888
1.72162
-5.03710
-0.61179
-0.05934
107-06-2
2.91575
1.61337
123-91-1
3.78397
-6.53012
-2.80239
3.34993
0.93981
o1 (4.1067 - J.5732 c + o.2440 C^2- 7_7245.10- 3 C^3)10^-5
a2
(-6.7739 + 1.5610 C- 0.2182 c 2 + 6.6972*10^-3C^3)10^-3
a3 (-6.8320 + 2.4600 c - 0.3180 C^2+ 9.3715 ·10^-3C^3
) 10^-7
a 4 (4.2438 - 1.4362 c + 0.1971 c 2 - 5.8661 ·10^-3C^3)10^-5
a5
(4.4766 - 1.4596 c + 0.1658 C^2- 4.7602*10^-3C^3) * 10^-9
a6
(-1.1696 + 0.4657 C - 6.6192*10^-2
+ 1.9433*10^-3
* C^2
* 10^-7
C^3)
a1 (-90.063 + 46.481 c - 7.481 c^2+ 0.3966 C^3)10^-5
a 2 (53.381 - 30.460 c + 5.082 C^2- o.2808 C^3)10^-3
a3 (110.433 - 55.891 c + 8.913 C^2
- 0.4662 C^3)10^-7
a 4 (-69.303 + 36.397 c - 5.947 C^2+ 0.3204 C^3)10^-5
a5 (-37.396 + 19.283 c - 3.0991 C^2+ 0.1623 C^3)10^-9
a6 (29.800 - 15.192 c + 2.4460 C^2- 0.1297 C^3)10^-7
108-87-2
-2.44689
-5.18671
2.95476
2.68028
0.88834
-4.65199
-1.82235
108-90-7
2.79788
2.05211
0.55728
95-50-1
11.5967
-8.48723
-14.7743
7.59760
6.59895
-7.21433
-0.83193
3.50186
-0.17205
119-64-2
3.30505
108-67-8
-6.80595
-10.36893
8.54042
5.29134
4.84328
7732-18-5
-9.39143
-3.73205
7.12565
5.48428
0.88645
-4.38560
-1.81788
110-71-4
2.18188
2.00954
0.71375
111-76-2
-11.8822
-8.82060
9.41055
2.92923
10.7068
142-96-1
123-39-7
75-12-7
67-68-5
108-39-4
98-82-8
872-50-4

2.72237
2.45269
13.9786
3.38833
8.14388
2.71242
3.80140

-5.12796
-6.00623
-13.8246
-7.15379
-14.7403
-5.17945
-6.20843

Normal and high temperature ThFFF
-0.92398
2.15602
0.14004
-0.82956
2.27296
0.11321
-15.1285
13.5836
6.54463
-2.05741
2.92986
0.53748
-8.84976
12.5907
3.54416
-1.08585
1.88081
0.29181
-1.61194
2.97338
0.33056

High temperature ThFFF
-7.81572
-2.33886
120-82-1
4.67106
4.30904
0.52980
119-64-2
2.67157
-6.33490
-2.46034
3.73248
0.54116
108-67-8
-4.43306
-0.85776
2.56978
1.65643
0.12884
-9.84136
-4.05327
126-33-0
5.12406
6.53778
1.14323
108-90-7
1.54266
-4.06701
-0.78833
1.58054
0.21238
-4.77209
-1.68232
95-50-1
2.32822
2.56593
0.57274
-6.96898
-1.91163
292-64-8
2.70823
3.62100
0.61399
a 1 (5.5813 - 1.535 c + 0.1567 C^2- 4.5572*10^-3 * C^3)
10^-5
a2 (-8.2538 + 1.6911 c- 0,1830 C^2+ 5.240*10^-3 * 10^-3
C^3)
a3 (-2.1672 + o.6149 c- o.0641 C^2
+ 1.8942*10^-3 * C^3)
10^-7
a 4 (4.6778 - 1.217 c + 0.12624 C^2- 3.64117*10^-3 * C^3)
10^-5
a5 (0.4821 - 0.1103 c + 0.0113 C^2- 3.3275*10^-3 * 10^-9
C^3)
a6
(-0.9922 + o.2647 c- 2.7973*10^-2 * +C^2
8.1827*10^-4 * C^3)
10^-7
91-17-8
a 1 (3.6337 - 1.0655 x + 0.25467 x^2)10^-5
iso. mix.
a2 ( - 7.3400 + 1.4600 x - 0.34546 x^2)10^-3
493-01-6
a3
(-1.4880 + 0.6786 X - 0.19491 x^2)10^-7
a4 (3.4066 - 1.1598 x + 0.297854 x^2)10^-5
cis
493-02-7
a5
(0.2622 - 0.1605 x + 0.058696 x^2)10^-9
a 6 (-0. 7206 + 0.3297 x - 0.100542 x^2)10^-7
trans

C: Number of carbon atoms per n- or cycloalkane molecule, valid for: * CS to C16.
* CS to CS;
C9 to C16.
§ x: molar ratio, defined as x = x, (x 1 + x2)^-1.

94

10^9a5

10^7a6

min

-0.72112
-0.44164
-0.62683
-0.19628
-0.41366
-0.57395
-0.71352
-1.76513
-1.23832
-3.11385
-1.79163
-2.39815
-3.64193
-1.89911
-2.22817
-0.42922
-0.57440
-0.50931
-0.58089
-0.47440
-0.41200
-0.32350
0.11818
-0.94134

max

dTmax [Kl

Ref. for h

-10
50
-10
50
-10
50
-10
50
-10
50
-10
50
-10
50
-10
50
-10
50
-10
50
-10
50
0
50
-10
50
-10
50
(0.8D. T - 25)
0
50
0
50
0
50
0
50
0
50
0
50
0
50
0
60
0
60
0
60

120
100
120
120
120
85
50
50
50
so
50
100
so
50
100
120
120
120
120
120
120
120
120
120
120

[44]
[47.48 ]
[44,491
[44]
[44,50]
[44,47.51-541
[44,52-56]
[44,53,54,57-59]
[44,54,57,60 ]
[57,61 ,62 ]
[44,57,62,63 ]
[44,45,64]
[57,61 ]
[57,61 ]
[61 ,65 ]
[44,45 ]
[44,66 ,67 ]
[43-451
[61 ,62 ,68 ]
[61 ,62 ,68 ]
[43,44,52 ]
[44,52,69 ]
[43,44,52 ]
[44,61 ,70 ]
[44,61 ,71-75 ]

0

50

120

[44,61 ,76-80 ]

-0.79714
-0.52586
-3.06355
-0.83744
-2.10632
-1.46677
-0.56094
-3.17925

0
-10
-10
30
10
5
-20
15

80
60
60
60
45
60
60
80

120
120
120
120
120
120
120
120

[44]
[45,61 ,81 ,82 1
[22 ,61 ,62 ,83 1
[47,84-861
I47,62 ,79,84,87-89 ]
[44.46,62 ,90,91 1
[61 ,92 ,93 ]
[61 ,94,95 ]

-0.40833
-0.43192
-5.47944
-0.67149
-4.70915
-0.40651
-0.69039

-10
-25
-10
20
(0.4D.T
0
-10

120
120
120
110
- 29)
120
120

120
100
120
120
120
120
120

[44,48 1
[61 ,62 ,83 ]
[61 ,83,96 ]
[44,90,97 ,98 ]
[82,83,99 ,1001
[47,79,101 ,102]
[44,83 ]

-1.09473
-1.02966
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a6 (Eq. (5) ) were be determined by linear fits of the third-degree
polynomial coefficients Bx = a(i x) Tc + a(i x + + 1 ) for defined

1.0

temperature ranges (given in Table 1).

0.8

4. Results and discussion
The fitting of the computed values of v by a third-degree polyname revealed, that the polynomial coefficients Bx from Eq. (5) can
be described by a linear relation to Tc only for limited ranges of
computed Tc, reported earlier [8]. For the broad range of Tc used
here, a polynomial fit would be necessary for an accurate fit. However, the coefficients ai in Eq. (5) were found to also partly counterbalance their contribution to v. Therefore, they compensate effects caused by deviations from the linear fit to Tc to rematch v
calculated by Eq. ( 5) compared to the computationally derived v
by Eq. (11). The ranges of Tc and dT in Eq. (5) can be calculated
to accurately match the computed values, which depends on the
properties and the limitations given by the melting and boiling
points of the solvent (in the pressurized channel). Changes in the
dynamic viscosity by slightly elevated pressure used in ThFFF have
been found to be negligible (e. g. for Cyclohexane = 3% and for
Ethyl acetate= 2% from 1 to 25 bar) [43-45]. The influence of the
pressure on the thermal conductivity, which contributes in general only to a small extend to the computed flow profiles, have
been also found to be negligible (e.g. for water < 0.1% at 100 °C
between 2 and 20 bars) [46]. The observed compensational effect
between the coefficients ai enables the approach by Belgaied et al.
[8] to cover reasonably large intervals of Tc and dT for all solvents
regarded in this article for ThFFF with Tc around room temperature (normal temperature ThFFF) or elevated Tc (high temperature
ThFFF). In some cases even the full range from normal to high temperature ThFFF can be described by the linearly fitted coefficients
ai in Eq. (5). A sophisticated summary of all computed coefficients
is given in Table 1. The computed polynomial coefficients a1 to
a6 (Table 1) allow to describe the velocity flow profile in its 3rddegree approximation as well as the retention ratio (Eq. (2) ) with
a deviation of ±2% in the given limits of Tc and d T. Thereby, the
values of v calculated by the ai coefficients of cyclohexane, ethyl
acetate and tetrahydrofuran computed as reference and cross check
are in good agreement to v from ai reported by Belgaied et al.
[8]. Furthermore, the values of v in the high temperature range reported for chlorobenzene by Pasti [22] are in good agreement with
our results. This confirms the reliability of the ai coefficients computed by Eq. (9) to (12) with sophisticated experimental data from
the literature and verifies the validity of previously reported [8] ai
in their limits of Tc and dT.
For the vast majority of solvents, a moderate non-parabolicity
is found with v < -0.4 at high field conditions of d T = 100 K,
which confirms very accurate match of the simplified flow profile
(Eq. (3) ) and the retention ratio (Eq. (2) ) even at high force field
conditions. However, polar and in particular protic solvents such as
alcohols and water exhibit severe distortions at higher field conditions reaching v = -0.6, which significantly deviates from the
third-degree polynomial approximation. A precise description of
those solvents requires the application of the fifth-degree approximation (Eq. (4) ), where the approach of v as a single adjustable
parameter is incapable. An example of an extremely distorted flow
profile is shown in Fig. 1. In contrast to the cyclo and n-alkanes,
no accurate homologue series could be correlated for n- and isoalcohols to the number of carbons in the molecule. This can be discussed as hint of an increasing distorting influence by hydrogen
bonds or polarity with decreasing chain length.
Consequently, the ai given in Table 1 for alcohols are only sufficiently precise for lower d T ( up to 50 I<) when used with Eq. (2 ).
In order to extend the applicable range of d T for the summarized
ai and improve the description of R for strongly distorted flow pro-

-

w
x

0.6
0.4

- · - parabolic; Eq . (7)
- - exact; Eq. (9)
----·u <u> 3rd Eq. (3)
u <u>5th Eq . (4)
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0.2
0.0
0.0

0.5

,...

1.0

1.5

u <u>^-1
Fig. 1. The flow profile shown for 2-Butanol at dT = 100 K, Tc = 20 °C, representing an example of a strongly distorted flow profile. The third-degree polynomial
expression (Eq. (3)) does not sufficiently match anymore at v = -0.63 with Tc and
T as shown here, whereas a precise match is still given by the fifth-degree poly-

nomial expression (Eq. (4) ).
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0.8
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þÿ»
Fig. 2. The retention ratios calculated by differently precise definitions for 2Butanol for r = 100 K, Tc = 20 °C and their relative deviation to the most accurately accounted relation R5th (Eq. (4 )). The curve for Eq. (14) shows R recalculated
processed from given R, analoguely the curve for Eq. (14) shows
from Eq. (1) with þÿ»
R recalculated from Eq. (2).

files a modified relation of R is proposed as presented in Eq. (13)
(13)

With this solution the retention of all alcohols with their ai given
in Table 1 can be described in the full range of dT up to 120 I<
by keeping the simplicity of having only one adjustable parameter
for the non-parabolicity correction. The accuracy of the different
relations for R is shown in Fig. 2.
To avoid complex numerical iterative solution of R from þÿ»
Schimpf, Schure and Schettler [40] proposed an approximation to
calculate þÿ»
directly from retention data (Eq. (6) ) as an inversion of
the general retention equation. For undistorted FFF, their solution
provides a fairly accurate approximation of þÿ» for R :s 0.6. However, for ThFFF a revision of Eq. (6) is required to keep the deviations with increasing field strength in acceptable limits. Therefore,
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with Eq. (15):
Majority of solvents, v <- 0.375
Ethanol, v = - 0.450
1-Propanol,
v= - 0.489
2-Propanol,
v=-0.501
2-Butanol, v
0.630
Water, v = - 0.453

20
10

-;F.

in
þÿ »

<I

0

-10
-20
0.0

0.2

0.4

0.6

0.8

R
Fig. 3. The precision of calculated þÿ»
compared to given þÿ»,both plotted in relation
to R. All curves were processed for d T = 100 K, Tc = 20 °C. The reference curves of
Eq. (3) and (14) were processed for Tc = 20 °C without separation force field.

Eq. (14) can be proposed as a more accurate alternative of Eq. (6)
þÿ»

101/100 R

(14)

68

6(1-Ri)""

Thus, an improved approximation of þÿ» has been developed
(Eq. (15)), where the non-parabolicity correction is implemented
by a simple polynomial relation with the variable parameter v.
( !5_ v2 _ !5_ v + 101
; , _ ~ - - - - ~ 4_ _ _4_ _ _

6(1-R(',j'v'-'fv+j))

)R

( 1021,+,s)

' v- ,,

m

(15)

A validity check of Eq. (14) and (15) is presented in Fig. 2,
where þÿ» is calculated from given R and is then applied in their
corresponding inverse relation (Eq. (1) and (2) ) to revalidate R. For
the majority of solvents studied in this work, Eq. (15) is found to
resemble þÿ» with a precision of ±5% for R < 0.94. The precision of
the þÿ» prediction for the protic solvents, which tend to strong flow
profile distortions, varies due to the solvent's nature from similar
precise match of þÿ» (compared to a given þÿ») to a discrepancy up
to 13% in the range of R from ss 0 to 1. Furthermore, for FFF in
general, Eq. (14) is found to allow more accurate calculation of þÿ»
than the approximation suggested previously in the literature [40].
A detailed precision evaluation of resembled þÿ» by Eq. ( 15) is shown
in Fig. 3.
5. Conclusions
For the purpose of thermophoretical studies using ThFFF a correction of the distortion in the laminar velocity flow profile caused
by changes in the thermal conductivity and viscosity of the carrier
liquid with the change of the temperature is inevitable. Therefore
a modification of the basic retention equation for FFF has been developed based on a third-degree polynomial flow profile approximation by the introduction of a single adjustable non-parabolicity
parameter v. This non-parabolicity correction is the basis for an accurate derivation of physical thermophoretical data via the dimensionless FFF parameter þÿ» from the retention measured in ThFFF experiments. Belgaied, Hoyos and Martin proposed earlier a numerical polynomial based approach for the coefficients for 12 solvents
to allow for an easy calculation of v [8]. As a revision and extension of this approach a non-parabolicity correction of fifty-nine solvents was computed and tabulated. Their derivation was obtained
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by processing of the exact flow profiles with the help of sophisticated experimental literature data of h(T) and K(T). 210 sets of
calculations were performed for each solvent at cold wall temperatures between -10 °C and 120 °C and temperature gradients up to
120 K in order to provide coefficients for an easy calculation of v
for normal and high temperature ThFFF applications. This sophisticated computation revealed, that the majority of solvents of unipolar and aprotic nature can be well described by the established retention equation for ThFFF and v. Thereby, v calculated with coefficients reported previously [8] within their reported range of validity and calculated with our apporach are in good agreement. Yet,
for protic polar solvents deviations were found due to an increasing inability of the underlying third-degree polynomial flow profile to sufficiently match the more severe distorted flow profiles
of these solvents. Thus, they require a more complex computation
by a fifth-degree polynomial flow profile. In order to improve the
accuracy of the retention description for strong flow profile distortions found for protic-polar solvents at dT > 50 K a modified
solution of the ThFFF retention equation is proposed, which keeps
the non-parabolicity correction easy and user-friendly by including
only one adjustable parameter v.
To enhance the selectivity in ThFFF separations also binary solvent mixtures have been used [112,113 ]. However, for solvent mixtures, the polynomial approach for calculation of v (Eq. (5) ), using the coefficients given in Table 1 weighted by the molar ratio
can be applied only in rare cases, when the miscibility of the solvents is close to thermodynamically ideal [114]. Future work needs
to be done to cover all the diversity of solvent mixtures, which is
a challenging task, taking into account the non-linear and sometimes complex dependency of h(T) and K(T) on the molar mixing
ratio due to non-ideal thermodynamic behavior of real liquid mixtures. To encounter these mixing phenomena, consideration of empirical interaction parameters [115,116] or the free energy of activation [117] will be of significant importance.
Since no analytical inversion of the FFF or ThFFF retention equations existsts, the calculation of thermophoretical data from measured retention requires numerical iterative solution, often carried
out by more complex computation with root-finding algorithms.
To avoid large calculation effort, Schimpf, Schure and Schettler
[40] suggested an empirically found approximation for FFF assuming a parabolic flow. By adaption of their approach, an approximation for ThFFF is proposed in this article, in that the nonparabolicity correction with the adjustable parameter v is implemented. The newly suggested approximation equation is found to
generate data for þÿ» in fairly good agreement for ThFFF, as well as
in its reduced form for FFF in general.
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ABSTRACT: The influence of the polymer solubility on the separation
Theory
efficiency in thermal field-flow fractionation (ThFFF) was investigated for
a polymer model system of differently branched chain walking
polyethylenes in five different solvents, which were selected depending
on their physical parameters. The understanding of polymer thermal
solvents
diffusion has been elucidated using a revisited approach based on the
latest thermal diffusion prediction model by Mes, Kok, and Tijssen
combined with the Hansen solubility theory. Thereby, a significant
solvent C
improvement in the precision of the thermal diffusion prediction and the
separation efficiency has been achieved by implementation of the
temperature dependency on Hansen solubility parameters. In addition,
we demonstrate a method for validation of the segmental size of polymer
chains with varying topology by using the revisited thermal diffusion prediction approach in inverse mode and experimental thermal
diffusion data.

T

apology characterization of polymers still represents a
challenge using classical approaches such as size exclusion
chromatography due to co-elution of differently branched
polymers leading to low separation efficiency. 1 To overcome
these problems, field-flow fractionation (FFF) as a complementary separation and analysis method, which does not rely
on a stationary phase, has been established.2 FFF separations
are realized by an external separation force field applied
perpendicular to a parabolic laminar flow in a thin ribbon-like
separation channel. The principle of FFF is generic for all
derived subtechniques and is explained in detail elsewhere. 3 ' 4
Depending on the FFF subtype, a separation of analytes
according to different intrinsic physicochemical properties can
be realized. 5 For polymers in organic solvents, thermal fieldflow fractionation (ThFFF) has been established to characterize polymers in their copolymer content 6-9 and recently in
their topological differences. 10 ' 11 In ThFFF, the separation
force field is given by a temperature gradient d T, where one
channel wall is heated and the opposite one is actively cooled
(hereinafter referred as hot and cold wall, respectively). The
retention in ThFFF is described in eq 1:
R=

= 6+

+

(1 - 6-tv)(coth( 2\ ) - 2-t )~

non-parabolicity parameter v due to the non-constant viscosity
of the carrier liquid. v can be calculated in dependency to d T
and the cold wall temperature by a polynomial approach with
polynomial coefficients tabulated for a large choice of
solvents. 12 ' 13 The FFF parameter þÿ»is defined by a
physicochemical property of the analyte, which describes the
response to the separation force field. In ThFFF, þÿ»
is described
as given in eq 2:

(2)

and depends on the ratio of the thermal diffusion coefficient
DT to the translational diffusion coefficient D, also named

Soret coefficient ST and d T. For most of the FFF subtypes,
the basic underlying principle is well understood. However, a
fundamental theory to describe the phenomenon of
thermophoresis in particular for liquid systems is still missing.

( 1)

where the retention ratio of the void time t0 to the retention
time tR is defined by the dimensionless FFF parameter þÿ»
representing the relative mean layer thickness and uniquely for
this FFF subtype, with correction of the flow profile by the
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in both solubility theories, the total d is related to the cohesive
energy density. The distance Ra from eq 4 is defined as shown
in eq 8:

Since the first observations on thermophoresis in the mid
1800's, 14•15 several theories have been developed with varying
success to describe this mass transport phenomenon. Meanwhile, since thermophoresis is of technical relevance for
ThFFF separations, the interest in the prediction of DT has
increased. The latest prediction model for DT was reported by
Mes, Kok, and Tjissen 16 (hereinafter coined the Mes DT
model) and describes DT in dependence on the polymersolvent interaction using the following relationship:

(Ra(T))²

8:(;) = ;;) )-l.
!5

4

(

2

5

(10)

!5

!5P,re£

Dp(T)

(

= ex

p

(11)

[-0.00122 (T

ref.

- T) - In( V:-ef.

V(T)

M

p(T)

)o. 5]
(12)

(5)

with the ratio of the reference volume Vref typically at the
reference temperature Tref to the volume at the regarded
temperature V(T), defined in eq 13:

Originally, the distance of the Hildebrandt solubility
parameters 19 has been used, as given in eq 6:

p(T)

(6)

V(T)

with the Hildebrandt solubility parameters of the polymer dpo
and of the solvent ds. This parameter represents the cohesive
energy density and is used in its squared form to avoid negative
values because an energy density cannot be negative in this
context. The prediction of DT on the basis of the Hildebrandt
solubility parameters may result in a medium accurate match
with DT measured experimentally by ThFFF or other batch
techniques such as thermogravitational column20' 21 or thermal
diffusion forced Rayleigh scattering (TDFRS), 22 which are
closest to the theoretical definition of thermal diffusion. Yet,
the aim of this study is to improve the prediction power of the
Mes DT model by the means of the Hansen solubility theory,
given in eq 7:

= dD²2 + dP²
+ dH²2

(s)

8:(;) = ;;) )-0.5

with the molar volume Vm ( T) of the solvent, the universal gas
constant R, and the distance of the solubility parameters Ra.
Vm ( T) is thereby calculated as the ratio of the molar mass M to
the temperature dependent mass density p(T), given in eq 5:

(13)

Several influences affecting the prediction need to be
considered. On the one hand, the HSP reported in the
literature may differ depending on the method they were
determined (e.g., by group contribution models 26-28or on the
basis of correlated experimental results 29 ). On the other hand,
av also varies with the temperature and it has to correspond to
the physicochemical state of the polymer (glassy or liquid),
which fits its behavior in solution (see discussion below). The
temperature-dependent HSP of the solvents were calculated
solely with comprehensive density data reported in the
literature. 30 In this study, only the Mes DT prediction model
is considered. Other prediction theories reported or tested
earlier, e.g., by Bender,3 1 Schimpf and Giddings, 32 or Schimpf
and Semenov, 33 - 35 were found to be less accurate 32' 36 and are
not considered in this work.
Branching characterization of regular polyolefins typically
done by high temperature column-based chromatography 37,38
still represents a challenge, e.g., due to the abnormal elution
behavior of branched polymers when separated in size
exclusion mode. 39 Thus, ThFFF turns to be a good alternative

(7)

where the total solubility parameter d is represented by a threedimensional model with contributions from dispersion (dD),
polar (dP), and hydrogen bonding (dH) interactions. Note that
reported Hildebrandt solubility parameters do not necessarily
match the total Hansen solubility parameters (HSPs). In many
cases, they only represent the dispersion interactions. Though,
14823

100

4

The 1/4 fractions in eq 8 reflect the different impact
quantity on the HSP distance. 23 Note that eq 8 has been
divided by 4 from its original definition, thus corresponding to
the quantity of (Ra(T))² Hildebrandt.
The calculation of XH using
the modified definition of Ra ( eq 8) was initially proposed by
Lindvig and co-workers. 24 However, in contrast to our work,
they used constant HSP. Temperature-dependent 8D, Dr, and
dH to be applied in (Ra( T) ) 2Hansen for the prediction of DT can
be approximated on the basis of the volumetric thermal
expansion coefficient av or based on the ratio of the
temperature-dependent mass density p(T) top of the regarded
reference temperature Tref (in this study 298.15 K), as given in
eqs 10-12: 25

(4)

d²

1/4 (ddp(T))² + 1/4 (ddH(T))²

(9)

with the Boltzmann constant kB, the solvent's dynamic
the volume fraction phi s, and the first and
viscosity hs(T),
second partial derivative of the polymer solvent interaction
parameter X differentiated to the (absolute) temperature T (in
K). x isdefined by the Flory-Huggins solution theory. 17' 18 For
dilute polymer solutions as used in this work, phi s is set to a
value of 1. rm represents the radius of a local segment of the
polymer chain in the size region of a monomer, which is given
based on approximations as discussed below. X is the sum of
the enthalpic XH and entropic contribution Xs· As defined by
the Flory-Huggins model, Xs is not temperature-dependent
and is therefore neglected for the calculation ofX. 16 Yet, XH can
be calculated as given in eq 4:

=

= (dD(T))² +

with the differences of the three contributions between the
polymer and solvent, as given in eq 9:

(3)

Vm(T)
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Table 1. HSPs, Vm, and Its Temperature Dependency at 25 °C (in
for Predictions in This Study

dP

cm 3

(mol

K^-1)
and av in the Temperature Range Used

solvents

HSP23

cyclohexane ( CHX)

16.7

0.0

0.2

108.63

0.1322

mesitylene (MST)

18.0

0.6

0.6

139.83

0.1335

n-decane (DEC)

15.7
16.0 a

0.0
0.0 a

0.0
0.1 a

195.91

0.2121

212.40

0.2086

decalin (DHN)
toluene (TOL)

17.8

0.0

0.1370

1.4

0.0
2.0

157.22

18.3

106.95

0.1039

paraffin oil" (ALK)

[MPa^0.5]
dp dH

Vm [cm3 mol^-1] 30

[cm 3 (mo! K)^-1] 30

ethylbenzene (EB)

17.8

0.6

1.4

123.08

0.1234

perchloroethylene (TCE)

18.3

5.7

0.0

102.81

0.1068

o-dichlorobenzene ( ODBC)

19.2

6.3

3.3

113.D4

0.1039

chloroform (CLF)

17.8

3.1

5.7

81.64

0.1054

tetrahydrofuran (THF)

16.8

5.7

8.0

81.66

0.0962

1,4-dioxane (DOX)

17.5
16.O

1.8
9.0

9.0
5.1

85.70
90.10

0.0915
0.1166

acetone (ACT)

16.0

9.0

5.1

73.96

0.1076

ethyl acetate (ETA)

15.8

5.3

7.2

98.52

0.1328

N,N-dimethylacetamide (DMA)

16.8

11.5

0.0918

15.3

18.0

9.4
6.1

93.05

acetonitrile (ACN)

52.85

0.0729

HSP 23dD

[MPa05 ] dp dH

þÿC"

2-butanone (MEK)

polymers
HDPE
LDPE

18.0
17.6

0.0

0.0

0.0

0.0

cwPE

av [10^-4K^-1](at Tin

°C)

8.63 44 (se12O)

8.3 43
8.3 43

5.3 44 (selOO)
3.644' 45 ( 20-60)

8.3 43
18.6

polystyrene (PS)

10.5

7.5

2.647 ( 20-80)

9.5 46

5.4745 (selOO)
8.6448 (,:,120)
poly(methyl acrylate) (PMA)
poly(methyl methacrylate) (PMMA)

iso

19.6 b

12.1 b

5.9 b

7.9 49

18.8

10.5

5.7

10.3 c

6.45 50 (25)
2.85 51 (25-60)

syndio

8.l c

2.251 (25-60)

a-tactic

8.2 c

2.48 a ( 25-60)
6.33 52 (25)

poly(n-butyl acrylate) (PBA)

19.9 a

11.9 a

4.2 a

9.6 49

polyisoprene (PI)

16.9

1.1

-0.4

8.1 49

7.0653 (25)

a Extrapolated and weighted by the HSP from n-alkanes and isoalkanes, content determined by GC-MS and 1H NMR (given in the Supporting
Information). 23 b Approximated by monomer-HSP and polymer-HSPfrom by related derivates and prediction by ref 28. cAveraged values from ref
54 weighted to stereoregular content reported in ref 55. Weighted according to ref 56 with the experimental av. 51
for (branching) characterization. 9 - 11 ' 40 ThFFF in high
temperature mode has been already successfully applied for
regular polyethylene separation. 41 ' 42 However, an extension of
the analysis scope toward polymer topology has not been tried
yet. One aim in this study is to predict suitable separation
conditions for a branching characterization of regular
polyolefins by HT-ThFFF.

EXPERIMENTAL DETAILS
ThFFF experiments were carried out with a setup and with the
same cwPE samples of different topologies than reported
previously. 11 Details to the synthesis and characteristic average
data of the samples are reported in the Supporting
Information. ThFFF separations were carried out with a
constant flow rate of 0.3 and a constant temperature gradient
of dT = 40 K (ALK and DEC) or 0.2 mL min^-1and 100 K (all
other separations). Solvents and carrier fluids were purchased
by Merck KGaA, Fisher Scientific GmbH (both Germany) and
Honeywell Int. Inc. USA. The void time in the separations with
0.2 mL min^-1flow was 11.04 min (no stop-flow) or 12.36 min
(S min stop-flow) and in the separations with 0.3 mL min^-1
14824

flow 7.36 min (S min stop-flow). A channel pressure of about
0.6- 1.5 MPa was adjusted for the used flow rate by a back
pressure tubing (inner þÿ#
0 .001") between the ThFFF channel
and the multi-angle light scattering detector in order to
maintain the stability of the dRI baseline and to avoid possible
accumulation of gas bubbles due to residual dissolved gas in
the carrier fluid or solvent boiling. The samples dissolved the
used carrier fluid in a concentration of ca. 4.3 mg mL^-1,and
the injection volume for all separations was 49 µL. The data
recording and analysis was carried out with the TF2000
software. Due to the limited sample amount, the retention
experiments in THF could not be repeated with application of
stop-flow. The influence of insufficient relaxation is respected
in calculations of the following section.

RESULTS AND DISCUSSION
Revisiting the Prediction of Polymer Thermal
Diffusion. Predictions of DT were reported previously by

Mes et al. for polystyrene 16 (PS) as well as for polyacrylates by
Runyon and Williams, 36 both matching experimentally
measured DT reported in the literature with more or less fair
https:/ /dx.doi.org/1 0.1 021 /acs.analchem.0c03686
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calculated. Thereby, DT predictions were found to display
DT in better agreement to reported experimental values when
DT for temperatures above the glass transition temperature of
PS were calculated with av for the molten state. Calculation
data for the DT predictions with the approach presented in this
study and the numerical data presented in Figure 1 are given in
Table S 1 in the Supporting Information. The necessity to
include phase transitions of amorphous polymers in solubility
parameter calculations was also reported previously. 66
Furthermore, in the DT prediction of PMMA, the tacticity
influences the calculation of av, The experimental DT for
PMMA in different tacticities 67 were recalculated from the
reported ThFFF retention times using the calculation
procedure and coefficients for v reported elsewhere 13 because
the reported DT were derived without non-parabolicity
correction of the flow profile 55 and differ relatively from the
corrected DT by up to 130%. The necessity of this correction
has been stated previously12' 13' 68 and was confirmed by
comparison of experimental DT from ThFFF and DT from
other methods. 16' 36
As indicated in Figure 1, the predictive power of the Mes DT
model is significantly increased when the solubility is modeled
by the Hansen solubility theory and the segmental mobility of
the polymer is approximated in correspondence to the Kuhn
length. We therefore hypothesize that this revised model
enables to characterize polymers on the local scale based on
experimentally found DT. However, the application of this
approach for scaling predictions of monomeric and oligomeric
analytes showing thermophilic behavior and hence, negative
DT, has to be evaluated in a future work.
ThFFF of Chain Walk Polyethylene in Different
Solvents. So far, finding solvents that yield sufficiently high
DT for a good retention in ThFFF analysis was performed in a
trial-and-error process. The latest DT prediction theories
proved to shorten this process tremendously. However, up to
this study, they have not reached a prediction level yet
accurately matching experimentally found DT. 36 Furthermore,
predictions with the Mes DT model with the approach given in
the Theoretical Background section require elaborate calculations. Trends may not directly be derived from eq 3. Hence,
we present exemplarily for a library of chain walking
polyethylenes ( cwPE) with different amounts of calculated
long-chain branching (LCB) and molar masses, 11 an
alternative approach to find an optimal solvent for ThFFF
separations yielding high retention and topological selectivity.
A good solvent matching these properties was already
intuitively found in CHX. Details are reported in previous
studies on these polymers 78 and their topological analysis by
ThFFF. 11 These polymers remain thoroughly amorphous with
liquid to waxy consistence due to their unique structure with a
high amount of short-chain branches and a controllable
topology in terms of long-chain branching. In contrast to
HDPE or LDPE, they are readily soluble at room temperature
in a variety of solvents and are thus perfect candidates for an
investigation by ThFFF as a model system.
In order to trace possible correlations between the solvent
quality and the ThFFF retention behavior, the solubility sphere
for cwPE was modeled with the HSPs given in Table 1, as
illustrated in Figure 2. The radius of the sphere Ro indicates
the border between solvency (inside) and nonsolvency
(outside). The ratio Ra Ro - I is called the relative energy
difference (RED). Ro was estimated by experimental solubility
tests to Ro = 10.4 MPa 0 ·5 : cwPE is found to be soluble in THF

accuracy. In previous studies, DT values were calculated with
theoretically approximated rm values of 0.201 nm 16,31
or 0.29
nm36 for PS and 0.153 nm 31 or 0.27 nm 36 for poly(methyl
methacrylate) (PMMA),using liquid thermal expansion coefficients of the these polymers in melt. The question appears:
are these small length scales thermodynamically meaningful?
An initial reverse test calculation of rm based on experimental
DT for PS and PMMA with XH and its temperature derivatives
calculated by the means of HSP ( eqs 4, 8- 13 ) led in fact to
larger rm values of about 0.6 nm for PS and 0.5 for PMMA,
respectively, using the thermal expansion of the polymers in
the glassy state at the temperatures corresponding to the
reported DT values. For PS, this length is in close agreement to
reported Kuhn lengths lK (1.2-1.8 nm). 57-59For PMMA
instead, a slight underestimation compared to the reported IK
( 1.4-1.7 nm) 49,60
is found. The determination of lK e.g., by
scattering experiments, depends on the fitting model and the
experimental conditions (in melt or in solution and for
polymer solutions on the solvent quality). An approximation of
the Kuhn length independent on experimental factors used for
the DT prediction can be done by using tabulated characteristic
ratios þÿC"of the polymers together with the bond length lb and
bond angle phi,62 ( e.g., from rotational isomeric state
modeling) 63 in the polymer chain, as given in eq 14:

(14)

The idea that DT may be dependent on the Kuhn length or a
related segment length was described previously 64,65and may
set a physiochemical basis for the Mes DT prediction model. 16
The HSPs and av used in this study are reported in Table 1,
and the references for the reported experimental DT are given
below.
For all C-C bonded polymers phi= 112°, lb = 0.154 nm, and
for polyisoprene phi= 111°, lb = 0.151 nm was used. 63 The
prediction of DT for various polymer solvent systems based on
the data given in Table 1 allow for an accurate match of the
experimental values reported in the literature ( see Figure 1)
than predicted previously. 16 ' 36 For PS, data for room
temperature and as well for elevated temperatures were

i:

o

2.5E-7

(s K)
2.0E-7

cm²

Polystyrene
Po ly(methyl acrylate)
Po ly(methyl methacrylate)
Po ly(n-butyl acrylate)
Polyisoprene

;' 1.5E-7

cte

1 0E-7

p

DT5.0E-8
0

X

0

5E-8

PS Refs. 14, 33
PMA, PBA Ref. 33

1E-7 1.5E-7 2E-7 2.5E-7

DT experimental (cm' (s K)^-1]

Figure I. Comparison of the DT prediction by the procedure with eqs
3- 5, 8- 13 to the experimental values reported in the literature (PS in
CHX, 32 CLF,64 THF,36,64,69 DOX, 0,71 TOL71-73 MEK,71,74
ETA,64,70 ODBC, 42 DMA (own experiments, see the Supporting
Information), DHN, 75 EB 71,76,77 PMA and PBA in THF, MEK,
ACT; 36 PMMA in THF,6 9 DOX, ACN; 55 PI in THF 69 ) and in
comparison to the predicted DT reported previously. 16'36 The dashed

line is guide for the eye at DT, exp. = DT, predict.. The abbreviations are
listed with their full name in Table 1.
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topology ranging from highly branched (hb), branched (b),
slightly branched (sb) to linear (lin) topology taking into
account the LCB calculation. Further details on the polymer
properties are reported in a previous study11 and in the
Supporting Information.
The outcome of this investigation is illustrated in Figure 3
and confirms our hypothesis. The highest retention is found
for n-decane (DEC), which is believed to be located closest to
the center of the solubility sphere. Figure SS in the Supporting
Information demonstrates the improved quality of separation
with DEC even in comparison to ALK. Thereby, the HSP of
cwPE are probably close to DEC HSPs. A similar but slightly
less effective separation is found for paraffin oil ( n-alkanes C9
to C 13 from re distilled lamp oil). This confirms that, for
effective separation, not necessarily pure solvents need to be
used. In the case of alkane mixtures, significant solvent effects
observed in other solvent mixtures are not expected. In fact,
such mixture effects can be also used to improve ThFFF
separations. 83' 84
The retention in ThFFF is a result of the interplay between
DT and D. In particular, D is strongly dependent on the mean
layer temperature, which corresponds to the retention time
measured in ThFFF. Hence, the question arises: to which
extent does the solubility influences DT? Average DT values
were calculated from differential refractometry ( dRI) peak apex
retention times with the help of D(T) measured in batch by
temperature-dependent dynamic light scattering ( data are
given in Table SS, Supporting Information). The overview of
DT ( multiplied by the solvent viscosity for comparison)
superimposed in Figure 4 in dependency on RED shows

Figure 2. Hansen solubility sphere modeled for cwPE with the HSP
given in Table 1 and further solvents. The sphere radius was
approximated to Ro = 10.4 MPa0·5 based on experimentally observed
solubilities. The center of the sphere is in between the coordinates of
CHX and n-dodecane. The color scale indicates the relative energy
distance (RED) of the solvent to the sphere center.

(RED = 0.96) but insoluble in MEK (RED = 1.04). It is
immediately clear that no protic polar solvent is found inside
the sphere. Furthermore, most of the aprotic polar solvents are
outside, near the surface of the sphere. Thereby, dioxane is
found in the region of a theta solvent equal to cyclohexane for
0.9). 23 The medium polar chlorinated
polystyrene 79 (RED
are found in
solvents used in polyolefin analysis 37,38,78,80-82
between the center and the surface of the sphere. In the center,
solely hydrocarbons are located. Based on the good and
selective retention behavior found for cwPE in CHX and the
lack of retention in THF (Figure 3), 11 we set the hypothesis:
The retention behavior correlates with Ra and becomes
optimal for solvent candidates with the HSP located closer to
the center of the sphere. The verification of this hypothesis was
investigated by ThFFF retention experiments with a library of
seven cwPE samples of different molar masses and varying

BE-10

i::

cwPE: dD= 17.6 with Ro = 10.4

dD = 15.8 w ith Ro = 10.2
X

6E-10
4 E-10
X

X

PS with Ro= 14.6
PMMA with Ro = 11.2

2 E-10

0

0.0

0 .2

0.4

0.6

0.8

1.0

RED= Ra

Figure 4. Experimental DT (normalized with hs(T) at mean layer
temperature) of the linear cwPE sample lin2 in dependency to RED
= 17.6 MPa0·5 (blue) from the initial approximation and for dD
for dD
= 15.8 MPa 05 (red) after empirical adjustment (see text) in
comparison to normalized experimental DT of PS (green) and
PMMA (purple) from data reported in the literature ( refs. see Figure

OT = 100 K

CHX
lin2

Tc = 23.1 °C
tau
= 10 min

I).

dT =100 K
Tc = 23.6 °C

0
0

E

ALK

dT = 40K

Tc =19.7 ·c

1

tau=

0

significantly different DT values depending on the solvent.
However, with the initially applied HSP (LDPE) with dD =
17.6 MPa^0.5for cwPE, the dependency appears not to be
consistent. With the boundary condition of DEC having the
closest HSP to cwPE on one hand and the insolubility in MEK
on the other hand, an empirical adjustment of the HSP for
cwPE to dD = 15.8 MPa 05 with Ro= 10.2 MPa 05 by keeping Dp,
dH = 0 MPa05 yields in a meaningful correlation of DT to RED.
The question appears: why dD for this cwPE appears to be
significantly lower than reported for regular types of PE ( dD =
18 MPa 0·5 for HDPE or LDPE dD = 17.6 MPa^0.5)
?85
The trend to lower dD is also found for isoalkanes in
comparison to their n-derivates. Hence, for a highly short-chain

10 20 30 40 50 60 70 80

10 20 30 40 50 60

5 min

70 80

Reduced retention time [min]

Figure 3. ThFFF fractograms ( dRl) of seven cwPE samples with
different molar masses and topologies, shown in dependency to the
reduced retention time (stop-flow time subtracted). The separations
shown in (A) to (D) were performed with a flow rate of 0.2 mL min- 1
and the separations shown in (E) with 0.3 mL min-1.
14826

https://dx.doi.org/1 0.1 021 /acs.analchem.0c03686
Anal. Chem. 2020, 92, 14822-14829

103

Publications

Analytical Chemistry
branched material such as cwPE, the same trend is assumed. A
shift of dp and dH, away from O MPa^0.5,
does not yield a better
correlation. Some hydrocarbon materials such as polyisobutylene (PIB) are in fact reported with dp and dH deviating from 0
MPa0·5 . However, in contrast to PIB, cwPE does not contain
quaternary carbon atoms and therefore a deviation of dp and
dH from O is not justified. In this context, discrepancies are to
be considered if HSP values are used to describe either
solubility or chemical resistance ( in terms of permeation) .2 3
Considering the validity of the empirical adjustment of Ro
for cwPE as justified above, the hypothesis appears to be
correct for PE. However, correlations of reported experimental
data for PS and PMMA indicate no distinct trend of
normalized DT to RED and show that the hypothesis stated
above may not be generic. Additional studies have to be
performed in the future to understand the correlation between
DT and solubility in general. Among other potential
contributions, the influence of intramolecular chemical
heterogeneity should be investigated. The impact of such
contributions is indicated in a previous study by Smith et al.,
who reported similar high thermal diffusion for silylated
aromatic-aliphatic polyesters despite different physicochemical
solvent properties. 10
Evaluation of Polymer Segmental Blob Size from
Experimental DT, In the previous section, we indicated that
the Mes DT model is suitable to predict DT in high and
improved accuracy with the help of HSP and segmental sizes
for a particular polymer from the Kuhn length or related
segment size. Based on our theoretical reconsiderations, we
aim to validate the DT for the prediction of polymer segment
length as indicators for the molecular chain stiffness or
branching density directly from thermophoretic data. In this
context, the juxtaposition of the segmental dimensions defined
by various polymer models needs to be evaluated. Depending
on the polymer model, this could either be the Kuhn length or
a related segment length as stated earlier64 or a blob size like a
thermal blob as defined by de Gennes 86 with the Flory
theory. 59 The thermal blob in a polymer chain may become
theoretically equal to the Kuhn segment length for a polymer
depending on the solvent conditions. So far, we consider this
local size information as a thermophoretically effective blob
size.
The reverse application of the Mes DT model reveals in fact
on one hand a dependency of the polymer blob size to the
solvent quality as illustrated in Figure 5 and on the other hand
a dependency on the polymer topology since branching
influences strongly the chain stiffness,7 8 which is expressed
here in the number of long-chain branches per 1000
monomers (LCB).
Increasing blob diameters were found in good solvents such
as CHX, MST, and ALK, whereas in CLF, the blob diameter
remains almost constant. This is in agreement with the theory
because, with increasing branching (i.e., LCB ), the stiffness of
the polymer should increase due to an increasing steric
hindrance. In a thermodynamically good solvent, the solvent is
freely draining into the polymer coil. Contrarily, in a poor
solvent, the polymer coil is in a collapsed state with reduced
interaction with the solvent and thus the blob diameter does
not significantly change with LCB. A similar or even reverse
trend may be observed for THF. Yet, the yielded blob diameter
for THF may represent here only a lower limit of its actual size
because DT data from ThFFF are not fully resolved due to the
poor retention. The blob diameter found for cwPE in ALK and

cwPE

10

I

5

E
0

THF-<

1

•• ALK

1

3

14 16 18 20

LCB

Figure 5. Calculated thermophoretically effective blob diameters from
experimental DT by reverse application of the Mes DT model
combined with the Hansen solubility theory. The values for HDPE
(NIST SRM 1484) were calculated based on reported literature
ThFFF retention data41 •42 and literature radii data for the estimation
of D. 87' 88 *, calculated with DT at the mean layer temperature; **,
calculated to 25 °C with the help of hs(T). The hashed regions
indicate the error bars of the LCB values. The abbreviations of the
solvents are listed with their full name in Table 1.

DEC as well as the retraced values for HDPE from literature
retention41 ' 42 and scaling data 87' 88 (transformed to 25 °C for
comparison) in ODBC and TCE are in close agreement to the
segment lengths reported for short-chain branched (SCB) PE.
For SCB-PE, a persistence length ranging from 0.9 nm for high
numbers of SCB to 0.6 nm for non-branched PE chains is
reported. 89 Furthermore, the blob diameter of the cwPE with
higher LCB is in agreement to the blob size of cwPE material
originated from the same synthesis approach of about 8-10
nm found by atomic force microscopy (AFM) and SANS and
corresponding to a bottlebrush-like conformation with a large
thickness. 78
With regard to HT-ThFFF of regular polyolefins, a
separation according to branching may most efficiently be
performed in solutions of higher n-alkanes. Previously reported
HT- ThFFF separations were carried out in medium solvents
for PE at higher temperatures with ODBC (RED = 0.65 at 102
°C) and TCE (RED= 0.54 at 114 °C), which is in comparable
distance like CLF (RED = 0.63 and 0.64 at 102 and 114 °C).
Therefore, the branching selectivity in the separation may be
similarly low like in CLF, as shown in Figure 3 due to the
hindered drainage as stated in Figure 5. A branching separation
is not reported in these investigations, and in early reports,
branching was assumed to have no effect on DT.90With the
latest investigations in this regard, 9 - 11 it can be concluded that
this is only true for specific polymer solvent pairings and only
the independence of M on DT is found to be generic.
The correlation of thermal diffusion to the thermodynamic
solvent quality discussed above is in certain aspects in
agreement to Kohler et al. They concluded that mainly the
Kuhn segments from the thin draining outer layer take part in
the thermophoretic motion. 91 However, with regard to the
found variety of blob sizes depending on polymer architecture
and solvent quality, their conclusion may be reevaluated to
which the depth of the polymer coil its segments contributes to
the polymer's DT.

CONCLUSIONS
In this study, we show that, on the basis of the Hansen
solubility theory, the predictive power of thermophoretic
behavior by the Mes DT prediction model is improved when
the temperature dependency of the solubility is derived from
14827
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physical data and the segmental radius of the polymer is
approximated by polymer chain models. However, uncertainties remain in the Mes DT model since it is based on solubility
and polymer scaling models with intrinsic generalizations and
assumptions. In future studies, the influence of i.a. nonconstant
Xs or electrostatic interactions 92 on the accuracy of predicted
DT can be tested. For concentrated polymer solutions, in fact a
significant dependency of XSto temperature was experimentally
found. 93
Taking the improved DT prediction as a basis, a direct
correlation of the thermal diffusion to the solvent quality has
been found for a polymer model system of chain walking
polyethylene ( cwPE) in different topologies. By reverse
application of the Mes DT model, we calculated polymer
segmental or blob sizes from experimental DT. These
thermophoretically effective blob sizes are found to be in
reasonable agreement with the persistence length of shortchain branched polyethylenes 8 for linear samples and
maximum blob sizes for higher branched samples in the
range of blob sizes estimated in previous studies. 8 With this
approach, thus we demonstrate that the local stiffness of a
polymer can be approximated by DT measurements.
In addition, we demonstrated for cwPE that the Hansen
solubility theory can be also applied empirically without
elaborate calculations to find suitable solvents for ThFFF
separations. However, future studies are needed to find a valid
approach for polymers in general and to understand the effects
governing their ThFFF separation behavior. With regard to the
application of ThFFF as a branching characterization method
of regular polyolefins, i.e., in high-temperature regime, higher
alkanes are found as preferential candidates for highly selective
separations yielding superior retention.
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1. Calculation details to section 2.1. in the main article

Table SI Calculation details to section 2.1. in the main article with numerical values of DT illustratedin Figure 1 of
the main article. The calculation was done with the data values given in Table 1 in the main article.
Polymer Solvent

PS

(T)
h (T) T[mPa
s]
[cm³ mol-1]
[°C]

Vm

XH

dXH
dT

d²XH
dT 2

[cm2 (s K)-1]

DT,exp

Ref.

DT, predict.

d DT,pred.

· [cm2 (s K)-1] to

Dr, exp

7.549E-08

[%]
30

2

6.028E-08

-9

l.050E-07

1,3,4

8.739E-08

-17

CLF

0.551

23.0

81.61

0.503

3.088E-04

3.799E-05

5.800E-08

CHX

0.925

23.0

108.60

1.964

-2.785E-03

7.249E-05

6.600E-08

THF

0.446

30.0

82.15

0.304

l.725E-03

2.440E-05

DOX

1.149

27.0

85.70

0.721

-4.917E-04

3.507E-05

4.200E-08

5,6

2.950E-08

-30

TOL

0.521

30.0

106.95

1.230

-3.310E-03

5.l 90E-05

l.030E-07 6-8

6.276E-08

-39

MEK

0.372

30.0

90.10

0.326

3.217E-03

2.350E-05

l .670E-07 6,9

l .309E-07

-22

ETA

0.437

23.0

98.52

0.593

3.765E-03

3.235E-05

l.310E-07

1,5

l.372E-07

5

DMA

0.878

30.0

93.51

0.176

l.343E-03

l.584E-05

3.760E-08

*

3.061E-08

-19

ODBC 0.573

102.0

121.52

0.316

-7.709E-04

1.240E-05

2.560E-08

10

2.41 0E-08

-6

DHN

1.142

89.8

166.12

2.201

-5.841E-03

4.491E-05

2.590E-08

11

l.738E-08

-33

EB

0.628
0.545

123.17
124.68

1.717
1.673

-4.047E-03
-3.325E-03

6.271 E-05
5.838E-05

-33
-20

137.26

1.308

-2.423E-03

3.401 E-05

8.935E-08 12
9.655E-08 6
l .396E-07 13

6.006E-08
7.763E-08

0.257

25.8
37.7
122.1

l .564E-07

12

THF

0.425

35.0

81.66

0.632

l.413E-05

2.397E-05

1.270E-07 3

7.642E-08

-40

MEK

0.354

35.0

90.10

0.557

l .583E-03

l .799E-05

l .870E-07 3

l .078E-07

-42

ACT

0.281

35.0

73.96

0.457

2.088E-03

2.222E-05

2.160E-07 3

l.716E-07

-21

THF

0.435

32.5

82.40

0.378

1.671E-03

2.579E-05

9.388E-08

4

9.338E-08

-1

syndio. THF
atactic
isotactic

0.461
0.459
0.457

26.5
27.0
27.3

81.81
81.81
81.86

0.368
0.368
0.368

1.523E-03
l.645E-03
l.530E-03

3. l 85E-05
2.707E-05
2.562E-05

l .212E-07
l.042E-07
9.00lE-08

14
14
14

1.141 E-07
l.021E-07
7.724E-08

-6
-2
-14

syndio. DOX
atactic
isotactic

1.162
1.154
1.144

26.4
26.8
27.3

85.80
85.89
85.98

0.806
0.805
0.805

-l.008E-03
-7.23 lE-04
-8.082E-04

4.481E-05
3.864E-05
3.698E-05

5.131E-08
4.379E-08
3.679E-08

14
14
14

4.094E-08
3.606E-08
2.721E-08

-20
-18
-26

syndio. ACN
atactic
isotactic

0.341
0.338
0.336

26.3
27.5
27.9

52.96
53.03
53.07

0.563
0.564
0.564

l.149E-03
l .102E-03
9.993E-04

2.719E-05
2.599E-05
2.541 E-05

l.842E-07
1.051E-07
9.211 E-08

14
14
14

l.277E-07
l.220E-07
9.429E-08

-31
16
2

DMA

0.821

35.4

94.01

0.298

9.638E-04

8.076E-06

2.421 E-08

14

2.273E-08

-6

THF

0.468

25.0

81.66

0.458

4.65 lE-04

1.980E-05

4.900E-08

3

5.107E-08

4

MEK

0.391

25.0

90.10

0.307

1.676E-03

l.345E-05

1.01 0E-07

3

6.575E-08

-35

ACT

0.309

25.0

73.96

0.252

l.966E-03

l.806E-05

l.l 90E-07

3

l.052E-07

-12

THF

0.407

39.8

83.13

0.442

4.183E-04

l .92627E-05

5.625E-08 4

7.276E-08

29

PMA

PMMA

PBA

PI

*own experiments, from ThFFF data given below
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Figure S1 ThFFF fractogram of NIST 706a broad polystyrene (PS) standard and an industrial poly(methyl methacrylate) (PMMA) sample from extruded Plexiglas® by Röhm GmbH, Germany, both measured in N,N-dimethylacetamide
(DMAc) at constant dT = 85 K (Tc= 23.5 °C) and with a stop-flow time of 5 min. The void time (incl. stop-flow) is 12.36
mm.
Table S2 Summary of the ThFFF-MALS-dRI analysis given in Fig. Sl

PS

Mn [10 g mol-

1.36 ± 0.04

Mw [10 5 g mol- 1]

2.85 ± 0.1

2.37 ± 0.07

Mz [10 5 g mol- 1]

4.9 ± 0.3

3.7 ± 0.2

f)

1.99 ± 0.04

1.74 ± 0.05

A

E
Cl

PMMA

1.43 ± 0.04

5

1]

B

3.5E-7

PS
PMMA

3.0E-7
.,,

2.5E-7
2.0E-7

9.2

---t

9.1

+25

-- -

10.7

30

35
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Temperature [ C]
0

50
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0

Figure S2 Translational diffusion coefficients (A) and hydrodynamic radii (B) of PS and PMMA, both measured in
DMAc in a concentration of ca. 2 g L-1 by dynamic light scattering in batch. The measurements were done with a
DynaPro® Nanostar® DLS by Wyatt Technology Corp., USA.
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2. Summary to the cw PE polymer model library
The chain walking polymerized polyethylenes used in this work were synthesized with a-diimine palladium
catalyst ( [(N, N' -bis(2,6-diisopropylphenyl)-2,3-dimethyl-1,4-diazabutane )Pd(CH2)3COOCH3] [BArF4]
(ArF=3,5-bis-(trifluoromethyl)phenyl)) as described previously 15- 17 based on the synthesis approach of
Brookhart et al. 18 with the conditions shown in Table S2. All samples contain 200 branches per 1000 ethylene
monomers according to 1H NMR analysis but differ in topology mainly influenced by ethene pressure 19 •
Table S3 Synthesis conditions and main average characteristics of the investigated short chain branched cwPEs found
by high temperature size exclusion chromatography with a four-fold online detection system: multi-angle light scattering, DLS, viscometry and dRI (HT-SEC-D4) in 1,2,4-trichlorobenzene at 150 °C. The experimental details to the
HT-SEC-D4 analysis is reported elsewhere. 16•17 •20 VR is the scaling exponent from the double logarithmic RG - M conformation plot, g is the gyration radius contraction factor, indices: w weight average moment, z centrifugal average
moment.
Average results found by HT-SEC-D4

Synthesis conditions
Sample p I bar
hbl

0.14

hb2
bl

0.09
4

b2
sb

2
2

linl
lin2

8
8

TI °C

35
0

Reaction
time I h
24
24
20

0
0
10

20
20

0
10

20
20

Mw/
kg mol-1

RG,z /nm

VR

gz

LCBw

230 ± 6
161 ± 2

15.8 ± 0.3
12.9 ± 0.2

0.56 ± 0.3
0.45 to 1.15*

0.22 ± 0.01

18.8 ± 2.2

0.27 ± 0.01

14.3 ± 1.4

140 ± 3
136 ± 2
313 ± 8

16.6 ± 0.4
16.3 ± 0.2
25.4 ± 0.5

0.60 ± 0.09
0.65 ± 0.08

2.7 ± 0.3
3.2 ± 0.4
1.5 ± 0.1

175.4 ± 0.5

18.5 ± 0.2

0.47 to 0.73*
0.53 ± 0.02

0.55 ± 0.03
0.55 ± 0.01
0.49 ± 0.02
0.53 ± 0.01

2.2 ± 0.1

384 ± 7

30.4 ± 0.3

0.35 to 0. 74*

0.54 ± 0.01

1.1 ± 0.4

Pd catalyst 10 µmo!, chlorobenzene 30 mL, a absoluteethene pressure
*) dependent on the molar mass
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3. Purification and analysis of paraffin oil used as eluent (ALK)
Table S4 Report of the GC-MS analysis given
in Figure S 1.
Peak
2
3
4
5
6
7
8
9
10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

tR

[min]
5.18
5.30
5.70
5.81
6.02
6.13
6.26
6.36
6.41
6.48
6.79
6.91
7.04
7.11
7.20
7.26
7.33
7.39
7.44
7.51
7.56
7.61
7.64
7.70
7.74
7.82
7.84
7.92
7.98
8.01
8.17
8.27
8.34
8.46
8.57
8.61
8.65
8.82
8.87
8.92
9.01
9.40
9.55
10.58

Amount
[%]
0.39
0.22
0.85
0.70
0.85
2.57
1.34
1.69
0.73
3.79
20.8
2.09
2.87
1.37
2.50
2.11
0.91
1.41
0.93
1.14
2.34
1.81
0.94
1.76
0.79
1.32
0.71
1.56
1.20
1.57
13.t
0.86
1.95
1.02
1.53
0.80
1.04
1.01
0.81
0.95
0.70
3.21
0.32
0.28

Counts

Identified compound
n-Nonane
1,2,3-Trimethylcyclohexane
2,6-Dimethyloctane
l-ethyl-2,3-dimethylcyclohexane
1.2-Dimethylcyclooctane
4-Methylnonane
3-Methylnonane
2-methylnonane
I-Elhyl-2,3-dimethy lcyclohexane
1-Methyl-2-propylcyclohexane
n-Decane
pentylcyclopentane
4-Methyldecane
1-Methylpropylcyclohexane
Butylcyclohexane
3-Melhyldecane
1-Butylcyclohexane
1-Ethyl-2,2,6-trimethylcyclohexane
Trimethylcyclohexanes (mix)
5-Methyldecane
trans-Decalin
2-Methyldecane
1,2-Dipropylcyclopentane
Cyclodecane
l-Ethyl-2-propylcyclohexane
2-Methylbutylcyclohexane
1,2-Diethyl-3-methylcyc lohexane
I-Ethyl-3-methylcyclohexane
I-Methyl-2-pentylcyclohexane
Trimethylcyclohexanes (mixture)
n-Undecane
1-Penty lcyclohexene
2,6-Dimethyldecane
3, 7-Dimethyldecane
2-Methyldecalin (cis/trans mixture)
Pentylcyclohexane
Heptylcyclopentane
2,7-Dimethylundecane
4-Methylundecane
2-Methylundecane
3-Methylundecane
n-Dodecane
2,6-Dimethylundecane
n-Tridecane

0

rn

rn

rn

0

rn

rn

rn

rn

0

0

0

0

0

0

0

+

+

+

+

N
N

+

+

+

N

N

0

N
_
N

N

!=::>

Figure S3 Py-GC/MS chromatogram of redistilled
paraffin oil used for ThFFF separations in this study.

Py-GC/MS was performed with a modular system composed of a pyrolyzer Pyroprobe 5000 (CDS Analytical Inc., USA) with a platinum filament, a gas chromatograph GC7890A (Agilent Technologies, USA) with
a HP-5MS-clumn (nonpolar, 30 m x 250 µm x 0.25 µm) and a mass spectrometer MSD 5975 CD inert XL
EI/CD (EI at 70 eV, mass scan range 15-550 m/z, Agilent Technologies, USA). 0.2 mL paraffin oil were
injected. For the flash pyrolysis, the interface CDS 1500 at 280 °C and a pyrolysis temperature at 600 °C
(isotherm for 10 s) was used. The inlet temperature during gas chromatography was 280 °C and the oven
temperature was first maintained isothermally at 50 °C for 2 min, increased to 280 °C with a gradient of 12
K min- 1 and finally isothermally held at 280 °C for 10 min.
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Figure S4 1H NMR spectrum of the paraffin oil (ALK) used as eluent in ThFFF separations. Signals of then-, iso, and
alkyl-cycloalkanes are found. The content of aromatic compounds (e.g., Mesitylene) is found to be less than 0.2 mol%. The spectrum was recorded with a Bruker Avance III spectrometer operating at 500.13 MHz using the standard
pulse programs included in the Bruker Topspin 3.2 software package. Deuterated chloroform was used as solvent,
lock, and internal standard [d(1H) 7.27 ppm].

Purification

Two liter of Paraffin-based lamp oil (favorit® Lampenöl klar) as purchased from Alschu-Chemie GmbH,
Germany and fractionated via column distillation over a thermally insulated Vigreux fractional column
(length 40 cm) and with partial reflux under vacuum (8 mbar). About 250 mL were first fractionated from
the raw lamp oil in the pot as foreshots, before about 600 mL of the main (body) fraction was collected,
which was used then as the eluent ALK in the ThFFF separations. The main fraction condensed at a temperature of 57-64 °C at about 8 mbar (corresponds to a boiling point of 187 - 196 °C at 1 atm).
Further characterization

Viscosity measurements were performed with a LOVIS 2000 M rolling-ball viscometer (capillary þÿ#1.59
mm, ball þÿ#1.5 mm, calibrated with toluene) in the temperature range between 20 and 60 °C. Densities for
the calculation of dynamic viscosities were measured in the same capillary by thermal expansion
measurements of an exactly balanced amount of purified ALK. The determined dynamic viscosities for
ALK within 20 - 60 °Care found to closely match h(T) literature data ofn-undecane. 21
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4. Translational diffusion coefficients measured by temperature dependent DLS
Table S5 Summarized translational diffusion coefficients measured by temperature-dependent DLS
T

[°C]

D [10 7 cm 2 s-1]

hbl

hb2

20
25
30
35
40
45

4.51±0.06
4.88±0.10
5.26±0.09
5.63±0.09
6.03±0.07
6.43±0.04

20
25
30
35
40
45
50
60

2.67±0.10
2.78±0.14
3.14±0.09
3.29±0.06
3.58±0.10

2.71±0.14
2.95±0.26
3.22±0.44
3.29±0.57
3.72±0.22

4.56±0.09

4.50±0.49

20
25
30
35
40
45
50
60

1.73±0.02
1.80±0.03
2.03±0.03
2.25±0.03
2.49±0.03
2.73±0.02
3.00±0.02
3.59±0.01

20
25
30
35
40
60

2.64±0.12
2.91±0.20
3.19±0.26
3.48±0.31
3.74±0.30
4.94±0.85

20
25
30
35
40
45

1.40±0.05
1.53±0.05
1.66± 0.11
1.80±0.09
1.95±0.11
2.11±0.06

4.02±0.06
4.50±0.06
5.03±0.22
5.51±0.09
5.93±0.08
6.07±0.09

bl

1.89±0.03
2.06±0.03
2.27±0.04
2.52±0.04
2.73±0.04
3.01 ±0.03
3.30±0.05
3.90±0.03

4.36±0.16
4.77±0.47
5.35±0.25
6.00±0.37
6.64±0.30
7.17±0.40

1.77±0.01
1.97±0.02
2.18±0.02
2.40±0.02
2.63±0.01
2.88±0.02
3.14±0.02
3.72±0.02
2.45±0.19
2.66±0.53
2.88±0.56
3.10±0.05
3.33±0.30

1.17±0.10
1.30±0.08
1.45±0.17
1.59±0.14
1.75±0.16
1.93±0.16

1.38±0.09
1.54±0.04
1.71 ±0.07
1.89±0.06
2.07±0.04
2.27±0.11

b2
Tetrahydrofuran

Chloroform

sb

linl

lin2

3.60±0.08
3.88±0.07
4.31±0.10
4.78±0.07
5.12±0.10
5.74±0.11

2.27±0.03
2.41±0.02
2.57±0.02
2.72±0.02
2.89±0.02
3.05±0.03

1.94±0.08
2.15±0.09
2.34±0.05
2.56±0.03
2.67±0.15

1.45±0.10
1.54±0.12
1.64±0.11
1.77±0.12
1.93±0.09
2.08±0.11
2.27±0.16

3.41±0.10
Cyclohexane 211
1.80±0.01
1.99±0.04
2.22±0.01
2.44± 0.01
2.68±0.01
2.93±0.01
3.19±0.02
3.75±0.01
Mesitylene

Paraffin oil
1.48±0.05
1.63±0.14
1.79± 0.21
1.96±0.11
2.14±0.08
2.34±0.07

1.28±0.00
1.41±0.02
1.58±0.00
1.73±0.01
1.89±0.01
2.06±0.01
2.25±0.01
2.65±0.02

1.60±0.02
1.76± 0.03
1.95±0.03
2.15±0.03
2.36±0.03
2.59±0.02
2.83 ± 0.02
3.34± 0.03

1.82±0.05
1.97±0.10
2.13±0.29
2.27±0.31
2.44±0.27
2.62±0.37
1.23±0.01
1.36±0.02
1.49±0.01
1.62±0.01
1.76±0.01
1.92±0.01

1.16±0.00
1.28±0.01
1.41 ±0.01
1.55±0.01
1.69±0.01
1.83±0.02
2.02±0.01
2.38±0.02
1.66±0.07
1.79±0.07
1.92±0.07
2.06±0.09
2.18±0.10
2.32±0.22

1.58± 0.01
1.71 ±0.02
1.85 ± 0.01
2.04±0.02
2.22±0.03
2.40± 0.01

0.94±0.01
1.03±0.02
1.13±0.01
1.23±0.01
1.34±0.03
1.44±0.04

Temperature dependent dynamic light scattering (DLS) experiments were performed in batch mode with a
DynaPro® NanoStar® instrument þÿ ( L a s e r , 658
» =nm) by Wyatt Technology Corporation, USA using a 1.25 µl
quartz cuvette (total volume approximately 1 mL). In all experiments, the cuvette was completely filled with
ca. 0.8 mL sample solution to avoid cavities, containing 1 mg

mL- 1 of polymer and filtered through a 0.45 µm

PTFE syringe filter (Carl Roth, Germany). The cuvette was sealed with an affiliated PTFE lid to prevent evaporation of solvent. The data analysis was done with the software Dynamics® by Wyatt Technology Corporation,
USA, version 7.9.0.5.
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5. ThFFF separation of the linear cwPE sample in ALK and DEC

40 K
0

= 5 min

1
0

10

20 30 40 50 60 70
Reduced retention time [min]

80

90

Figure S5 ThFFF fractograms of the linear cwPE sample lin2 shown in dependency to the reduced retention time
(stop-flow time subtracted). The separations were performed in equal conditions (see section 3, SI) for n-decane (DEC)
and to paraffin oil (ALK) at a flow rate of 0.3 ml min- 1 and with a stop-flow time of tau5 =min.

6. Numeric values of Figure 4 and 5 illustrated in the main article
Table S6 Numeric values for the plot given in Figure 4 of the main article.
RED calculated with

dD

Solvent

=

dD

17.6 MPa05

=

h(T) DT
15.8 MPa0 ·5

Ro= 10.4 MPa0·5

Ro= 10.2 MPa0·5

[10 10 g cm (s 2 K)-1]

Cyclohexane

0.178

0.178

2.63 ± 0.46

Mesitylene

0.114

0.439

1.44 ± 0.22

n-Decane

0.373

0.020

6.03 ± 0.99

Paraffin oil

0.314

0.040

5.29 ± 0.64

Chloroform

0.637

0.747

0.74 ± 0.11

Tetrahydrofuran

0.976

0.983

0.32 ± 0.25

Table S7 Numeric values for the plot given in Figure 5 of the main article.
LCB

bl
b2
sb
linl
1in2

18.8±2.2
14.3± 1.4
2.7±0.3
3.2 ± 0.4
1.5±0.1
2.2±0.1
1.1 ±0.4

HOPE

0.4±0.3

hbl
hb2

CLF

CHX

THF

4.9± 1.0

8.4 ± 2.3
6.4 ± 1.7
2.4 ± 0.3
2.5 ± 0.4
2.3 ± 0.3
1.8 ± 0.3
1.7 ± 0.3

5±3
9±9
4±2

4.2±0.8
3.2±0.6
4.0±0.6

5±2
9±3

blob diameter [nm]
MST
ALK
8.3 ± 2.1 1.27
1.52
1.9 ± 0.4 0.99
1.02
1.8 ± 0.4 0.77
0.82
1.3 ± 0.2 0.77

±
±
±
±
±
±
±

DEC

ODBC

TCE

0.20
0.23
0.09
0.17
0.06
0.06
0.06 0.61 ± 0.08

at mean layer temperature ( 102 °C; 114 °C) 1.02 ± 0.15 0.91 ± 0.14
transformed to 25 °C 0.64 ± 0.10 0.56 ± 0.08
a measured by HT-SEC-D4 in 1,2,4-trichlorobenzene, experimental conditions as reported earlier 16
a
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ABSTRACT: Thermal field-flow fractionation (ThFFF) was used to character.
0.2
0
Cyclic
ize the architecture of aromatic-aliphatic polyesters with varying degrees of
branching. Thermal diffusion and Soret coefficients (DT and ST, respectively)
provide a novel route to polymer architecture analysis. This paper demonstrates
Linear
an innovative strategy to extract architecture information from the
o.o
physicochemical separation parameters embedded in ThFFF retention times
-0 .1
without explicit separation of linear and branched samples. A Soret contraction g
factor (g"), defined as the ratio of the ST of a branched polymer to the ST of a
molecular weight equivalent linear analogue, is introduced as a metric to indicate
-0 .3
degree of branching (DB). This approach circumvents several challenges
associated with the analysis of high molar mass polymers with a high degree of
0
20
40
60
80
100
branching. The g" value is shown to be proportional to the degree of branching
Degree of Branching (DB)
for linear (DB, 0%), gradually branched (DB, <50%), hyperbranched (DB, 50%),
and pseudodendritic (DB, 100%) polyesters allowing the establishment of
architecture calibration curves. Furthermore, positive log(g") values (~0.2) at low molar mass are attributed to cyclic
subpopulations. This work demonstrates the usefulness of the Soret contraction factor for statistically and hyperbranched
polymer systems and its sensitivity to cyclic polymers.

H

yperbranched (hb) polymers are a class of branched
polymers where the branching repeat units have a
possibility of secondary branching leading to random and
highly dense polymer structures. The commercialization of hb
polyesters is driven by the low production cost, the industrial
scalability, and relatively easy "one-pot" synthesis. 1 However,
this process often leads to polymers which have distributions
both in molecular weight (Mw) and degree of branching (DB),
both of which strongly influence the polymer's rheological and
solution behavior, processability, and end product performance.2- 4 Measurement of hb polymer molecular weight is
typically done by a combination of size exclusion chromatography (SEC) with online viscometry or multiangle light
scattering (MALS) detection. 5 While this approach works for
low Mw hb polymers, in some cases, hb polymers with high Mw
can experience enthalpic and physical interactions with the
stationary phase that may cause abnormal elution behavior
leading to inaccuracy in the measured Mw and dispersity. 6 Ideal
separations in SEC are based solely on entropic considerations;
therefore, the solvent and column chemistries are chosen
explicitly to mitigate any complications from undesirable
analyte-column interactions. Adsorption phenomena have
however been exploited for branching characterization and
separations using solvent gradient interaction chromatography

V
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(SGIC), liquid chromatography at critical conditions (LCCC),
and temperature gradient interaction chromatography
(TGIC) ,7 where conditions and columns are chosen
specifically to tune the strength of analyte-column interactions. In this regard, LCCC has proven to be useful in the
separation of branched, linear, and cyclic polymers, though
there is some discrepancy between theoretical prediction and
experimental retention behavior. 8 High-resolution 2D-SGICSEC has also been used to determine both branching and
molar mass for linear and branched polymer blends. 9 However,
strong enthalpic interactions of hyperbranched polyesters with
high molar masses (>50 kDa) can lead to significant
adsorption causing poor sample recovery and can convolute
retention volume branching correlations. 10 The average degree
of branching is commonly determined using ensemble
techniques like NMR. 11 Similarly, the rheological properties
of polymers can be correlated to the overall average branching
in a polymer sample allowing linear and branched architectures
to be differentiated. 12' 13 While these ensemble techniques
provide an average value for the degree of branching, they do
Received: June 11, 2019
Accepted: September 6, 2019
Published: September 6, 2019
DOI: 10.1021/acs.analchem.9b02664
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not yield the distribution. 14 A method able to identify the
degree of branching, number of branches or chain ends, and
their distributions is imperative to understanding the
structure-function relationships and behavior of these
complex polymers.
Typical analyses of macromolecules emphasize the measurement of properties like molar mass and "size", and the latter is
given by an equivalent spherical radius. Correlation of the
volume a polymer occupies in dilute solution with the mass
and/ or geometric radius can provide valuable information on
polymer conformation. Further comparison of the conformational state with that of a molar mass equivalent linear
analogue helps to illuminate polymer architecture. One of the
foremost of these relations is the light scattering contraction
factor (g) whose definition is shown in eq 1:

g=

Soret coefficients of the corresponding linear polymer based on
a predictive model of thermal diffusion. A ratio of ST values
defines the Soret contraction factor (g"). 25
g

=

ST Branched
ST Linear

(2)

As ST contains information about the hydrodynamic size of a
polymer, via D, a ratio of branched and linear polymer ST
values can perform a similar function to viscornetric- and light
scattering-based contraction factors. The original work
investigated polymers with regular branching (linear, star,
porn-porn) and demonstrated that the number of chain ends
could be determined via the construction of a calibration curve
which was independent of polymer chemical composition. This
principle was later applied to investigate bottle-brush polymers
with variations in backbone and side-chain lengths. 26 Recent
application of this analysis to linear and star polystyrene
illustrated how the thermodynamic quality of the solvent may
cause deviation in the estimation of chain ends. 27 It should be
noted that g" is an empirical relationship and a fully
quantitative relation to various types of branching has yet to
be established. To the best of our knowledge, this approach has
only been applied to polymers with regular branching
topologies.
The objective of this current study is to investigate the
potential of the Soret contraction (g") to characterize
hyperbranched polymers with random or statistical branching
and not to develop an architecture-based separation. This
study focuses on the determination of ST values from ThFFF
retention times and their use in conjunction with MALS and
dynamic light scattering (DLS) to simultaneously determine
distributions in Mw and DB for hyperbranched and
pseudodendrirneric polymers. Accordingly, the ThFFF retention behavior of a series of aromatic-aliphatic polyesters with
controlled DB of 100, 50, 32, 22, 12, 8, and 0% was
investigated. Three approaches that utilized thermal diffusion
coefficients DT hydrodynamic conformation plots, and Soret
contraction factors for architecture characterization were
evaluated and compared.

(Rg Branched)2
(Rg Linear)2

,,

( 1)

where Rg is the radius of gyration. 15 From this proportion, a
reasonable estimate of branching can be made using the
Zirnrn-Stockrnayer forrnalisrn. 16 Determination of g requires a
polymer to have a sufficiently large size (larger than
MALS wavelength) so t h at
· d fjrorn t h e ]'1gh t
can b e d eterrnme
~ so

scattering angular dependence with reasonable accuracy. 17 For
this reason, hb polymers of low molar mass have been carried
out via the coupling of separations methods to viscornetry. 18
Following a similar process as above, a viscornetric contraction
factor (g') can be determined and has been shown to be
effective for determining branching in polymers with regular
architecture. 19 Recent studies have looked into the universality
of the relation20' 21 between g' and gin order to understand the
difficulty of this method for quantifying random or statistical
branching. 22 In order to address the problems associated with
column-based chromatography techniques and light scattering
detection limits, an additional technique for branching analysis
must be introduced.
Thermal field-flow fractionation (ThFFF) is a separation
technique that has been developed for the characterization of
both polymer molar mass and composition. 23 Thermal FFF
utilizes a temperature gradient to induce the migration of
molecules (usually) toward regions of lower temperature. The
magnitude of this thermal diffusion is dependent on the
chemistry of the polymer-solvent interface; this flux is
balanced by molecules undergoing translational diffusion in
the opposite direction. The ratio of the thermal diffusion
coefficient DT to the translational diffusion coefficient D is
termed the Sor et coefficient or ST. 24 The ST is conveniently
directly proportional to the measured ThFFF retention time
( as discussed further in the Experimental Section). As an
alternative to traditional chromatography, ThFFF provides
several benefits due to its open channel design and absence of
packing material. These benefits include a high molar mass
range as well as limited sample loss and degradation. These
problems are especially relevant in the architecture characterization of high molar mass polymer where chromatography
stationary-phase induced shear degradation and adsorption are
commonplace. Recently, a new approach to architecture
characterization has been introduced based on first-principles
of the ThFFF separation rnechanisrn. 25 This work compared
experimentally measured Soret coefficients (ST) for regularly
branched star and rniktoarm star polymers with theoretical

EXPERIMENTAL SECTION
Materials. Polyesters with DB from O to 50% were
prepared via an ABB*/AB 2 polycondensation of 4,4-bis( 4' hydroxyphenyl) valeric acid (AB 2) with a tert-butyldirnethylsilyl protected version of the monomer (ABB*) as previously
described. 28 The ABB*/AB 2 ratio dictates the degree of
branching of the resultant polymer. These samples are referred
to as SY-0, -8, -12, -22, -32, and -50 to denote the presence of
the silyl group (SY) and the nominal DB. The SY-100 sample
was produced following a postrnodification process where the
OH-50 (analogue to SY-50 but with OH end groups for
further modification) sample was reacted with additional AB* 2
monomer with two silyl groups. 29 This replaced any remaining
linear regions that are statistically present in the hyperbranched
sample with an AB* 2 terminal chain creating a pseudodendrirner. The final structure had two distinct chemistries, polar
ester groups providing linear or dendritic linkage and nonpolar
silyl pendant groups (Scheme 1). Molecular weights and PDI
from SEC-MALS analysis are summarized in Table 1.
Experimental details to the SEC analysis are given in the
Supporting Information. Solubility of the polymers was
investigated in several solvents. Tetrahydrofuran (THF) and
12345
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to be 0.1550 mL/g in THF (in agreement to previous
studies 20•28 ) and 0.1435 in CH following a standard batch
method (Figure Sl ). No significant dependence of dn/dc on
degree of branching had been observed; therefore, average
values were used for all samples. The ThFFF channel had
dimensions of 250 µm in thickness, 2.0 cm in breadth, and
45.6 cm in length. The carrier liquid in all experiments was CH
or THF pumped through the channel at 0.2 mL/min. Samples
were introduced into the system by a PN 5300 autosampler
(Postnova Analytics) with a 102.5 µL sample loop. All SY
samples were prepared at ~3-5 mg/mL, and the injected
volume was ~SO µL; the total mass of sample was below the
average sample overloading mass of 400 µg as determined by
an overloading study. 30 The void time was 11.04 min.
Temperature dependent dynamic light scattering (DLS)
studies were performed using a Wyatt DynaPro Nanostar
(Wyatt Technology Corporation, Santa Barbara, CA) at 5 °C
intervals from 20 to 50 °C for THF and from 20 to 60 °C in
CH (Figure S2). Each temperature step was 17 min to ensure
adequate equilibration time; data was taken for a 5 min period
after the temperature stabilized with an acquisition time
interval of 5 s. Attenuation and laser power were automatically
adjusted for each sample. All samples were filtered through a
0.2 µm PTFE filter prior to analysis, and 1 mL was added and
the cuvette sealed securely. Values were calculated with the
Dynamics software version 7.6.0.48 using the cumulant
autocorrelation fit method.
Calculation of ST and DT. In a normal mode separation,
ThFFF analytes elute according to the balance of thermal (DT)
and translational diffusion ( D) coefficients also known as the
Soret coefficient (ST). An approximation of the ThFFF
retention equation is given in eq 3:

Scheme I. Scheme of Polyester Synthesis Following ABB*/
AB 2 Condensation Process for DB 0-50% a
Linear: SY-0

/ •B

Gradually Bra nched: SY- 8, 12, 22, 32

I
I
I

I
I
I

Co-condensatio+,

Protection of free -OH

I
I
I
I

I
I
I

I
I
I
I

I

Protection of free -OH

,-----------+

I
I

I

OH

AB

HO

I
0

AB*2
Postmodification

a TheDB 100% is produced by postmodification of linear units on the

SY-50 hyperbranched sample with AB* 2 monomers producing a
pseudodendrimer.

Table I. Degree of Branching, Molecular Mass, and D
Mw /M 11 for Aliphatic-Aromatic Polyester Samples
degree of
branching ( % )

topology

SY-0

linear

0

SY-8

gradually
branched

8

30300 ± 200

2.42

SY-12

gradually
branched

12

53700 ± 100

2.14

SY-22

gradually
branched

22

60700 ± 300

2.56

SY-32

gradually
branched

32

44700 ± 200

2.38

42400 ± 200

SY-SO

hyperbranched

so

SY-100

pseudodendritic

100

Mw (g/mol) b

153100 ± 300

where t0 is the void time ( the travel time through the ThFFF
channel of an unretained solute) and dT is the temperature
drop across the spacer. The value of d T is known, D is
measured by batch and/or online DLS, and t0 and tR (the
retention time at peak maximum) are determined from ThFFF
fractograms. Therefore, ST and DT can be calculated for any
given ThFFF retention time resulting in continuous values
across a sample peak. Equation 3 holds only for highly retained
5 times the void time). 31 A deeper look at
analytes (tR
ThFFF retention theory at high temperatures and considerations for D values and actual equations used in calculation
of DT values from retention time can be found in the
Supporting Information section 2.

=

sample

73300 ± 200

(3)

D

2.28

1.86

RESULTS AND DISCUSSION

2.42

"Determined by 13 C NMR according to ref 28 . Uncertainties
represent one standard deviation.

The ThFFF retention behavior of a series of linear, gradually
branched, hyperbranched, and pseudodendrimeric polyester
was investigated, and the fractograms obtained in THF and
CH are shown in Figure l a-g. All samples exhibited higher
retention in THF due to a larger hydrodynamic size (Figure
S3). The thermal diffusion coefficient ( DT) can also impact
retention time and these values were calculated according to
eqs S1 and S2 and plotted in Figure 2. Two distinct trends are
observed in CH and THF. Branching did not influence the DT
of polymers dissolved in CH with all values falling within one
standard deviation about the mean. In THF, a different
behavior is observed with polymer DT decreasing with

cyclohexane (CH) (Sigma-Aldrich, St. Louis, MO) were used
in the subsequent study representing polar and nonpolar
solvents, respectively.
Thermal Field-Flow Fractionation (ThFFF) and Light
Scattering. Fractionation was conducted using a TF2000
model ThFFF system coupled online to a model PN 3621
multiangle light scattering (MALS) and a PN 3150 dRI
(Postnova Analytics, Salt Lake City, UT). The refractive index
increment ( dn/ de) for the polyester samples was determined
12346
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Figure 1. Overlay of MALS fractograms of polyester samples in THF
(blue) and CH (black) for (a) SY-0, (b) SY-8, (c) SY-12, (d) SY-22,
(e) SY-32, (f) SY-SO, (g) SY-100, and (h) the difference in retention
time for each sample between solvents.
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Figure 3. (a) Conformation plots of Rh and Mw
from ThFFF-DLS for
all samples in THF, (b) plot of conformation slope (vh), and ( c)
conformation plot intercept ( k) with respect to the degree of
branching.
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increasing DB. DT has been shown to be sensitive to the
polymer chemistry, and this sensitivity was exploited for
determining composition distributions. 32 Furthermore, architecture and branching is not expected to influence the DT of a
homopolymer in a good solvent. 33 The observed trend in THF
could be due to copolymer-like thermal diffusion behavior. As
polymer DT is based on polymer-solvent interactions at the
interface, copolymer DT will be a combination of the behavior
of both blocks. 34 The presence of the silyl and ester groups
present two distinct chemistries at the polymer-solvent
interface. The DT in THF decreases as the ratio of terminal
silyl-groups to dendritic ester groups at the solvent interface
increases. Conversely, a copolymer in a selective solvent for
one of the blocks exhibits DTbehavior that is dominated by the
solvated block. 35 In CH, polar ester sites are sequestered in the

...... ..... ............. .
···

······

20
40
60
80
100
Degree of Branching (DB)

Figure 2. Polymer DT dependence on DB and solvent (THF blue,
CH black). The solid line represents the fit for trend in THF and
mean value in CH. Dotted lines represents one standard deviation.
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In Figure 3b, the slope of the conformation
plots (vh) is seen to decrease with increased DB. Branched
species therefore exhibit smaller changes in size with respect to
changes in molar mass1 suggestive of an increase in apparent
density of the polymer with increased DB. A decrease in vh is
indicative of the presence of long chain branching in the
polymer. 36 Alternately1 fits that are shifted to higher molar
masses while maintaining similar slopes can reveal the presence
of both short-chain branching37 and changes in monomer
functionality. 38 This trend is easily visualized as a decrease in
the conformation plot intercept (k). This is illustrated by
comparing SY-SO and SY-100 in Figure 3c. Although both
samples exhibit similar vh values1 the fit of SY-100 is shifted to
higher molar masses and lower k value compared to SY-SO
indicating additional "short chain" branching. This is expected
as the SY-100 sample is produced via the addition of monomer
to the statistically branched OH-50 sample producing terminal
short chains at any of the remaining linear positions ( see
Scheme 1).
As mentioned above1 vh also provides a means to describe
solvent quality. In Figure 3b, the upper shaded region
represents slope values for a linear random coil in a "good"
solvent (vh ~ 0.6) to theta solvent (vh ~ 0.5) 1 while the lower
region represents more compact polymer conformations
approaching the slope value for a hard sphere (vh ~ 0.33).
THF is believed to be a good solvent for both chemistries
present in the SY polyesters1 which is confirmed from the
conformation slope of the linear SY-0 (vh = 0.59 ± 0.01).
Solvent quality was also investigated via measurement of the
second virial coefficient (Ai) from MALS (data not shown)
and SANS which was positive in both solvents1 with A 2 in THF
being greater than in CH. 20,39
Because of poor light scattering
in CH 1 a comparative conformation analysis was not possible
with MALS online. Although the construction of conformation
plots yields useful complementary information about the
polymer architecture1 it does not provide a quantitative
method for distinguishing the degree of branching for
hyperbranched ( SY-50) and pseudodendrimer species ( SY100).
We are therefore introducing a third method to extract
architecture information from ThFFF retention data. Treatment of ThFFF data to create Soret contraction relations is
possible if the ST of a compositionally analogous linear
polymer can be determined either theoretically or via
experiment. In the initial work on Soret contraction/ 5 a
predictive model of thermal diffusion developed by Mes et a!. 40
was used to calculate the Soret coefficient of a linear polymer
(polystyrene and polyacrylates) at any molar mass. This
enabled determination of architecture from g" without the
system. 19

0

20

40

60

80

100

Degree of Branching (DB)
Figure 4. Dependence of Soret contraction (g") on degree of
branching in THF (blue) and CH (black).

polymer excluded volume with the silyl groups in the solvent
accessible region. Therefore1 the DT of the polyesters in CH is
driven by silyl-CH interactions at the interface. Thus 1 no
trend in DT with respect to DB is observed in CH. The
absence of a trend in DT with respect to DB prevents
determination of branching based on thermal diffusion when
using CH as a carrier fluid. Although DT can readily
differentiate SY-0 and SY-50 in THF , discerning the gradually
branched (SY-8 to SY-32) from the linear SY-0 is difficult1 as
the error bars for these points do not show a significant
difference.
A second method by which architecture information can be
obtained is through the construction of conformation plots.
The scaling of the polymers size with respect to the molar mass
is expressed in eq 4:

(4)

Rh = k*M^vh

where Rh, is the hydrodynamic radius1 M is the molar mass1 and
k and vh are scaling parameters. In Figure 3a, fits for
hydrodynamic radius (Rh) versus molar mass from online
ThFFF-MALS-DLS for each of the SY samples are overlaid.
Overlays of Rh, vs Mw raw data can be seen in Figure S4. The
linear SY-0 displays the highest slope with the hyperbranched
SY-100 exhibiting the lowest slope. The other SY samples fits
fall in an expected manner between these bounds. The slopes
(vh,) of these Figure 3 plots offer an indication of both1
polymer architecture and the thermodynamic quality of the

Table 2. Summary of Hydrodynamic Radius and Translational and Thermal Diffusion Coefficients a
tetrahydrofuran

DX 10-7 (cm2

cyclohexane

DT X 10-8 (cm2 K- 1 s- 1)

Rh, (nm)

DX 10- 7 (cm2

DT X 10- 8 (cm2 K- 1 s- 1 )

sample

Rh (nm)

SY-0

6.9 ± 0.1

7.9 ± 0.2

13.2 ± 0.3

4.9 ± 0.2

6.5 ± 0.2

7.3 ± 0.2

SY-8

5.5 ± 0.1

IO.I ± 0.1

12.8 ± 0.2

5.5 ± 0.2

5.7 ± 0.2

6.2 ± 0.2

SY-12

6.8 ± 0.4

8.1 ± 0.3

11.7 ± 0.5

5.9 ± 0.2

5.3 ± 0.2

6.3 ± 0.2

SY-22

6.S ± 0.1

8.4 ± 0.3

6.2 ± 0.3

7.8 ± 0.4

5.3 ± 0.1

10.6 ± 0.1

0.1

7.5 ± 0.3

7.8 ± 0.3

SY-SO
SY-100

5.4 ± 0.1

10.3 ± 0.2

10.8 ± 0.3

0.1

7.9 ± 0.2

7.3 ± 0.1

7.4 ± 0.2

7.4 ± 0.1

9.8 ± 0.2

±
4.3 ±
4.1 ±
5.4 ±

0.3

SY-32

11.8 ± 0.4
12.2 ± 0.1

0.1

5.9 ± 0.1

7.1 ± 0.2

s-1)

s.o

, - 1)

a Uncertainties represent one standard deviation (instrumental).
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a
0

0

0

DB sample would be analyzed when calculating g". If this is not
possible, the ThFFF can be calibrated with either a series of
narrowly distributed Mw of linear standards or a single high
dispersity standard. 41 In this work, the chemically analogous
linear polyester ( SY-0) was used for this purpose. The resulting
calibration plot of ST versus molecular weight is shown in
Figure SSb. Values of g" are then calculated according to eq 2
using Mw equivalent ST Linear values from the calibration plot
and average values of ST Branched from the retention times of the
peak maximum in Figure l a-g. The relation of Soret
contraction g" and DB in both CH and THF is shown in
Figure 4. This relation enables the construction of architecturebased calibration curves. The magnitude of contraction is
higher in CH than in THF, and this translates to the difference
in Rh as seen by DLS (Table 2). The sensitivity of the g"
calibration is greater in CH than in THF by ~30%. The lower
sensitivity in THF can be attributed to the inverse relation of
DB and DT shown in Figure 2. The relation of DB to log(g")
provides a metric to determine the distribution of DB within a
polymer sample based on ThFFF retention time. Fractograms
of SY-0, -22, -SO, and -100 in cyclohexane are shown in Figure
Sa. Soret contraction factors are calculated from Mw and
ST Branched as a continuous function of retention time, following
the same process for calculating the average g" in Figure 3 .
This is shown in Figure Sb where the SY-0 linear region is
bounded by the dotted lines and the branched samples falling
below (in the region where log(g") is negative). Within a
sample, the higher DB subpopulations are expected to elute
earlier while the more "linear-like" polymers elute at higher
retention times. This is indeed observed for the SY-22 and SYSO (Figure Sb), which showed an initial decrease in g" followed
by an increase toward the linear region. Using the dRI (Figure
Sa) to determine the concentration of each g" subpopulation
(Figure Sb) within a sample, a corresponding differential
distribution can be constructed. The three branched samples
SY-22, -SO, -100 exhibited different amounts of dispersity with
respect to g" and thus to DB. Figure Sc shows three distinct
regions where (i) log(g") < 0 represents polymers in a
"contracted" state with lower ST when compared to a linear
polymer of analogous molecular weight; (ii) log(g") =
0 ± 0.04 signifies the presence of linear polymers; and (iii) a
region with positive log(g") values, discussed below.
Interestingly, the linear polyester SY-0 showed the presence
of a low Mw subpopulation eluting at ~14 min (Figure Sa).
This subpopulation exhibited a Soret contraction factor above
unity (Figure Sb), which means it is more retained than the Mw
equivalent linear polymer. A low Mw subpopulation was also
noted in SEC-MALS of the as-synthesized samples (Figure S6)
and was identified as 2-5 kDa cyclic polyesters by MALDITOF MS. 28 The low Mw subpopulation in SY-0 was collected
as it eluted from ThFFF and further analyzed by MALDI-TOF
MS (Figure SS). The presence of subpopulations with positive
log(g") were also identified in both the SY-8 and SY-12
samples. These subpopulations were also collected for analysis
by MALDI-TOF and confirmed the presence of cyclic
polyester (Figure SSa,b ). The Soret contraction methodology
suggests the presence of a different architecture, e.g., the cyclic
subpopulation, (Figure S) as compared to SEC (Figure S6)
that only indicates the presence of a low-molecular weight
population. The Soret contraction (g" > 1) for cyclic polymers
is in opposition to traditional g-values from light scattering
which have contracted conformations (g = 0.5). 42 We
hypothesize that these cyclic oligomeric species exhibit
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Figure 5. (a) Fractograms of linear SY-0 (black), SY-22 (green), SYSO (pink), and SY-100 (purple) in CH. MALS and molar mass (top)
overlaid with dRI signal (bottom). (b) Overlay oflog (g") calculated
at 1 min intervals. ( c) Distribution of g" within each sample. For parts
b and c, the linear region (log (g") = 0 is bounded by dotted lines
based on error of fit from Figure S4.

need to experimentally measure a linear analogue. This method
is effective for common polymers, where tables of solution
properties are readily available. For novel polymers, the
temperature dependence of solubility and interaction parameters in the necessary solvents systems would need to be
determined. Alternatively, a linear analogue can be used if one
exists. Ideally a linear analogue with the equivalent Mw of each
12349
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different thermal diffusion than the corresponding linear
species leading to higher retention than expected at this
molecular weight. This first report of the thermal diffusion
behavior of cyclic polymers is an exciting development and
could lead to advancements in their analyses, particularly in
mixtures.

are those of the author( s) and do not necessarily reflect those
of the NSF.
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1. Determination of Specific Refractive Index Increment for Polyester Samples
SY-0

dn/dc = 0.1432
0.9955

dn/dc = 0.1435 ± 0.0003
dn/dc = 0.1438
0.9974

SY-100

dn/dc = 0.1437 ± 0.0008

R² = 0.9955

Run 1
Run 2
Run 3

0.0

Figure S1. Representative data for determination of increments of refraction (dn/dc) for linear (SY-0) and pseudodendrimer (SY-100) polyester in cyclohexane. SY- 0 and SY-100 exhibit the same dn/dc within experimental error.
The dn/dc is independent of branching for these aliphatic-aromatic polyesters. An average dn/dc value of
0.1435 mL/g was used in subsequent analyses in cyclohexane.
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2. Temperature Programmed Batch-Mode Dynamic Light Scattering

(a)

SY-0
SY-8
SY-12
SY-22
SY-32
SY-50
SY-100

20 25 30 35 40 45 50 55 60
Temperature (°C)
Figure S2. Translational diffusion coefficients versus temperature for all DB Polyester samples in a) cyclohexane
and b) tetrahydrofuran. Regression lines have been added for ease in examining trends with respect to temperature.
For the calculation of DT from ThFFF experiments at high temperature (dT > 65 K) the values of D used must be
determined based on the temperature at the mean layer thickness ( or height in the channel, 'l') from the average
sample retention time (tR). Values of D far all samples are listed in Tables 2. For all samples in both solvents, the
temperature at the mean layer thickness was between 36 - 40 °C. Determining the temperature profile in the ThFFF
channel is covered by Belgaied et al. 1 Mean layer thickness is related to tR. and void time t 0 via Equation (S 1):
R

= -t0
tR

(S1)

is also directly related
where the retention parameter þÿ»is a ratio between 'l' and the channel's thickness (w). The þÿ»
to the physicochemical properties of the analyte based on the field driven transport (thermal diffusion 'DT' in
ThFFF), diffusional transport (D), and the magnitude of the field (temperature difference across the channel 'dT') as
given by Equation (S2):
(S2)
Equation (S 1) is an adjusted form of the generalized FFF retention equation. The factor ( v) is used to correct for
distortion of the parabolic flow based on the temperature dependence of the solvent viscosity. Values for v can be
found in existing literature. 2
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Figure S3. Temperature dependence of hydrodynamic radius (Rh) for all DB polyester samples in a) cyclohexane
and b) tetrahydrofuran. Regression lines have been added for ease in examining trends with respect to temperature.
Error bars represent measurement standard deviations.
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3. Rh versus Mw Conformation Plots Data and Fits
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Figure S4. Conformation plots from ThFFF-DLS-MALS for all samples in THF. The allometric fits (solid lines) are
overlaid on Rh, and Mw(symbols) from DLS and MALS. Scaling parameter values can be found in Figure 3b and c.
Fractionation was performed using a TF2000 model ThFFF channel (Postnova Analytics, Salt Lake City, UT, USA)
coupled online to a Dawn Heleos II multiangle light scattering (MALS)-dynamic light scattering (DLS) detector
(Wyatt Technology Corporation, Santa Barbara, CA, USA), and an Optilab T-rEX differential refractive index
detector (Wyatt Technology Corporation, Santa Barbara, CA). The ThFFF channel was made from a 127 µm
polyimide spacer with a ribbon-like section removed that was 2.0 cm in breadth and 45.6 cm in length from inlet to
outlet. The carrier liquid was tetrahydrofuran (THF) pumped through the channel at 0.2 mL/min. A 20 µL sample
loop was used to introduce the sample into the channel. For all experiments, the cold wall, MALS-DLS, and dRI
flow cells were maintained at 30 ± 1 °C. DLS data was collected with 2 second acquisition times.
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4. Soret Coefficient versus Molecular Weight Calibration using ThFFF-MALS
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Figure S5. a) Molecular weight versus retention time for the linear SY-0 polyester in cyclohexane (black) and
tetrahydrofuran (blue) at dT: ~100 °C and Tc: ~23 °C for both solvent systems. For the same retention time, Mw and
ST are higher in THF. However, at equivalent Mwboth retention time and ST are higher in cyclohexane. This
indicates that the Mw-based selectivity is higher in cyclohexane than THF. b) Molecular weight calibration with the
linear SY-0 polyester in cyclohexane (black) and tetrahydrofuran (blue) at dT: ~100 °C and Tc: ~23 °C for both
solvent systems. Soret coefficients are calculated using Equation (S1)-(S2) and compared to Mw from MALS at the
corresponding retention times. Correlation of log(Mw)and log(Sr) allows prediction of the Soret coefficient of a
linear analogue for use in Equation (2) of the main article to produce g" values at a given measured molecular
weight for each branched sample.
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5. Polymer Size Exclusion Chromatography with MALS and dRI
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Figure S6. Overlay of SEC-MALS fractograms of linear (SY-0), gradually branched (SY-8, SY-12, SY-22, SY32), hyperbranched (SY-50), and pseudodendrimeric (SY-100) polyesters from Figure 5 in the main article. Solid
lines for MALS response and Mw (top halt), dotted lines for dRI response (bottom halt), both weighted by the
detected mass. Presence of a low molecular weight subpopulation in the SY-0 can be seen at 8.3 mL.

The determination of the molecular weights given in Table 1 were performed by SEC-MALS using a flow rate of
1 mL/min. The SEC was equipped with an HPLC system (pump, degasser and manual control unit, Series 1200 by
Agilent Technologies Inc., Santa Clara, CA, USA), a manual injection valve with a fixed injection volume of 53 µl,
a PLgel 5 µm Mixed C chromatography column (300 mm x 7.5 mm, Agilent Technologies Inc.) and was coupled to
a viscosity/differential refractive index (dRI) dual detector (ET A-2020, WGE Dr. Bures, Germany) and a multiangle
laser light scattering detector (MALS) Tristar® miniDawn (Wyatt Technology Corporation, USA, þÿ» 632
= nm). The
carrier fluid was THF (Acros, Germany) and the analyte concentrations were about 1.5 to 2 mg/mL. All evaluations
were done with the software ASTRA 4.9 and 6.1.2 (Wyatt Technology Corporation). The molecular weight
calculations were done using the Zimm formalism and dn/dc values of0.1550 mL/g as used previously. 3 •4
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6. Isolation and Characterization of Cyclic Polyester Subpopulations
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Figure S7. Fractogram of the linear SY-0 polyester in CH with a) MALS detector response and overlaid Mw and b)
dRI response. Fraction collection interval from 12.5 to 17.5 minutes indicated by the shaded grey region.

Matrix assisted laser desorption time of flight mass spectrometry (MALDI-TOF-MS)
MALDI-TOF mass spectrometry is used to distinguish cyclized structures from their linear analogues. 5
Mass spectra were recorded using a Bruker UltrafleXtreme (Bruker Daltronics, Billerica, MA, USA) time-of-flight
mass spectrometer. Low molecular weight fractions from SY-0 and SY-8 were prepared following a published
method using dithranol as the matrix and lithium chloride as the cationization agent 3, a 2400 Da polystyrene
(Polymer Source, Dorval, Quebec, Canada) was used for calibration. The irradiation was provided by a nitrogen
pulse laser at 337 nm with the 'minimum' spot size, pulses at 1000 Hz and 80% power. The measurement conditions
were as follows: reflectron-mode, positive polarity, 25 kV, detector gain at !Ox, and pulsed ion extraction at 100 ns.
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(a)

SY-0

(b)

SY-8

1000 1500 2000 2500 3000 3500

m/z

Figure S8. MALDI-TOF MS spectrum ofa) SY-0 cyclic ThFFF fraction and b) SY-8 cyclic fractions collected
according to the positive g" regions in Figure Sb. Spacing between peaks (indicated by dual arrows) represents the
addition of single monomer units of382.5 amu (arbitrary mass units). A low intensity population of with identical
spacing (dual grey arrows) may be due to fragmentation during fly through the reflectron. The mass difference
between the two populations is 140 amu and may be due to loss of a tert-butyldimethylsilyl group.
* Indicates the presence of a linear analogue to the polymer cycle at 18 amu greater mass.
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7. Thermal FFF with Multiangle Light Scattering Overlays
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Figure S9. MALS fractograms with overlaid molar mass for all polyester samples in CH. Conditions: dT: 100 °C,
Tc: 30 °C; channel thickness 127 µm.
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Figure S10. MALS fractograms with overlaid molar mass for all polyester samples in THF. Conditions: dT:100 °C,
Tc: 30 °C, channel spacer 127 µm.
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ABSTRACT: Thermal field-flow fractionation (ThFFF) was
designed to investigate the retention behavior of a series of
dendritic polyethylenes synthesized using a chain walking catalyst
( cwPE) with variations in the branching architecture. The
retention behavior of these macromolecules correlates with their
branching. Based on differences in the Soret coefficient, a new
model has been developed for the application of ThFFF as an
alternative to the branching calculation approach based on light
scattering or viscosity for the branching analysis of novel shortchain branched PEs.

INTRODUCTION
Polyethylene (PE) represents a multibillion dollar industry 1' 2
each year as a polymer widely used in multiple applications.
Fine-tuning of the molar mass and molecular topology enables
control over processing and mechanical properties. These
optimized materials are nowadays readily accessible due to the
progress in catalyst development since Ziegler- N atta in the
1950s. 3 However, an in-depth understanding of the molecular
size and topology in relation to the bulk properties of the
polymers still needs to be developed. The often semicrystalline
structure of polyolefins requires an analysis at elevated
temperatures to enable sufficient solubility. 4 This solution
behavior is the reason for time-consuming analytical
approaches for the characterization of molecular topology,
for example, fractionation according to the crystallization of PE
such as temperature rising elution fractionation 5 and
crystallization analysis fractionation. 6 Currently, the established
characterization method of polyolefins is high-temperature size
exclusion chromatography (HT-SEC), most commonly
performed in chlorinated aromatic solvents such as 1,2,4trichlorobenzene (TCB )7,8 or in its recently introduced green
substitute butylal. 9 Coupled to absolute molar mass detection
methods, like multiangle light scattering (MALS), online
viscometry, and dynamic light scattering (DLS) with
concentration detectors, 10 a comprehensive characterization
of the molar mass and branching is possible. The branching
analysis introduced by Zimm and Stockmayer 11 proposes the
definition of a contraction factor g, as shown in eq 1 11
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( 1)

where RG is the radius of gyration or mathematically the rootmean-square radius (RMS) of the branched polymer and
RG,LIN
is the RMS radius of a linear polymer chain of the same
molar mass and chemical structure. An alternative definition
for a contraction factor g' defined as the quotient of the
intrinsic viscosities of the sample [h] and the linear analogue
[h] LIN has been introduced later, 12 in that the drainage
exponent e has been found to be dependent on the branching
type. 13 - 15 g can be expressed as a function of the number of
branches per molecule (B). For a randomly branched
monodisperse trifunctional polymer, g ( index 3 for trifunctional) is described as given in eq 2 11

g=
3

l+7

+-

(2)

Several parameters have been defined to enable an easy
comparison between macromolecules of the same chemical
origin, but different topologies. One parameter is the number
of long-chain branches per 1000 monomers (LCB) as defined
in eq 3
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Figure 1. Schematic separation of two analytes Pl and P2 in the laminar flow of a thin ThFFF channel with thickness w, separated by a difference in
their counteracting mass transports described by DT and D in the separation force field d T. The flow profile in gray shows a laminar profile without
field; the distorted flow profile with the applied field is shown in red.

LCB

= 1000 X

B X

structures due to the absence of a column packing material. 27
Depending on the FFF method, different separation
mechanisms have been explored. 28 In all FFF techniques, the
principle of the separation is based on a laminar flow through a
thin ribbon-like channel. Perpendicular to the flow direction, a
separation force field is applied, causing retention of an analyte
due to its response to the field. This response induces mass
transport, which is counterbalanced by the translational
diffusion caused by the Brownian motion. 28
In ThFFF, the separation force is provided by a temperature
gradient between a heated and actively cooled wall of the
channel. The basic separation principle is illustrated in Figure
1. The process describing the response of molecules or
particles to a temperature gradient is called thermophoresis
and has been described by Ludwig and Soret in the late 19th
century. 29,30 A variety of different theoretical approaches have
been developed to describe this phenomenon. However,
thermal diffusion in liquids is sensitive to many different
contributions, making an in-depth understanding still challenging.31 For polymers in solution, the dependence of the
thermophoretic mobility on the length of the Kuhn segment
has been indicated recently. 32' 33
To express the strength of the response to the temperature
field, the Soret coefficient ST is defined as the ratio of the
thermal diffusion coefficient DT causing the accumulation of
objects in solution/ dispersion on either the hot ( thermophilic)
or the cold site ( thermophobic) to the translational diffusion
coefficient D caused by the Brownian motion. The
dimensionless retention parameter þÿ»in the FFF theory
describes the ratio between the distance of the center of
gravity of the analyte concentration distribution from the
accumulation wall (mean layer thickness) and the channel
thickness w for ThFFF and is defined in eq 6 by ST and fl T.

M
M

(3)

where M is the molecule molar mass and MRu is the molar
mass of a repeat unit. In this work, a value of MRu = 28.05 g
mol- 1 has been chosen for polyethylene referring to one
ethylene monomer as the repeat unit within the polymer chain.
Additionally, the theoretical molar mass of a long-chain
branch segment eq 4 can be used as an alternative branching
expression of a polymer molecule
M

Seg

M
M
- ------- - - (B + 2) + (B - 1) = 2B + I

(4)

where the term (B + 2) represents segments at a terminal
position and (B - 1) segments in between two branching
points. 16' 17 The number of branches B for the calculation of
Mseg in eq 4 is accessible by the transformation of eq 2.
The introduction of late transition metal catalysts opened a
novel route for the synthesis of short-chain branched
polyolefins via the chain walking mechanism with precisely
defined macroscopic topologies. 8,19 These polyolefins have
special local structural characteristics containing a constant
amount of branches of about 50-60 per 1000 monomers. This
specific structure defines the bulk and solution properties of
these polymers. 20 However, the structure-property relationship of this entirely different polyethylene is not yet
comprehensively understood. Nevertheless, it opens an
opportunity to investigate alternative ways for the branching
analysis due to their very low crystallinity or even amorphous
structure and their good solubility in a variety of rather
untypical PE solvents, such as cyclohexane ( CHX), chloroform, and tetrahydrofuran (THF), even at low temperatures. 10'18'21'22 Furthermore, the absence of functionalities at
the branch ends and the variation of branching23 '24 makes a
straightforward investigation possible, based only on the
branching architecture.

þÿ»
= _I_ = ___Ei_
ST dT D llT

With the parameters containing the field strength and the
description of the analyte mass transport, the retention in
ThFFF is then defined as given in eq 7

THERMAL FIELD-FLOW FRACTIONATION (THFFF)
In SEC, the separation is based on entropically driven
diffusivity of the analytes and depends on their hydrodynamic
volume. 25 However, SEC may become challenging if the
samples are far beyond the separation range and if interactions
with the column packing material or, typically for highly
branched structures, anchoring effects may occur, which lead
to a co-elution oflinear and less-branched fractions with highly
branched fractions of different hydrodynamic sizes. 26 Unlike
SEC, field-flow fractionation (FFF) provides a variety of
advantages for the separation of branched and hyperbranched

R

=

=

+

(I -

(7)

with R being the retention ratio, t0 the void time describing the
average flow time of the solvent or an unretained analyte, and
tR the retention time of a retained analyte. For careful work and
in particular for less retained analytes, the general retention
equation for ThFFF is modified by introducing a non8663
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Table 1. Summary of the Mean Results Obtained by HT-SEC-D4 and ThFFF (iiT = 100.9
HT-SEC-D4
hbl
hb2
bl
62
sb
linl

lin2

Mw / kg
mol-1

D

230 ± 6

1.32

161 ± 3
140 ± 3

136 ± 2

1.12
1.02
1.03

313 ± 9

1.08

384 ± 7

1.06
1.11

175 ± 1

± 0.7 K,

tau= 10 min) a

ThFFF

gz

LCBw

MSeg / kg
rnol- 1

Mw /kg rnol- 1

D

tR/min

ST / 10^1
K-1

DT / 10^8
crn 2 s- 1 K-1

0.22 ± 0.01

18.8 ± 2.2

0.85 ± 0.04

205 ± 10

1.07

14.1 ± 0.7

0.32 ± 0.06

0.9 ± 0.2

0.27 ± 0.01

0.55 ± 0.03

0.55 ± 0.01

14.3 ± 1.4
2.7 ± 0.3

0.91 ± 0.05

4.35 ± 0.02

2.97 ± 0.21

166 ± 9

1.06

136 ± 7

1.06

0.49 ± 0.02

3.2 ± 0.4
1.5 ± 0.1

8.61 ± 0.40

131 ± 5
307 ± 16

1.08

0.54 ± 0.01

1.1 ± 0.4

17.5 ± 2.0

373 ± 14

1.07

0.53 ± 0.01

"All averages are calculated from n

= 3;

2.2 ± 0.1

6.36 ± 0.20

0.37 ± 0.07
0.96 ± 0.08

39.2 ± 1.0

1.33 ± 0.11

2.1 ± 0.2

1.8 ± 0.2

2.5 ± 0.3

24.5 ± 0.1

1.03

167 ± 11

14.9 ± 0.9
30.2 ± 0.4

0.77 ± 0.07

36.8 ± 0.4

1.04

1.1 ± 0.2
2.2 ± 0.2
1.9 ± 0.2

1.14 ± 0.11

56.6 ± 0.4

2.3 ± 0.3

uncertainties represent overall deviation-inclusive systematic errors (see SI).

parabolicity factor v describing the deformation of the flow
profile depending on the_ field strength due to the changing
v1scos1ty of the earner flmd eq 7.. '
In contrast to the flow field-flow fractionation (FlFFF), 36 - 38
the separation of ThFFF is driven by thermophoresis and is
mainly dependent on the chemical composition of analytes. 39
This dependence was already shown by Schimpf and Giddings
using ThFFF 40 and by Köhler and Rauch by thermal diffusionforced Rayleigh scattering (TDFRS) for polymers. 41 These
properties depend only weakly on the size or molar mass and
become even independent of them above a certain size. 41
Although thermal diffusion was assumed to be independent of
the molar mass and branching, 42 in later reports, it was
demonstrated that ThFFF can be used for the separation and
analysis of differently branched polymers even if they are of the
same size or molar mass. 43 - 46 However, due to the need of
elevated temperatures, for polyolefins, only a few investigations
with ThFFF have been performed in the past showing the
potential of this method, 47 ' 48 but without focusing on the
influence of branching on the thermal diffusion behavior.
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Figure 2. Superimposed fractograms of seven cwPEs with different
topologies ranging from linear to dendritic, separated in a field of dT
= 100.9 ± 0.7 K with a stop-flow of tau= 10 min. The temperature of
the cold wall was kept at Tc = 23.0 ± 0.04 °C.

EXPERIMENTAL SECTION
Detailed information about the synthesis, the ThFFF instrumentation,
and experimental conditions for ThFFF separations is given in the
Supporting Information (SI) .

0

RESULTS AND DISCUSSION
Characterization by HT-SEC-D4. Prior to the ThFFF
experiments, the short-chain branched cwPE samples have
been comprehensively analyzed by high-temperature size
exclusion chromatography coupled to a fourfold detection
system (HT-SEC-D4) 10 to obtain reliable molecular parameters and to validate the expected topology according to the
conditions used for their synthesis. The results obtained by
HT-SEC-D4 are summarized in Table 1. Molar mass
calculations were carried out using a refractive index increment
for PE in TCB at 150 °C of dndc- 1 = -0.104 mL g- 1 taken
from the literature. 49•50 Due to the unavailability of an entirely
soluble, absolutely linear sample without short-chain branches
or an absolutely well-defined sample without any long-chain
branches and to retain the comparability to previous works,
well-established theoretical models with RG,LIN = 0.023 M^0.58
and [h]G,LIN = 0.053 M^0.70have been used for the branching
calculations. 10' 51 '' 2 The samples have been named according to
their expected topology with hb for hyperbranched, b for
branched, sb for slightly branched, and lin for rather linear
structures.
The influence of the synthesis conditions on the molecular
topology was confirmed by HT-SEC-D4 in this investigation.
Thus, a low pressure leads to highly branched samples while a
8664
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Figure 3. Dependence of DT on the polymer topology: DT vs B and vs
MSeg. B and MSeg were calculated from HT-SEC-D4 data and
temperature-dependent DLS data (measured in batch). The dotted
and dashed red lines are for guiding the eye. The shown DT are
measured at dT = 100.9 Kand tau= 10 min.
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0.11 ± 0.02

0.21 ± 0.03
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0.13 ± 0.02

0.25 ± 0.04

17 ± 4

0.25 ± 0.01

bl

0.39 ± 0.03

0.50 ± 0.01

3.6 ± 0.5

0.50 ± 0.01
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0.30 ± 0.03

0.45 ± 0.01

4.4 ± 0.3

0.46 ± 0.02

sb
linl

0.44 ± 0.04

0.52 ± 0.02

1.4 ± 0.2

0.48 ± 0.02

0.46 ± 0.04

0.54 ± 0.01

2.6 ± 0.3

0.53 ± 0.01

lin2

0.62 ± 0.07

0.57 ± 0.01

0.9 ± 0.1

0.57 ± 0.03
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gw
0.21 ± 0.01

18 ± 4

a See footnote of Table 1.
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Figure 5. Comparison of g and g" ( data given in Table 2) and the fit
to transform g" into g for further calculations, shown for d T = 100.9
Kand tau= 10 min. The inset shows the plot in the full scale within the
limits of 0 and 1 for the fit in eq 10.
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high pressure leads to almost entirely linear structures. Instead,
higher reaction temperatures lead to generally higher molar
masses than lower ones, but their influence on the resulting
topology is not significant. 10' 22 ' 53 The chromatograms and
detailed results of the branching analysis can be found in the
SI.
Characterization by ThFFF. In our previous investigations, we successfully used THF as the carrier fluid in SEC
under ambient conditions to characterize the molecular
properties of the cwPE, 10' 22 which needs much lesser technical
effort than HT-SEC-D4. Therefore, our first attempt was to
use THF as an eluent in ThFFF; however, under these
conditions, no significant retention was observed even at
increasing d T. Assumptions by the Hansen solubility theory
using the solubility parameters of commercial PE indicated
CHX as a thermodynamically good, nonhygroscopic solvent. 54
Retention experiments at two different isocratic d T values
confirmed the suitability of CHX as a carrier liquid enabling
reasonable retention for all PE samples, as shown in Figure 2.
A significant difference in retention was observed depending
on the molecular topology found by HT-SEC-D4. Furthermore, a dependence of the relaxation time on the length of the
linear chain has been found indirectly (Figure S6, SI). For the
presented differential refractive index ( dRI) signals as the
concentration source, a subtraction of separately recorded
blank-baselines has been applied.
The narrow molar mass dispersity55 ' 56 D = M w M
of the
n^-1
samples allows for the investigation of the relation between the
polymer topology and thermal diffusivity as a model system.
Generally and in this work, the index n refers to the numberaverage, w to the weight-average, and z to the z-average
moments of the regarded quantity. 55 •57 The Soret coefficients
ST in Table 1 were calculated based on the mean retention
times tR' s of the MALS and dRI peak apexes merged using a
numerically derived polynomial solution given in the SI with
respect to the distortion of the flow profile even for poorly
retained analytes. The d T value used in the calculations is the
cumulative average of the recorded d T( tR,i) from t0 to the
considered tR. The given thermal diffusion coefficients DT were
calculated from ST with translational diffusion coefficients D,
which were determined at the corresponding mean layer

Table 2. Branching Analysis Results Obtained by eqs 8- 10
from ThFFF at dT = 100.9 ± 0.7 Kand tau
= 10 min and HTSEC-D4 Weight Average gw for Comparison with the g"
Estimated from ThFFF dRI Peak Apexes a
ThFFF

0.6

Figure 6. Dependence of tR, dRI apex on the number of branches per
molecule B for dT = 100.9 K and tau= 10 min. The dashed lines
indicate the fit by eq 13. The comparison of the data and fit
parameters between the relaxed/ unrelaxed systems and different field
strengths is given in Figure S 10, SL

Figure 4. Double logarithmic plot of þÿ »against
-1
MSegfrom the data
measured at d T = 100.9 K and tau= 10 min, fitted with a natural
logarithmic function y = a In (x) + b. The inset shows the
continuation of the fits to Mw, and the enlarged view of the inset
indicates the trend toward negative ST values for MSeg, as shown
previously for n-alkanes. 32
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Figure 7. (a) Superimposed LCB, from the ThFFF data (shown for dT = 100.9 Kand tau= 10 min) and LCB, from HT-SEC-D4, interpolated to
Mi from the ThFFF experiments as a fractogram for three different topologies. (b) Normalized differential weight distributions of the ThFFF data
given in (a), superimposed by the normalized differential weight distributions generated directly from the HT-SEC-D4 data.

temperature ( calculated with the exact temperature profile as
that reported in ref 35) of tR by batch DLS experiments (DLS
data are given in the SI). The molar masses, measured by
MALS coupled to the ThFFF, were calculated with a dndc- 1 =
0.075 ± 0.002 mL g- 1 for cwPE in CHX, measured in batch
(see Figure S3, SI). The results obtained from the ThFFF
separation, given in Figure 2 and summarized in Table 1, show
for all polymer topologies a lower thermal diffusion compared
to that of other polymers of a similar molar mass such as
polystyrene (PS) in CHX, 43 but a retention behavior very
similar to that of commercial PEs as obtained by hightemperature ThFFF investigations. 48
At a first glance, no obvious relation between Mw and ST or
DT could be found. However, a strong correlation of molecular
parameters like the molar apparent density rho appand LCBw
(from HT-SEC-D4) to ST has been found (see Figures 3 and
S7, SI). Furthermore, the dependence of DT on MSeg given in
Figure 3b indicates the independence of the molar mass for
large linear polymers, which is in agreement with Giddings et
42
a.1

solvent, similar to the nonideal scaling behavior in thermal
diffusion observed for copolymers in selective solvents. 58
We observe a significant influence of the polymer topology
on the thermal diffusion behavior in our polymer-solvent
system. The calculated thermal diffusion coefficients given in
Table 1 directly correlate to the contraction factor g and the
number of branches per molecule, calculated by eq 2 from HTSEC-D4 data, respectively. The data shown in Figure 3c
indicate the trend that DT may become independent of the
molar mass for larger linear segments. Furthermore, it also
shows a clear dependence of the decreasing MSegwith a trend
toward decreasing DT values, which would describe a
thermophilic behavior for short linear segments. Both findings
are in agreement with those of Kohler and Stadelmaier, who
found a thermophilic behavior for n-alkanes and other mono-/
oligomers in various solvents and a thermophobic behavior of
their analogue polymers 32 by thermal-diffusion-forced Rayleigh
scattering. 32,33,41,59 However, the trend of DT for hydrocarbons
to higher molar masses was not investigated due to the lack of
polymers being readily soluble in the same solvent. It can be
concluded that the thermal diffusion may be dependent on the
effective size of a polymer segment where MSeg<< Mw.
Branching Analysis by ThFFF. The clearly found
dependence of ST and DT on the polymer topology allows
the development of a branching characterization approach by
ThFFF. Similar tog and g', Runyon proposed the introduction
of a Soret contraction factor g", 46 defined as follows

The same report also shows the lack of dependence of DT on
the branching, 42 which was also noted for a linear block and
mikto-arm star copolymers pair of the same composition. 44' 46
Both findings are in contradiction to our results. The
dependence on branching, however, has instead been observed
in other studies, for example, for linear and star PSs43 and for
dendritic polyesters. 45 It has been posited that this discrepancy
in behavior may be driven by the thermodynamic quality of the
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,,

=

(ST,BRA)
ST,LIN M

the dRl data, the average retention time of the dRl and MALS
peak apexes were used.
The fit parameters of þÿ»-1 vs MSeg were assumed to
correspond to a linear dependence. Thus, a general model
for the Soret coefficient of the linear analogue by extrapolation
of MSeg to Mw was developed, leading to a relation between
ST,LIN and Mw, as given in eq 12.

(8)

where ST,BRA is the Soret coefficient of the branched analyte
and ST,LIN of the linear analogue with the same molar mass. For
polymers with branching units, such as star-like structures or
polymers consisting of an AB 2-type monomer, 60 a direct
comparison with a linear analogue is applicable. 45 However, for
cwPE, thermal diffusion properties of an entirely linear
analogue soluble under the same conditions are not directly
accessible. Furthermore, the previously used approach to
calculate ST LIN from a calibration of the molar mass versus
of an almost linear sample in this case was not
retention time 61
applicable due to the very narrow dispersity of the cwPE
samples as a result of the synthesis conditions and the reaction
mechanism. 22' 53 ' 62 Thus, a linear model has to be developed.
Based on the observed direct dependence of ST on the
segmental molar mass (Figure S7d), a temperature-dependent
model using the reciprocal of þÿ»
has been developed, as
exemplarily shown in Figure 4 for the fully relaxed system,
measured at a high field strength. The model parameters for
the partially relaxed system without stop-flow ( tau= 0 min) and
for the fully relaxed system (tau
= 10 min), measured at two
different field strengths, are given in the SL Due to deviation of

S
_ (a1 dT + a2) lnMw - (a3 dT + a4 )
T,LIN
dT

The coefficients of eq 9 are given in Table S2 in the SL
According to the model described in eq 9, ST reaches a plateau
at a very high Mw and shows negative values in the oligomeric
region of Mw, describing a thermophilic behavior. The
tendency of ST in the log (ST) to log (Mw) plot to level-off
for high molar masses has been described for PS in various
solvents 63 over a wide range of Mw values, 64 but is less
pronounced as we observed here. Consequently, it is
considered to be dependent on the polymer-solvent system.
The obtained Soret contraction factors g" ( tR,dRI apex)
summarized in Table 2 contain branching information
analogous to the radius contraction factor determined by
HT-SEC-D4. To calculate LCB from the ThFFF data as
directly comparable to those from SEC-MALS, g" needs to be
transformed into g. As can be seen in Figure S, g and g" show a
8667
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g^e

correlation similar to the relation g' =
T he concept with a
by the
single exponent could be also applied in g" = g^1/psi
The from
introduction of a thermal drainage parameter psi.
g"(tR,dRI apex) = (gHT-SEC-D4) yields values between 0.8 and 1.6,
which is comparable to the typical range of e between 0.5 and
seems to also depend on
1.5. 14 However, similar to e,
branching, which then would need to be described by a second
independent variable related to branching, such as tR or R This
may lead to a lower precision of the predicted g values due to
the additional uncertainty contribution from the fit to the
second variable. Therefore, a relation g(g") with only one
variable has been developed, as described in eq 10. The
transformation of g" to g needs to fulfill the boundary
condition of g(g" = 1) = 1. Thus, the fit of g(g") had to be
realized by a more complex double Boltzmann fit.

To enable the calculation of LCBi(R) also for unknown
analytes, a substitution for Bapex is required. Analogous to the
previously shown dependence of DT on B in Figure 3, a fit of B
directly to the average of RMALS and RdRI was performed.
The data of Bapex shown in Figure 6 were found to resemble
LCBi, ThFFF(R) on LCBi, HT-SEC-D4(Mi,ThFFF) in good accuracy
after fitting by a five-parameter logistic function (see eq 13).

t

t

g(g")

= K1 + (K2 -

I<)11+10

(13)

The values of the coefficient Kx( d T) of eq 13 for the partially
relaxed and fully relaxed systems are given in Tables S4- l and
S4-2 in the SI.
The application of the concept for the branching analysis,
given by eqs 9- 13, on the recorded data in the ThFFF
separations shown in Figure 2 with Mi(tR), dT, and the cold
wall temperature Tc is able to generate "online" data for LCB
in correlation to tR and is in reasonably good agreement to the
LCB data from HT-SEC-D4, interpolated to Mi, ThFFF, as
indicated in Figure 7a. The comparison of the normalized
differential weight distribution indicates a good performance of
the concept to analyze LCB for cwPEs of a more linear
topology and a reasonable performance for highly branched
topologies of analytes with a narrow and slightly broader
dispersity. It also takes into account the effect of band
broadening in an indirect way. Due to the non-Gaussian shape
of the fractogram peak especially for poorly retaine_d analytes, a
band-broadenmg correct10n as descnbed earlier 65,66was
considered not to be applicable for all analytes of this system;
therefore, a mathematical consideration of band broadening is
beyond the scope of this work. Furthermore, the molar mass
dispersities D reported in Table 1 were found to be marginally
narrower compared to those obtained by SEC since SEC is
discussed in the literature to slightly overestimate narrowly
dispersed polymers, 66 - 68 and this also indicates that the band
broadening may not have negatively affected the analysis. An
improvement of the concept by a deeper understanding of the
relation found between g and g" is believed to deliver results
with a higher accuracy.
Based on the output for LCBi, ThFFF(tR) being in good
agreement with the interpolated data of the HT-SEC-D4
analysis as illustrated in Figure, the reliability of the predictive
generation of online data in correlation to tR was considered to
be accurate enough for the fractogram and distribution analysis
of g". As illustrated in Figure 8, the Soret contraction factor g"
shown together with the fractograms could be displayed with
respect to the dispersities of the analytes. The generation of
online data by application of the developed solution given in
eqs 11 - 13 was found to be certainly accurate for an online
branching analysis of the cwPE samples as a model in this
investigation. It is also able to generate sufficiently correct data
for unknown samples, which have not been part of the fitting
process in the model development (see Figure Sl6 and Table
S6). However, for broadly distributed systems in terms of Mw
and branching, only an online determination by a separate
detection is believed to generate reliable data for a true online
branching analysis. For that, the temperature dependence of D
needs to be determined either by heating the detector flow cell
to the expected mean layer temperature or by the calculation of
D measured at a fixed temperature. If the analyte concentration
is too low for a reliable measurement of D by online-DLS, an

4

(10)

The calculation of the values of the coefficient Kj d T) is given
in Tables S3-1 and S3-2 in the SI. The results found using
eqs 8- 10, summarized in Table 2 as average results from
tR,dRI apex) show a very good agreement between the calculated
LCB[g(g")] and LCBw from HT-SEC-D4 as given in Table 1.
More information is expected to be gained by analyzing the
entire ThFFF fractograms of the cwPE system. However, a
determination of ST,i and g"i for each slice at a certain retention
time tR or R was not directly accessible due to the unavailability
of a sufficiently sensitive instrument to measure D online. This
is also expected to be challenging due to the low dndc- 1 of the
polymers to the solvent and the low analyte concentration.
Furthermore, the reverse application of the ThFFF approach
given in eq 7 does not include the broadening of the analyte
peak and can only display a discrete ST value, for example, at
the peak apex. Therefore, an indirect way has been developed
to calculate g"i(R) eq 11 by application of the concept for
ST,LIN eq 9 with a calculated molar mass of a segment for each
slice, MSeg,i(R).

g

I

(11)

For well-retained analytes, the calculation of LCBi(R)
( calculated from g"i(R)) with MSeg = Mi(R) (2Bapex + 1)- 1
according to eq 4 was found to be in good agreement with
LCBi(Mi) determined by HT-SEC-D4, which were numerically interpolated to Mi measured in the ThFFF fractionations.
Here, the number average of B found by SEC was accounted to
be the main fraction of the analyte at the peak apex (Bapex).
However, LCBi(R) of poorly retained analytes could not be
sufficiently described with the original definition of MSeg. By
implementing an empirically found correction in the definition
of MSeg,i(R) eq 12, a satisfactory calculation of LCBi(R) in the
entire retention range was achieved, resembling the values of
LCBi(Mi) from HT-SEC-D4 interpolated to Mi of the ThFFF
fractograms. The detailed development of eq 12 is described in
the SI.

(12)
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indirect determination by online viscometry could be an
alternative. However, a systematic error needs to be taken into
account, because Rh and the viscometric radius Rh, both
sphere-equivalent radii, may differ for various polymers and
topologies. 10' 69
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1. Experimental details

1.1. Materials
The polyethylenes used in this work were synthesized with a-diimine palladium catalyst ( [(N, N'-bis(2,6diisopropylphenyl)-2,3-dimethyl-l,4-diazabutane)Pd(CH2)3CQOCH3t [BArF4]- (Ar=3,5-bis-(trifluoromethyl)phenyl)) as described elsewhere 1- 3 based on the synthesis approach of Brookhart et al. 4 with the
conditions shown in Table S 1. All samples contain ~ 100 branches per 1000 total carbon atoms according
to 1H NMR analysis but differ in topology mainly influenced by ethene pressure. 5
Table S1. Synthesis conditions, expected topology and the characterization average results of the investigated
short chain branched cwPEs found by HT-SEC-D4.
Synthesis conditions
Average results found by HT-SEC-D4
Reaction
Mw /
Sample p / bar a T I °C
Expected topology
RG,z / nm
VR
kg mol- 1
time I h
230 ± 6
15.8 ± 0.3
0.56 ± 0.3
hbl
0.14
35
24
highly branched, medium Mw
hb2
24
161.3 ± 2.2
12.9 ± 0.2
0.45 to 1.15*
0.09
0
highly branched, lower Mw
140 ± 3
bl
4
20
0.60 ± 0.09
16.6 ± 0.4
0
linear, lower Mw
136 ± 2
16.3 ± 0.2
0.65 ± 0.08
b2
2
0
20
branched, lower Mw
2
10
20
313 ± 8
25.4 ± 0.5
0.47 to 0.73*
sb
slightly branched, higher Mw
175.4 ± 0.5
18.5 ± 0.2
0.53 ± 0.02
linl
20
linear, lower Mw
8
0
10
20
384 ± 7
30.4 ± 0.3
0.35 to 0.74*
lin2
linear, hi her Mw
8
Pd catalyst IO µmo!, chlorobenzene 30 mL, "absolute ethene pressure
*) dependent on the molar mass, see Fig. S2

1.2. Instrumentation
1.2.1.High temperature size exclusion chromatography
High temperature quadruple-detector size exclusion chromatography (HT-SEC-D4) experiments were done
with a PL-GPC220 (Polymer Laboratories Ltd., U. K.) setup, connected to a MALS detector (Wyatt
Technology Corporation, USA), a dRI detector and an online viscometer (both Agilent Technologies, Inc.,
USA) as described in our previous report. 2 The carrier fluid 1,2,4-trichlorobenzene was purchased from
Sigma Aldrich with a purity of >99 % and stabilized with 1 g L- 1 2,6-di-tert-butyl-4-methylphenol (Carl
Roth, Germany, purity > 98 %) to prevent thermo-oxidative decomposition. Data recording and analysis
was done with the Astra® software, version 6.1.2.84 (Wyatt Technology Corporation, USA).

1.2.2. Temperature dependent dynamic light scattering
Temperature dependent dynamic light scattering (DLS) experiments were performed with a DynaPro®
NanoStar® instrument (Laser þÿ»= 658 nm) by Wyatt Technology Corporation, USA using a 1.25 µl quartz
cuvette (total volume approximately 1 mL). In all experiments, the cuvette was completely filled with ca.
0.8 mL sample solution to avoid cavities, containing 1 mg mL- 1 of polymer, dissolved in cyclohexane
(EMSURE®, Merck KGaA, Germany, purity >99.5 %) and filtered through a 0.45 µm PTFE syringe filter
(Carl Roth, Germany). The cuvette was closed with an affiliated PTFE lid and sealed with Parafilm® wax
foil to prevent evaporation of solvent. The data recording and analysis was done with the software
Dynamics® by Wyatt Technology Corporation, USA, versions 7.6.0.48 and 7.8.0.26 using the cumulant fit
method. 6 During the run of all experiments (T = 20 to 60 °C in stages of 5 K, total time ca. 6 h) no solvent
lost due to evaporation or leakage of the sealing was observed.

1.2.3. ThFFF
ThFFF experiments were carried out with a TF2000 set up, consisting of an isocratic pump, degasser, autosampler, actively heated and cooled ThFFF channel, PN3621 multi-angle light scattering (MALS) detector
with a laser of the wavelength 532 nm and PN3150 differential refractive index (dRl) detector (all by
Postnova Analytics GmbH, Germany). The channel dimensions were 45.6 cm tip-to-tip length, width 2 cm
and a thickness of250 µm, realized by spacers made of Mylar A® and Teonex®. All separations were done
with a constant flow rate of0.2 mL min- 1 and CHX (EMS URE®, Merck KGaA, Germany, purity > 99.5% )
as carrier fluid. The void time in all separations was 11.04 min. A channel pressure of about 1 MPa to avoid
boiling of the carrier fluid at the hot wall was adjusted for the used flow rate by a sufficient long back
pressure tubing (inner diameter 0.00 l ") between the ThFFF channel and the MALS detector. The data
recording and analysis was carried out with the Postnova software.
S-2
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2. HT-SEC-D4 chromatograms and topological analysis
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Figure S1. Superimposed HT-SEC-D4 chromatograms of 7 short chain branched chain walk polyethylenes
(cwPE) with different topologies ranging from linear up to hyperbranched macrostructure, measured at 150 °C in
1,2,4-trichlorobenzene as eluent. The flow rate was I mL min-1.
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Figure S2. Superimposed conformation plots (a and b) of the cwPE from Fig. SI and the radius contraction factors
(c and d), calculated with the linear model RG,LIN = 0.023 M 0 .58.
Generally, polymers of the same topology show a scaling behavior described by the relation RG = K · MvR where K
is a polymer specific constant and VR is the scaling exponent describing the conformation of the polymer. Analogue to
this, the so-called Kuhn-Mark-Houwink-Sakurada Equation [h] = K · M^acan be used. Theoretical values for v are in
the range from 0.33 representing a compact sphere passing through 0.59 for a random linear coil in a
thermodynamically good solvent up to 1 for rigid rods. 7 9 For a instead, the value range is broader starting from 0 for
very compact object, passing 1.0 for linear coils in a good solvent up to 2 for rod-like objects.8,10
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3. Determination of the Refractive Index Increment for cwPE
1st run : c0 = 0,561 mg mL-1

8E-05

0.5 2nd run : c0 = 1,122 mg mL-1

0.4

6E-05

0.3
0.2

-§

dn dc-1= 0.0767
2
R = 0.9932

4E-05

dn dc-1= 0.0737

R2 = 0.9981

0.1

o 0.0
0.125 c0

-0.1
0.0

sample: b1
solvent: cyclohexane

0

0.6

0.4

0.2

2E-05

baselines
0.8

1.0

5.0E-04

0

1.0E-03

time [relative sca le]

Figure S3. The determination of the refractive index increment dn dc-1of cwPE, represented by sample bl, gave
an average dn dc-1= 0.0752 ± 0.0015 mL g- 1. Changes in the dn dc-1 caused by molar mass and topology differences
are assumed to be negligible.

4. Temperature dependent Dynamic Light scattering (DLS) experiments in batch
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Figure S4. Superimposed translational diffusion coefficients ( a) with their relative uncertainties in inset (b) and
the hydrodynamic radii (c) of the cwPE with different topologies, dissolved in cyclohexane with a concentration
of 1 g L-1. The data were obtained by temperature dependent DLS experiments in batch.
The hydrodynamic radius Rh represents the radius of an equivalent hard sphere with the same diffusion rate. It
can be calculated from the translational diffusion coefficient D by the Stokes-Einstein-relationship 9 ,i 1
kB · T
Rh=--6PI · h - D

where kB is the Boltzmann constant, Tis here the absolute temperature in [K], h is the dynamic viscosity of the
solvent at the same temperature.
D-fits as illustrated in Fig. S4; used in this work for the calculation of DT [Tin °C]:
hbl
hb2
bl
b2
sb
linl
lin2

D(T) = l.06649E-6-1.28921E-07*T+ 6.97223E-9*T^2
- l.781493E-10T 3 + 2.22371E-12*T^4
-l.081756E-14*T^5
D(T) = (T + 59.60459) (741276848.6 - 4651875.866 (T + 59.60459) + 8505.683494 (T + 59.60459)^2)^-1
D(T) = l.00763E-7 + 3.80828E-9*T-4.38586E-12*T^2
+ 2.70737E-13*T^3

D(T) = l.14866E-7 + 2.6256E-9*T+ 3.38488E-11*T^2-9.12468E-14*T^3
D(T) = 5.37556E-8 + 4.9977E-9*T-9.36631E-11*
T^2+ l.68986E-12*T^3
-8.99452E-15*T^4
D(T) = l.16877E-7 + l.16418E-9*T+ 5.59629E-11*
T^2-2.97754E-13*T^3

+ 7.96575E-16*T^4

-4.88957E-15*T^4
D(T) = 6.85707E-8 + 2.67579E-9*T-2.86986E-11* T^2+ 8.11968E-13*T^3
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5. ThFFF fractograms with online MALS, dRI and molar mass
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Figure S5. Superimposed fractograms of seven short chain branched chain walk polyethylenes (cwPE) with
different topologies ranging from linear up to hyperbranched macrostructure, separated without stop-flow (a and
b) and with stop-flow of tau
= 10 min ( c and d), each with 2 different field strengths of d T ~ 85 K and d T ~ 100 K.
The void time corresponding to the used flow rate of 0.2 ml min-1 was to = 11.035 min.
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Figure S6. Different topologies of about the same molar mass showed differences in their mean retention time,
indicating a different duration to reach their relaxation equilibrium: The found mean retention times between
d T "' 85 Kand d T ~ I 00 K measured without stop-flow show a significantly larger difference than the experiments
with a stop-flow of tau= 10 min.
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6. Dependency of ST and DT on the polymer topology (Fig. 3) from different dT and tau
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Figure S7. The dependency of ST and DT on the polymer topology: a) ST vs. rho app;
b) ST vs. LCBw; c) DT vs. B, MSeg and
d) ST vs. MSeg. All branching parameters were calculated from HT-SEC-D4 data and temperature-dependent DLS data
(measured in batch). The dotted and dashed red lines are fits for guiding the eye for dT = 100 K, tau
= 10 min.
12 shown in (a) was calculated by the definition
The molecular apparent density rho app,

Papp=

3M
4 PI R^3

where R is the equivalent sphere radius, for the original definition derived from its dependence to [h].13 Here, we
used the hydrodynamic radius Rh derived from DLS experiments calculated from D by the Stokes-Einstein
equation. 9 •11

7. Coefficients of the equations (9), (10) and (13) in the main article
Equation (9):
(9)
Table S2 The coefficients used in equation (9)

a1
a2
a3

a4

150

r=0min
0.04365228
-0.75990437
0.29717323
-8.55297743

tau= 10 min
0.02443976
2.16415169
0.17378145
10.8069849
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Equation (10):

(10)
Table S3-1 K-coefficients of equation (10)(13):
K coefficients

r=0min
c1 · dT^2 + c2 · dT + c3
C4 · dT + C5
c 6 • dT + c7
C8 *dT + C9
C10 + C11 * C12^dT
C13 . dT^2 + C14 . dT + C15
C16 + C17 . exp(c18*dT )

r=lOmin
c1 · dT^2 + c2 · dT
c4 · dT^2 + c5 · dT
C7 · dT^2 + C8 ' dT
C10 ' dT^2 + C11 ' dT
C13 · dT^2 + C14 ' dT
c16 · dT^2 + c17 · dT
C19 *dT^2 + C20 *dT

+ c3
+ c6
+ C9
+ C12
+ C15
+ c18
+ C21

Table S3-2 c-coefficients of equation (10)(13):

c coefficients
c,
C2
C3
C4
C5
C6
C7
C8
C9

c10
c11

tau0 =
min
1.03514£-04
-0.02400594
1.195496
-0.01279948
3.278437
3 .3 l 4 l 46E-03
8. l 83203E-03
-3.215138£-03
0.4663463
3.578675501
8.19243552£+ 10

tau10=min
3.56288£-03
-0.6782382
31.64408
-l.030309E-03
0.1894345
-6.636798
-5.771928E-04
0.1110859
-4.904675
1.013327£-03
-0.1934036

c coefficients
C12
C13
C14
C15
C16
C17
C18

r=0min
0.734959533
-3.517549£-05
4.30501E-03
1.023378
3.136567757
6.00572485E-06
0.109717763

C19
C20
C21

r=l0min
9.208338
5.636435£-03
-1.05332
52.2233
-1.070268£-04
0.01883061
0.2853224
l .408593E-03
-0.2466364
14.08777

Equation (13):(13)

(13)

Table S4-1 K-coefficients of equation (13)(13):

K coefficients

tau0 =
min
c1 · dT^2 + c2 · dT +
c4 • dT^2 + c5 · dT +
c7*dT+c8
C9 * dT^2+ C10 * dT +
C12 . dT^C13

taul0min
=
c3
c6
C11

c1 · dT + c2
c3 * dT+c4
c5 · dT^2 + c6 · dT + c 7
C8 *dT^2 + C9 *dT + C10
C

+ C 2 • exp(c13*dT)

Table S4-2 c-coefficients of equation (13)(13):

c coefficients
Ct
C2
C3
C4
C5
C6
C7

tau0 =
min
I. 718121 E-04
0.03441019
10.60227
0.9175371
-143.7393
5886.537
0.01120072

tau
= 10 min
-0.02596673
14.37017
1.676767
45.63905
3.764237£-05
-7.257181E-03
0.6693172

c coefficients
C8
C9
C10

c11

C12
C13

tau0 =
min
-0.253226
7.798888E-04
-0.1723634
13.44938
236.6771
-1.056082

tau10=min
l .996 l 2E-04
-0.04425696
5.409786
10.00016233
-2.23036533E-19
0.411955132
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8. þÿ»-1
vs. MSeg, g vs. g" and the dependency of tR on B, each from different dT and tau
a)

III

25
20

b)

15

-

10
= 85 K,

5

--

- ---- --------- - - - - - -

30

-

20

c)

I I

10

= 0 min

I

I

0

10000

--0

0

500

1E+05 2E+05 3E+05 4E+05 5E+05

MSeg [g mol- 1]
MSeg [g mol-1]
Figure S8. Double logarithmic plot of þÿ»-1
against MSeg in four different experimental conditions, fitted with a
natural logarithmic functiony = a ln(x) + b. b) shows the continuation of the fits to Mw and the inset in (b) indicates
the trend to negative STvalues for MSeg in the molar mass range ofn-alkanes.
a)

b) 1.0

0.6

0.8

0.5

85 K, = 0 min
100 K, = 0 min
AT=100K,t=10min

0.6

0.4

,

0.3
0.2
0.1

0.2

0.3

0.4

0.5

g"

0.7

0.6

0.6

0.8

1.0

g"

Figure S9. a) The comparison of g and g" and the fit to transform g" into g for further calculations for d T = 85 K
= 0 min) and fully relaxed (tau= 10 min). The plot (b) shows
and 100 K, each field strength un-/partially relaxed (tau
the plot (a) in the full scale within the limits ofO and 1 for the fit in Eq. ( I 0) in the main article.

120
Q)

E
Q)

Q)
(.)

100
80

•
•

85
= 0 min
= 100 K, = 0 min
85 K, = 10 min
100
= 10 min

60

I

' •I

,, , , ,
,,,, ,
I

40

*,·,

I

I

, ,

,

I

I

20
0

0.2

0.3

0.4

0.5

0.6

0.7

0.8

R = t0 tR-1

Figure S10. The dependency of the mean retention time tR on the number of branches per molecule, measured
with two different field strengths, each as un-/partially and as fully relaxed system. The dashed lines indicate the
mathematical fit with Eq. (13) in the main article.
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9. Numerical solution of Equation (7) from the main article for þÿ»

R

= þÿ6»[v + (1- þÿ6»v)(coth þÿ(1/2»)þÿ2»
)]

þÿ»= ( K0 + K1 · R^1/3
+ K2 · (R^1/3)^2
+ K3 · (R^1/3)^3
+ K4 · (R^1/3)^4
+K5 *(R^1/3)^5
+ K6 · (R^1/3)^6
+ K7 · (R^1/3)^7)^-1
with Kx = ( ... )o + ( ... )1 ·v + ( ... )2·v2 + ( ... )3 v^3+ ( ... )4 v^4
Non-parabolicity coefficient v of the flow profile: 14

(x = 1 ... 7)

v = (a1 ·Tc+ a2) * dT+ (a3*Tc + a4)*dT^2 + (as·Tc + a6)* dT^3
with a1 to a6
see Ref. 14; Tc is the cold wall temperature

Coefficients:
Ko with ho to b4: Ko= ho+ h1·v + b2*v^2
+ b3*v^3+ b4*v^4
K1: co to c4;
K2: do to d4;
K3: eo to e4;
K4: Jo to f4;

K5: g0 to g4:

K6: h0 to h4;

K7: i0 to i4

Table S5 coefficients for Kx
( ... )o

( ... )1

( ... )2

( ... )3

( ... )4

bx

4228.278546

7408.974837

14058.75949

18774.62229

9786.035969

Cx

-38661.16221

-74509.45542

-153780.2465

-197891.3378

-100549.6353

158631.4997

328855.2611

709355.5714

879493.7253

436446.678

-369963.6997

-811709 .8986

-1 788451.305

-2136892.459

-1035884.973

fx

523121.7591

1199855.428

2662459.885

3066184.996

1451155.933

gx

-445233.8718

-1057390.797

-2341292.672

-2599225.546

-1199935.406

hx
ix

210269.538

513123.7367

1126627.035

1205908.256

542453.3103

-42392.08074

-105632.055

-228974.412

-236348.7758

-103470.0162

Ranges of precision:
V

dR R- 1

-0.1343 to -0.1937
-0.1937 to -0.4583
-0.4583 to -0.4821
-0.4821 to -0.524 7

<
<
<
<

0to-0.1343

< 17 % for R > 1.2

100 % for R < I .2

26 % for R < l.2
1 % for R < 1.2
10 % for R < 1.2
65 % for R < 1.2

<
<
<
<

2 % for R > l.2
0.5 % for R > 1.2
0.5 % for R > 1.2
2.5 % for R > 1.2

a) 1.0

Test parameter:
= 100 K
v = -D.37867

0.98

22.94

- - R from Eq. (10)

0.5

0

given)

given), v-corrected )

0.0

1

246810

- - R from Eq . (7)
from the num.
solution (R given)
given)

0.2

18.84 to 21 °C
21 °C
21.3 °C
21.3 to 25 .3 °C

10

,

0.4

25 to 40 K
40 to 130 K
130 to 140 K
140 to 160 K

b) 100

0.8

0.6

exemplary for Cyclohexane:
dT
Tc
0to25K
17.47to18.84°C

0.01
0.001

given)

1.0

>

0.1

1.5

0.2

0.4

0.6

0.8

1.0

Figure S11. Recursive test of the numeric model (a) with the exact solution of R (black; þÿ»
solved by computation
in
to exact match with a residual uncertainty of lE-9); R recalculated by Equation (7) with the numerically calc. þÿ»
in comparison to the simplified relations (red and blue) for R widely used in the literature. b) The residual deviation
of R calc. by the numeric model for þÿ»
along the retention time exemplary for 4 different conditions within the range
of validity for the model. Especially for poor retention with a certain field strength a more precise calculation of þÿ»
could be achieved, compared to the solution suggested by Schure, Schimpf and Schettler. 15
*) corrected by v with R = 6 þÿ » v1-RParaholic)
(
+ RParabolic.16 The average retention time (dRI peak apex) for all samples
analysed in this work leads to R values below 0.8 representing less than 1.5% error in lambda, with error increasing
as R approaches 1.
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10. Development of equation (12) to be applied in equation (11) from the main article, g"
from peak apex to g"(tR) for the entire fractogram:
g" i (R)

= [ST,BRA(Mseg,i)]
ST,LIN(M;)

(11)

with

M·

M

Seg,i

(R) ~

~

l

M;(R)
2B
+1
apex

LCBi, ThFFF [gi from g"i(R)] was found to be in good agreement for Rapex<< 1. However, for poorly
retained analytes a correction is needed.
Boundary conditions:

______

=2

Empirically found for poor retention values

(( R

M

Seg,i

apex

= O ?S) =
·

0.8*Mapex + 0.2·M ;(R)
1.6-Bapex+l

1.6

1

and for good retention

M

.( R

Seg,i

apex

0.5

« l) = O·Mapex + l·M;(R)

-

I

2·Bapex+1

20

in good agreement to LCB; (M;, HT-SEC-D4),
interpolated to M;, ThFFF-

n Bapex + 1

Seg,1

I

__ _
_ m

--

- -+ - -m)

B

(1 -

1

80

40
60
tR, apex [min]

Figure S12. The development of a mathematical expression
for the correction factor m in the numerator term and n in the
denominator term. The dashed lines show the graphs of the
equations for m and n matching the empirically found values
as boundaries, symbolized by crosses.

Derived function containing the correction for low retention with Rapex as independent variable:

(12)

a) 100

10000
Data from ThFFF:
hb1 & hb1
lin2 & lin2

1000
10
100

Data interpolated from
HT-SEC-D4:
hb1
lin2

10

...J

±1K
= 22.15 ±

0.1

0.1

= 0 min

= 23.0 ±

= 10 min

0

10

20

30 40
50
60
Retention time [min]

70

80

0

10

20

30 40
50
60
Retention time [min]

70

80

90

Figure S13. Superimposed data of LCB;[g(g",tR)], calculated for the entire fractogram of the hyperbranched sample
and of the linear sample, separated without stop-flow and dT = 85 K (a) and with stop-flow of tau
= 10 min dT =
I 00 K (b), calculated without correction of MSeg,i (pink and green) and with correction (red and yellow).
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11. Cumulative and differential weight distributions of LCB and g"
a)

1.0

0

0.8
0.6

3:
> 0.4
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15
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Figure S14. Superimposed cumulative weight (a) and normalized differential weight distributions (b) of LCB of
three cwPE samples with different topology as shown in Fig. 7 in the main article.
a)
0
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I
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I

1

lff = 86 ± 1 K

0.4

22.15 ± 0.05
= 0 min

0 .2

0

0.15
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0 .25
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-b1
-b2

0 .8

o.6

0.40

0.50
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0.15

0.20
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0.60

0.8
0 .6

--sb

0.4

0.2

0 .2
..............

0.15

23.0 0.04
= 10 min

1.0

I I

--lin1
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0.4

I

0

0

c)

=
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0.20

0.40
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0 .60
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Sorel contraction g"
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Figure S15. Superimposed cumulative weight (a) and normalized differential weight (b) distributions of g"
calculated for all seven cwPE samples shown in Fig. 8 of the main article. The differential weight distribution
analysis derived from the fractograms indicate, that stop-flow is not needed in order to improve the branching
analysis. Avoiding stop-flow can even reduce other distorting influences, 17 which appear by a long stop-flow time.
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Figure S16. Superimposed normalized differential weight distributions of g and LCB of three different unknown
cwPE samples, analyzed by HT-SEC-D4 (black color) and by ThFFF with the new approach (red color) as given
in Eqs. (9) till (13) of the main article. The samples were synthesized with the same synthesis procedure and
catalyst within the pressure and temperature limits like the samples hbl to lin2 as described above. The ThFFF
separation was done for unkl and unk2 with dT = 100.9 ± 0.8 K, Tc= 22.98 ± 0.05 °C and for unk3 with dT =
84.2 ± 0.8 K, Tc = 22.07 ± 0.04 °C. The ThFFF experiments of all unknown samples were performed with a flow
rate of0.2 ml min-1 and tau= 0 min.
Table S6. Average characterization results of the unknown cwPE samples found by HT-SEC-D4 and ThFFF.
The results of tR, g(g") and LCB[g(g")] were generated from the dRI peak apex data.
HT-SEC-D4

ThFFF
Sample

Mwl
kg mol-1

unkl
unk2
unk3

299 ± 11
263 ± 8
288 ± 16

1.13
1.03
1.07

tR / min

g(g')

13.9 ± 0.4
14.0 ± 0.2
32.8 ± 0.6

0.17 ± 0.02
0.19 ± 0.01
0.55 ± 0.01

LCB[g(g')]

Mwl
kgmo]·1

9±3
14 ± 4
1.1 ± 0.1

413 ± 3
394 ± 1
322 ± 2

D

gz

1.63
0.20 ± 0.01
1.69
0.21 ± 0.01
1.08 0.560 ± 0.004

LCBw

13.0 ± 0.7
13.7 ± 0.5
0.79 ± 0.03

12. Uncertainties and errors
Systematic errors
T, Tc
Channel dimensions
Flow rate
Time

þÿd»

=

I+

± (0.3 + 0.005 T) [Tin °C]
height± 4 µm, width± 0.05 mm
±I%
data collection interval 0.5 seconds
;:::; ± 0.1 % [Ref. 14]

av R

+

= [f(R,v)]2

+ [f(R,v)]2

+
S-12
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•

1

0 + ( ... )1 + 2( ... )2 v + 3( ... )3

_

Kx -

V

+ 4( ... )4

_

v -

V

[

)

2

2

+

Uncertainty calculations exemplarily for lin2 (see Table 1 in the main article):

= 0.00393381 with

f(R,v)

= 53.34 ± 3.3 min; to= 11.035 ± 0.33 min

= 0.00077567 with v = -0.3762469

f(R,v)

0.97 K
99.02 K

[(0.3

+ 0.005 · 121.9 °C) 2
121.9

+ 0.005 · 22.88

°C

22.88

°C

0.0294278

- = [(0.0294278) 2 + (0.002325) 2 ] 05 = 0.0295195
V

= 0.00393381 + 0.00077567 + 0.001 · 0.05557648 = 0.00478181

[( - )

D

D

S __1__

-)

D T

DLS

(2.5

2

Fit

[M

+ ll(flr)] . s

=

(0.00478181
0.05557

o.s

0.010665

+ 0.0294278) . s

r

= 0.02098

s

0.0555765 · 99.02 K

= [M
+ M + ll(llr)]
D

=

2

=

1

0.05557·99.02 K

D --Jcllr

2

± 0.3)

·

X 10- 8

D

= 3.1488 X

10- 9
Sr

sK

=

(0.18

± 0.02)
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The impact of electron beam irradiation on thermoplastic polyurethane material was studied for both
an aliphatic and an aromatic polyurethane with approximately equal molar amount of hard and soft
segments. Irradiation doses up to 300 kGy (kilogray) at room temperature and at 100 °C were applied.
Changes in chemical structure, molar mass and size were assessed using infrared spectroscopy, differential scanning calorimetry, size-exclusion chromatography and thermal field-flow fractionation. Material alterations were correlated with trends regarding to degradation, crosslinking or branching changes.
Thereby, limits of characterization by size exclusion chromatography are addressed and amended by thermal field-flow fractionation studies. In addition, a thermophoretic analysis has been carried out complementary to the portfolio of analytical methods applied in this work.
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1. Introduction
The impact of irradiation on polymer materials has been widely
studied in the past with the aim either to make materials more
durable against environmental influences such as UV light [1,2 ]
or to tailor material properties with regard to process engineering [3,4]. One polymer class being studied is thermoplastic polyurethane (TPU), which represents linear segmented block
copolymers containing hard segments (adduct of di-isocyanate and
small glycols as chain extender) and soft segments (polyester,
polyether, etc.). These segments are connected by means of urethane linkages, which either mix or segregate depending on chemical composition and produce homogeneous or phase separated
morphologies [5,6]. A comprehensive introduction into irradiation
on polymers in general and with focus on TPU is given by Adem
et al. [7] .
So far, all studies dealing with irradiation of TPU focus on
chemical alteration investigated by spectroscopy [2,8,9 ], crystallization changes monitored by diffraction techniques and ther-
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mal analysis [9-11] and property changes by mechanical analysis
[12,13 ]. Only few studies take the changes in molar mass into account monitored by means of standard size exclusion chromatography (SEC) with standard calibration [14-17] or by absolute molar
mass measurement using SEC coupling to multi-angle light scattering (MALS) [18] . However, using SEC, one has to be aware of some
analytical challenges which may occur, like delayed elution behavior [19] or mixed elution due to branching or fraction of high molar
masses beyond the separation range of SEC, which are generated
by crosslinking [20] . In particular, for SEC with standard calibration
used in this context, significant errors must be considered. Thus,
our aim in this study is to apply thermal-field flow fractionation
(ThFFF), a channel-based separation technique, as an alternative to
SEC to get a comprehensive overview on changes in size and topology of the polymers causing different bulk, mechanical or thermodynamic properties, which cannot be followed in-depth by spectroscopic methods or thermal analysis only. This type of separation relies on the retention of analytes in an empty flat ribbon-like
channel due to a response on a separation force field applied perpendicularly to the flow direction. Depending on the nature of the
force field, a separation e.g. according to hydrodynamic size (AF4),
effective mass (SdFFF), electrophoretic mobility (EIFFF) or thermal
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diffusion (ThFFF) can be realized [21 ]. For this study we have chosen ThFFF since this separation technique can be highly selective
for changes in the polymer topology [22-24] and/or chemical composition [25-29]. Details on the basic separation principle are given
elsewhere [21 ,30] and in the supporting information (SI, Section 1 ).
FFF is usually coupled to a series of detectors (MAlS, dRI, UV, online dynamic light scattering or offline Fourier transform infrared
spectroscopy (FTIR)) [31-35], though, the analysis of the separation
itself contains already useful information. This is because the measurement of the retention ratio R (void time over retention time)
at given field strength allows the determination of the physicochemical parameter describing the response to the force field. For
ThFFF, this response is described by the Soret coefficient ST, which
is the ratio of thermal and translational diffusion [36,37 ]. Thermal
diffusion is mainly influenced by the polymer-solvent interaction
[38,39] and by the effective length of a linear polymer segment, respectively [23,40 ], whereas the translational diffusion at equal conditions depends to a great extent on the hydrodynamic size of the
analyte [41 ]. Consequently, in combination with the associated analytical tools such as thermal analysis and FTIR spectroscopy, ST is
accounted to be a suitable parameter for structural characterization
within this study.

2. Experimental

2.1. Sample preparation and treatment
The TPU samples used in this study were L780D10 (aliphatic
polyester-TPU, assigned as Aliph-TPU) of the composition 4,4 1 dicyclohexylmethane diisocyanate (H 12 MDI) copolymerized with
1,4-butanediol (BD) and a segment of poly(1,6-hexylene adipate),
and C74D50 (aromatic polyester-TPU, assigned as Ar-TPU) composed of diphenylmethane diisocyanate (MDI), BD and poly(1,4butylene adipate ). Both TPU are commercial products by BASF
Polyurethanes GmbH. The structures are given in the SI (Fig. S9 and
sect. 2). Rectangular samples of dimension approximately 40 mm x
10 mm were cut from a bulk polyurethane sheet and were irradiated in a special irradiation chamber [42] using an electron accelerator ElV-2 (manufactured by Budker Institute of Nuclear Physics,
Novosibirsk, Russia; see Fig. S3, SI) [43] . Prior to irradiation the
samples were dried at 40 °C for 4 h under vacuum in the vacuum oven. After the drying process the polyurethane sheets were
placed into the irradiation chamber. Before irradiation, the temperature was firstly heated up to 80 °c and kept for 5 min under vacuum in order to remove the moisture and oxygen. Subsequently,
the temperature was cooled down to the target irradiation temperatures in the nitrogen atmosphere. The irradiation was carried
out with constant electron energy (1.5 MeV) and electron current
(4 mA), the dose was applied by several steps of 25 kGy until the
target dose had been reached.

2.2. Thermal analysis
Thermogravimetric Analysis was performed using a TA Instruments TGA Q 500 (V20.13 Build 39) in the range between 35 and
600 °C. The experiments were performed under constant nitrogen
purge of 25 ml min- 1 and a nominal heating ramp of 10 °C min- 1 .
DSC analysis was performed with a DSC 2500 differential scanning
calorimeter by TA Instruments, Inc., USA, equipped with a liquid
nitrogen accessory. For all analyses, a sample weight of approximately 10 mg per measurement was analyzed under a constant
nitrogen purge in Tzero-Al hermetic with perforated lid. Aliph-TPU
was analyzed by the following method: Isothermal equilibration at
-90 °C for 5 min, followed by a preheating run to 80 °C. After
a 30 s isothermal hold, the sample was cooled down again to 90 °C with another 5 min isothermal equilibration. Then the first
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heating scan was performed to 250 °C. After a 30 s isothermal
hold the cooling scan was performed to -90 °C with an isothermal equilibration step for 5 min, before the second heating run
up to 280 °c was done. All heating and cooling scans/runs in this
method were carried out with a ramp of +/-10 °C min-1. Ar-TPU
was analyzed instead by the following method: Isothermal equilibration at -90 °C for 5 min, followed by the first heating scan
to 250 °C. After a 30 s isothermal hold the cooling scan was performed down to -90 °C with an isothermal equilibration step for
5 min, before the second heating run up to 280 °C was done. The
heating scans were performed with a ramp of +40 °C min- 1 and
the cooling scans a ramp of -10 °C min- 1 . Melting (Tm) and crystallization temperatures (Tc,m) were taken as the maximum of the
endothermic transition, whereas glass transition temperatures (Tg)
were taken as onset and as midpoint at half of the step height in
heat capacity dcp. Data recording and analysis of both, TGA and
DSC analyses was done with the Software Universal V4.5A by TA
Instruments, Inc., USA.

2.3. Spectroscopic methods
Attenuated total internal reflection-Fourier transform infrared
analysis (ATR-FTIR) was carried out at room temperature using a
TENSOR 27 infrared spectrometer (Bruker Optik GmbH, Germany)
equipped with a MIRacle™ diamond crystal ATR accessory (PIKE
Technologies, Inc., USA). 32 scans were taken and averaged per
spectrum in the spectral region 4000 to 400 cm- 1 at a resolution
of 4 cm- 1 with a scan rate of 10 kHz. Data evaluation, including
baseline correction and vector normalization [44,45 ] for valid comparison, was done with the spectroscopic software OPUS, version
7.5 (Bruker Optik GmbH).
1 H NMR spectra were recorded with a Bruker Avance III spectrometer operating at 500.13 MHz. DMSO-d6 was used as solvent,
lock, and internal standard [d(1 H) 2.50 ppm]. The spectra were
recorded using the standard pulse programs included in the Bruker
Topspin 3.2 software package.

2.4. Size-exclusion chromatography
SEC analysis was performed with a set up composed
of an HPlC-Pump 1200, a Polar Gel-M separation column
(300 x 7.5 mm; 8 µm) (both by Agilent Technologies, Inc.) coupled to a TREOS II 3-angle light scattering detector by Wyatt Technology, Corp. and a K-2301 dRI detector (generic) by KNAUER Wissenschaftliche Geräte GmbH, Germany. The samples were dissolved
in 500 µl N,N-dimethylacetamide with 0.5% (di-n-butyl)amine and
filled up to 1 ml with N,N-dimethylacetamide (with 3 g l - 1 LiCI),
which was also the eluent for the separation. For each run, a sample volume of 20 µl was injected and separated with a flowrate
of 1.0 ml min- 1 . Data recording and evaluation was done with the
Astra® Software, Version 6.1.2 and 7.3.1.9.
2.5. Thermal field-flow fractionation
ThFFF experiments were carried out with a TF2000 set up,
consisting of an isocratic pump, degasser, auto-sampler, actively
heated and cooled ThFFF channel, PN3621 21-angle light scattering (MAlS) detector with a laser of the wavelength 532 nm and
PN3150 differential refractive index (dRI) detector (all by Postnova
Analytics GmbH, Germany). The cold wall block was cooled by
a liquid cooling circuit with a refrigeration unit Unichiller® 025MPC (2.5 kW) by Peter Huber Kaltemaschinenbau GmbH (now AG),
Germany. The channel dimensions were 45.6 cm tip-to-tip length,
width 2 cm and a thickness of 250 µm, realized by spacers made
of Mylar A® and Teonex®. A constant flow rate of 0.3 ml min- 1
was applied for all separations with the optimized temperature
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drop program as given in Fig. S4, SI. As solvent and carrier fluid
pure N,N-dimethylacetamide (ReagentPlus®, > 99%, Sigma-Aldrich
Chemie GmbH, Germany) was used. The void time in all separations was 12.36 min (incl. the stop-flow time of 5 min). A channel pressure of about 0.6 to 1 MPa was adjusted for the used flow
rate by a back-pressure tubing (inner diameter 0.001 ") between the
ThFFF channel and the MALS detector in order to maintain the stability of the dRI baseline and to avoid possible accumulation of gas
bubbles due to residual dissolved gas in the carrier fluid. The samples were dissolved in N,N-dimethylacetamide + 0.125% (v/v) (din-butyl)amine in a concentration ca. 4.3 mg mL - 1 and the injection volume for all separations was 102.5 µL. The data recording
and analysis was carried out with the TF2000 version of the NovaFFF software.

3. Results and discussion
We have chosen an aliphatic and an aromatic TPU with comparable hard- and soft segment composition (confirmed by 1 H- and
13 C NMR, see SI, Fig. S9). In the case of aliphatic TPU a temperature dependency during electron beam irradiation has been already investigated revealing an almost negligible effect of the irradiation temperature on the material alterations observed [7]. However, for aromatic TPU such an investigation has not been reported
yet. Therefore, the irradiation studies of the aromatic TPU are performed for irradiation temperatures at room temperature (RT) and
100 °C, whereas the aliphatic TPU study is done solely for room
temperature.
3.1. ATR-FTIR analysis

In the ATR-FTIR spectra of both materials, the typical bands of
a regular TPU are found (see Fig. 1). Both specimen spectra contain the broad bands of N-H stretching vibrations at 3320 cm- 1
(amide A), of the asymmetrical and symmetrical C-H stretching
vibrations 2925 cm- 1 and 2850 cm- 1 of methylene groups of
aliphatic chains, followed by the amide I band (around 1700 cm- 1 ),
amide II (around 1530 cm- 1 ), amide III (1220 cm- 1 ) and amide IV
(780 cm- 1 ). Ar-TPU shows additionally remarkable specific bands
of C=C aromatic ring stretching vibrations (at 1595 cm- 1 and 1410
cm- 1 ), of aromatic C-N stretching vibration at 1307 cm- 1 [46],
and at 815 and 751 cm- 1 (C-H out of plane bending vibrations)
[47-49]. There are also additional bands at 2960 and 2873 cnr 1
assignable to methylene groups (asymmetrical and symmetrical CH stretching vibrations) adjacent to butanediol-adipate functionality [50]. Both TPUs contain bands of C-O-C stretching vibrations in
the range 1100-1000 cm- 1 (as a part of urethane group [44,67 ] adjacent to the linear aliphatic chains of extenders in both hard and
soft segments and simultaneously as stretching C-O-C vibration of
ester group in soft segments) [42,49 ]. In contrast to Aliph-TPU, the
spectrum of Ar-TPU irradiation exhibits two distinct bands in the
region of amide I band, which are assigned to free carbonyl groups
(1725 cm- 1 ) and hydrogen-bondings (1701 cm- 1 ) [51]. In the case
of Aliph-TPU the band of free C=O groups appears as a shoulder
reflecting higher amount of hydrogen bonding, i.e. lower amount
of free urethane groups in the pristine materials. Generally, it can
be stated that electron beam irradiation up to the maximum applied dose in this study only slightly impacts the TPU materials.
Intensity changes for amide I/II/III and other bands of the urethane
group as well as bands of methylene group can be observed, however, the degradation dynamics between both TPU materials differs
depending on the chemical structure of the hard segments.
Already upon the lowest investigated irradiation dose (25 kGy)
significant alterations in Aliph-TPU on the molecular level can be
observed in the vibrational spectra: the amide I, II and III bands in
the spectrum of Aliph-TPU decrease in intensity. Simultaneously,
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the bands of C-H and N-H stretching vibrations (Fig. 1, insets Al,
Bl and A2, B2) become more intensive. This may be explained
by induced chain scission/urethane group degradation in the hard
segments and formation of primary amines [7]. Simultaneously,
the broadening of amide I on the left band side at around 1800
I indicates presence of non-associated carboxylic acid groups
cm-1
[49] . Formation of primary amines and carboxylic acid as a result
of irradiation degradation of TPU was reported previously [2,7,44 ]
and may occur even under vacuum [48 ]. Elevated irradiation dose
(50 kGy and higher) initiates an increase of the three aforementioned amide bands and at the same time a decrease with broadening of the N-H stretching vibration band(s) in the range 3400 3100 cm-1with the most intensive one around 3300 cm-1(Fig. 1,
insets A1, A2 ). The stronger band at about 1700 cm- 1 is explained
on one hand by a stronger hydrogen bonding as stated above
and on the other hand by associated carboxylic acids, which have
strong bands around the same frequency regions (ca. 3300, 1700
and 1200 cm-1; stretching vibration of OH, C=O and C-O groups,
respectively) [49]. Surprisingly, the amide II band becomes more
intensive too, regardless of urethane functionalities loss. This can
be explained by an adjacent reaction between primary amines and
carboxylic acids resulting in the formation of secondary amides as
it may occur under harsh conditions without catalysts or coupling
agent [52,53 ]. This hypothesis is supported by a subtle broadening
of the amide I band on its right lower frequency slope (Fig. 1, inset
Cl) including contributions from secondary and primary amines
(both absorb around 1650 cm- 1 ) [49] . Furthermore, the finding is
explained by a non-linear behavior of N-H and -CH2-(methylene
group) stretching vibration band intensities as a function of irradiation dose > 50 kGy).
Similar to Aliph-TPU, also in Ar-TPU major noticeable changes
in the material can be seen for the lowest investigated irradiation dose (25 kGy). Remarkable band intensity decreases of the
I were
methylene stretching vibration bands at 2920 and 2850 cm-1
found, referring to aliphatic chain scissions. A slight band intensity drops of C-O-C urethane or ester group at 1065 cm- 1 is observed, whereas other methylene group bands (e.g. in the vicinity
to adipate carbonyls, soft segments) are found to remain almost
constant. In addition, specific aromatic bands of the hard segments
kept their intensity and profile or alter only marginally in comparison with other bands. This can be interpreted as a sign of chemical
reactions starting at the hard- soft "interface" of the segments or
within chain extender segments and in soft segments. Hence, contrary to the aliphatic material, in Ar-TPU the linear aliphatic chain
extenders in the hard segments as well as the aliphatic part of
the soft segments seem to degrade both. However, taking a certain crystallinity (discussed in Section 3.2 ) into account (signs of
hydrogen bonding), we conclude that the soft segments are predominantly degraded. The amide bands of urethane increase in intensity, showing a probable formation of new groups (carboxylic
acids, amides). With increasing of the irradiation dose > 50 kGy)
the amide I, II, III bands and N-H stretching vibration band become either more intensive and slightly broader (around 1640 and
1 ) or change their intensity only negligibly. The intensity
1230 cm-1
1 ) has no definite
changes of methylene bands (at 2920, 2850 cm-1
correlation with irradiation dose, which is an indication of multiple
chain scission and recombination involving new functional groups
(carboxylic acids, amides). The total non-linear band dynamics and
the changes in the amide bands are similar to Aliph-TPU as discussed above.
From the findings by ATR-FTIR, we conclude that electron beam
irradiation produces a cascade of similar parallel chemical reactions in the case of both TPUs including chain scission, chain recombination or branching as well as formation of new functionalities (amines, amides, carboxylic acids). The main irradiation response distinction between our systems is the location of the reac-

161

Publications

Polymer Degradation and Stability 183 (2021) 109423

M. Geisler, T.S. Pal, K. Arnhold et al.

1

F1

0
I

I

,
I

0 kGy
25 kGy
50 kGy
100 kGy
200 kGy
250 kGy
300 kGy

0.10

1B2

0 .06
Ql

1A2

I

I

I

Aliph-TPU RT
Ar-TPU 100 °C

0.04

E
0.02

Wavenumber [cm- 1]
Fig. 1. The vector-normalized ATR-FTIR spectra of the aliphatic (insets with no. 1) and the aromatic (insets with no. 2) TPU irradiated with different effective doses. The
full spectra are presented for the non-irradiated materials, whereas the insets illustrate superimposed bands with significant changes. Al and A2 show enlarged plots of the
band region for N-H stretching, Bl and B2 show the region of C-H stretching. The insets Cl to El and C2 to E2 display the Amide 1, II and Ill bands, respectively. Fl and
F2 indicate the bands of C-0-C stretching vibrations. Solely for Ar-TPU, the aromatic ring vibration band in is shown in inset G. Highly overlapping graphs in A to Gare
displayed in dashed lines.

tion/alternation onset. The hard segments (urethane functionality)
undergo chemical alternations first in the case of Aliph-TPU and
the spectra of Ar-TPU show the chain extender of both soft and
hard segments and soft segments degrade faster than the hard segment cores (urethane and aromatic groups), but in general, in the
case of TPUs it mainly depends on the formulation of the material. Earlier publications on aromatic TPUs [2,54] reported photo
Fries rearrangement or oxidation of the central -CH2-unit in the
MDI segments. There is also an example for moderately irradiated
aromatic TPU, where significant changes in the soft segments may
take place [55 ].

mic peak in the DSC endotherms (see Fig. 56, SI). This can be accounted to the loss of water entrapped in the material.
The DSC analysis of Aliph-TPU shows in the first heating scan
without pretreatment of the sample a relaxation peak superimposing the glass transition region. This phenomenon is well known for
polymer glasses in general and originates from physical aging, e.g.
by long storage of the material not far below the glass transition
temperature [56,57 ]. Therefore the DSC analysis of Aliph-TPU was
performed with a preheating step up to 80 °C prior to the first
full heating scan in order to drive out relaxation effects. With preheating, the endothermic peak was not observable in the following heating scans anymore. Overall, no signs of melting or crystallization were found in the DSC thermograms, which indicates that
Aliph-TPU is thoroughly amorphous.
Therefore, a clear glass transition was observed at around 45 °C
(half step height), which shows a slightly decreasing trend in
the glass transition temperature (Tg) in correlation to the irradiation dose from O kGy to 300 kGy (see Fig. 2 ). Thereby the step
height of glass transition dcp does not show any significant trend,

3.2. DSC-Analysis

Both TPU materials remain largely unaffected up to 270 °C as
found by thermogravimetry (T = 285 °C at 2% weight loss; see SI,
Fig. 55 ), although a slight mass loss of ca. 0.5% is detected in the
first full heating scan for both materials starting above 120 °C regardless of the irradiation, which causes a low and broad endother4
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Fig. 2. Glass transition temperatures (Tg) of Aliph-TPU measured in the first heating
scan (orange ), in the cooling scan (blue ) and in the second heating scan (red ). Filled

symbols display onset Tgand open symbols show mid-point Tgat half step height.

which indicates that the amorphous part of the material does not
change significantly under impact of irradiation (see Fig. S8 A, SI).
The slight decrease in Tg indicates isomerization or chain scission
[58,59]. Furthermore, crosslinking cannot be excluded, because degraded molecules of lower molar mass may act additionally as
plasticizer, which would induce a decrease of Tg, in contrast to the
expected increase in Tg in case of crosslinking [60] .
In contrast to Aliph-TPU, Ar-TPU shows in the first heating no
glass transition and in the subsequent cooling as well as in the
second heating thermograms only a weak, and much broader glass
transition, which refers to the soft segments behavior (see Fig. S7,
SI). A slight increase in Tg for both investigated irradiation temperatures is observed, which is accounted to crosslinking. In contrast to Aliph-TPU, Ar-TPU showed distinct melting and crystallization peaks, respectively, identifying it as material with higher crystallinity. As illustrated in Fig. 3B to D, melting and crystallization
show both an intrinsically complex multiple phase transition behavior with superimposed effects that are enhanced by irradiation.
The first heating scan showed in general only one higher melting peak at about 226 °C accompanied by one lower shoulderlike melting peak at about 207 °C. This corresponds somewhat to
the bimodal crystallization peaks found in the cooling scans. However, the second heating scans indicate a multimodal melting behavior. The DSC heating scans were performed intentionally with a
higher heating rate (40 K min- 1 ). In previous studies reorganization and superheating effects during melting could be sufficiently
suppressed [61 ,62 ]. However, recent studies confirmed that reorganization effects may still occur also at higher heating rates [63].
Hence, we account this multimodal melting behavior in first instance as reorganization effects. The melting peak assigned with S
at 130 - 135 °C in Fig. 3D possibly refers to a soft segment rich
phase, whereas the following melting peak 1 at around 185 °C
may represent the melting of a mixed phase with higher hard segment content near the interface of the hard domains. The mixing of hard and soft segments at the interface of crystallites is reported to originate from the molar mass dispersity of the hard segments, which causes a fraction-wise crystallization depending on
their segment length [64,65 ]. Peak 2 corresponds to non-perfectly
crystallized domains and peak 3, thus, refers to well-ordered crystallites. Microphase mixing, also superimposed to the observed
melting behavior, can be discussed as an origin of the observed
reorganization effects. This was also reported in previous studies
for TPU with high hard segment content [63,66]. With increasing irradiation dose, the amount of imperfect crystallites as well
as assumedly mixed-phase crystallites increases tremendously. At

the same time, the number of well-ordered crystallites (Peak 3)
with high hard segment content decreases (irradiation at RT) or almost disappears (irradiation at 100 °C), respectively, as indicated in
Fig. 3D and confirmed by the enthalpy fractions from peak deconvolution (principle exemplarily shown in Fig. 3A) of the multiple
melting peaks (Fig. 3J and K). The trend to form crystallites or domains of lower order is consistently found in the thermograms of
the cooling scan with an increasing amount of material crystallizing at lower temperature (Peak 1, see Fig. 3H and J). However, the
reverse image of the multimodal phase transition (Fig. 3D) cannot
be observed in the cooling scans. Furthermore, no significant differences in the overall enthalpy is seen between melting and cooling scans as well as with regard to irradiation dose (see Fig. S8
B, SJ). This confirms on the one hand that no significant chemical
transformations occurred in the DSC scans and on the other hand
that the multimodality found in the second heating is merged in
the sharp crystallization peak, which can be explained by delayed
crystallization far below the melting point(s) equilibrium due to
absence of nuclei.
Next to the variation in fractions of melting and crystallization enthalpy stated above, all peaks, except in the first heating
and peak 1 in the second heating show decreasing trends in the
(peak apex) melting temperatures (Tm) and crystallization temperatures (Tc,m), respectively, correlating with the irradiation dose (see
Fig. 3E, F, G). The constant Tm, peak 1 of the second heating scan
(see Fig. 3 D and Fig. S6, SI) originates most probably from a fraction in the outer part of domains containing a significant amount
of soft segments. In that, the phase mixing and resulting crystallization seems not to be altered significantly by irradiation. Alternatively, changes could be disguised by other effects such as
melting of different polymorphs like lamella or spherulite [67,68 ]
and/or different discrete domain sizes, which possibly superimpose
the observed overall melting behavior of the pristine or irradiated
sample. However, an in-depth investigation of this issue would go
beyond the scope of this work and needs to be addressed in a future study.
Meanwhile, the temperature shifts and the shifts from wellordered to increasingly disordered crystallites and domains indicate that irradiation induces isomerization, branching or topology
changes, degradation due to chain scission or, oppositely, crosslinking. Indications for chain scissions and possible recombination results in assumedly altered microstructure in agreement to the findings by ATR-FTIR.
With regard to the irradiation temperature, we found that
the irradiation at elevated temperature leads to a stronger shift
from well-ordered crystallites to disordered crystallizing domains
in comparison to room temperature, where a certain high melting fraction remains (Fig. 3J and K). Interestingly, the decrease in
Peak 3, which differs between the series at RT and 100 °C. correlates to the different behavior of peak 2, whereas the increase of
peak 1 induced by irradiation is not significantly dependent on the
temperature during irradiation. This supports the assumption that
peak 1 refers to a not significantly affected by irradiation crystallite phase near the interface of the hard domains, which also contains soft segments. In contrast to the enthalpy fractions, the melting and crystallization temperatures do not show significant differences in dependence to the irradiation temperature. The observed
differences allow the conclusion that the elevation of the irradiation temperature mainly increases the reaction rate of formed radicals leading to an increase in branching or crosslinking, but does
not induce further changes e.g. in the chemical composition of the
hard segments. In a recent study on electron beam irradiation of
aromatic TPU chain scission or branching is reported to assumedly
prevail over possible crosslinking reaction [69]. However, for thorough understanding of the observed effects in the material investigated in this work with regard to irradiation dose and temperature
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Fig. 3. Melting and crystallization analysis of Ar-TPU by peak deconvolution (exemplarily shown in A) of DSC-thermograms shown here for the series irradiated at 100

second heating scan U, K).

a comprehensive, separation-based molar mass, size and conformation characterization is needed.
3.3. Size exclusion chromatography

Generally, when irradiation is applied to polymer material
a vast number of different processes such as chain scission
[70 ], crosslinking [71 ], branching [3,4 ], degradation [1,72,73 ], decomposition [74] or chemical transformations [70] e.g. oxidation
[75] must be taken into account. For TPU materials irradiated under inert conditions mainly chain scission, increase of branching
and cross linking need to be considered [2,55 ]. Up to now, molar
mass characterization of irradiated TPU is frequently carried out by
SEC but mainly on the basis of relative calibration by polymer standards of narrow dispersity [16,69,76,77 ]. However, particular fractions of branched polymers tend to elute not just according to their
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size, as it is expected for entropy mode elution. Fractions containing long chain branches are hypothesized in the literature to elute
delayed as a consequence of anchoring effects of branches with the
column packing material [19], Co-elution with less branched fractions of lower molar mass but of equal hydrodynamic size can result too [78,79 ]. Therefore, the comparability of the analyzed polymer species to the used calibration standards and consequently the
accuracy of the reported molar masses may be affected. An absolute molar mass determination by means of SEC coupled with
MALS and dRI (differential refractive index) detection is therefore
recommended and was already used in previous irradiation studies of PU material [18]. In this study, we performed a comparison
of different calculation methods. Molar mass calculation based on
a calibration with polystyrene standards led clearly to erroneous
molar mass moments in terms of number (Mn) and weight average
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Fig. 4. SEC-MALS-dR! chromatogram of the aliphatic TPU measured in N,Ndimethylacetamide (+ LiCl, 3 g L- 1 ). The solid line indicates the MALS signal and
the dashed line is the dRI response. The molar mass from calibration with narrow
polystyrene standards is illustrated here for comparison.

3.4. ThFFF analysis
3.4.1. Molar mass, size and weight fraction analysis
To overcome the challenges in SEC a change of the separation
mechanism to FFF with a much broader separation range may be
a helpful alternative as it has been reported previously [19,81 ].
Among various FFF sub techniques, ThFFF may provide further information about intrinsic material properties such as differences in
chemical composition [19,25,29 ] (with changed solvent interaction)
or differences in topology[ 22-24,29 ] by means of thermophoresis.
ThFFF is a valuable complementary technique to SEC as its separation range does not completely cover the range of SEC for low
molar masses (see, Fig. S19, SI).
In fact, the fractograms of the ThFFF (see Fig. SA) indicate that
molar masses below 104 g moI- 1 cannot be sufficiently resolved
and elute together with the void peak at t0 = 12.36 min. Included in this time is the stop-flow time of 5 min being applied to
reach an equilibrium relaxation of the analytes (further details see
Section 2.5 and Section 2.2, SI). Additionally, this fraction of unseparated analytes including also higher molar masses components
may refer to densely compact objects with very low ST, After the
void peak, a good separation with high selectivity was observed.
In order to keep the analysis time in a reasonable limit, a ThFFF
method with a programmed temperature field has been optimized
(see Fig. S4, SI) and two regions of interest (ROI) are defined: ROI 1
refers to poor and medium retained molecules in the retention re-

1E+5

10

30

40

C

0

Ol

Retention time [min]

Colors :

99.5

Aliph-TPU

99.0

Ar-TPU

98.5
90

C

10
80
100
-----0
60
80
100

100.0

0

(/)

20

0
B

E
(/)

20
0

10

(Mw) and an overestimation of the molar mass dispersity D = Mw
Mn -1 (see Fig. S19, SI).
SEC-MALS-dRI analyses of both TPU series show a broad range
in molar mass and size and with regard to the impacted irradiation
dose a decrease of the main fraction accompanied by an increase
of both, fractions of lower and higher molar masses (see Fig. 4 and
Fig. Sll, SI). Thereby a good resolution is achieved in the lower and
medium molar mass range up to 10 6 g mol-1, whereas for molar
masses beyond that the separation performance is significantly reduced. The SEC-analysis revealed that already the untreated version (0 kGy) of Aliph-TPU contains a certain fraction of higher molar mass, whereas for Ar-TPU this fraction shows very weak MALS
response in an insignificantly low concentration. However, for both
TPU series an abnormal elution behavior for both, the lower molar
mass fraction as well as the ultra-high molar mass region (irradiated samples only) is observed, which also negatively affect the
analysis of the polymer's conformation (see Fig. S11 and S12, SI).
Non-ideal elution behavior in SEC for hyperbranched PU material
was also reported previously [80]. This is one additional reason
that molar mass determination based on relative calibration for a
non-purely entropy-based separation leads to false interpretation
and therefore methods for an absolute molar mass and size determination are definitely required.
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Fig. 5. Fractogram after ThFFF separation of the aliphatic TPU (A). Weight fraction
(B) and mean molar mass with dispersity (C) evaluation per region of interest of the
aliphatic TPU (grey) irradiated at RT and the aromatic TPU irradiated at RT (blue)
and at 100 °C(red). The stout colors in A refer to ROI 1 and the pale colors correspond to ROI 2.

gion of about constant separation force field 1" T "' 80 K and ROI 2
contains all further retained species where the separation was performed with a t-T of programmed decay approaching t-T
0 K.
The evaluation of the fractograms per ROI in Fig. SB and C
shows for both TPU materials in ROI 2 first a slight decrease in
weight fraction for low irradiation doses and thereafter an increase
of the weight fraction containing ultra-high molar masses (UHMW)
and possibly crosslinked species at high irradiation doses up to 300
kGy. For Aliph-TPU the increase of the weight fraction in ROI 2
ranged from originally less than 1% up to 9% and is much higher
than for Ar-TPU 100 °C, for which ROI 2 increased by only 1%. In
contrast, for Ar-TPU irradiated at RT the weight fraction in ROI 2
remained constantly low after first decrease at 50 kGy. Thus, the
aliphatic TPU changes to a much greater extend under irradiation
and forms a higher amount of crosslinked species. It can be concluded that for Aliph-TPU both, crosslinking and chain scission as
competing mechanisms are reflected in Mn and D. In ROI 1 D almost doubles, whereas Mn fluctuated around a constant average.
At the same time in ROI 2 Mn rises for all samples, but D decreases here under intense irradiation. The reason for this is found
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in the differential molar mass distribution for the entire fractogram
(see Fig. S15 A, SI). Here, an increase of the UHMW fraction and
a shift of the weight distribution towards lower molar masses is
depicted, indicating an increasing probability for chain scission of
UHMW species once a certain (very high) molar mass is reached
by crosslinking. In contrast to Aliph-TPU, the aromatic TPU Ar-TPU
does not show significant changes in D in ROI 1 when irradiated at
RT, but an increase in Mn. Contrary, the irradiation at 100 °C leads
to a slight increase in D, but only to fluctuation in Mn. In ROI 2,
both series (RT and 100 °C) show a constant Mn, but for RT an increasing D and for 100 °C a decreasing D is observed. This can be
also explained by the overall molar mass distribution (see Fig. S15
B and C, SI): During irradiation at room temperature crosslinked
products with comparably low molar masses are formed while at
100 °c crosslinked products of higher molar masses are formed.
The decreasing D in ROI 2 for the 100 °C points at increasing chain
scission during irradiation by the raised irradiation temperature.
As found by DSC, the irradiation influences in both TPU materials to some extend the phase transitions, indicating next to changing molar mass also topological changes such as increased branching. A suitable indicator for polymer topology is the scaling exponent v R, obtained as the slope from linear fitting of the gyration
radius (RMS) and molar mass from MALS, for radii larger than approx. 12 nm (depending on the wavelength of the laser beam), enabling interpretation of the angular dependency of the scattered
light [82,83 ]. This limits the applicability for this interpretation,
since the main fraction for both TPU is below that limit. However, for the UHMW fractions conclusions about particle conformation can be drawn. In fact, the scaling exponents found by SECMALS-dRI for the first eluting fraction decrease from 0.62 (0 kGy)
to about 0.48 (see Table Sl, SI). Typical scaling exponents are 0.59
for a random coil in a good solvent decreasing to 0.33 for a dense
sphere. The scaling exponents found by ThFFF-MALS-dRI show the
same trend from 0.5 (Ar-TPU, 0 kGy) or slightly lower for AliphTPU down to about 0.3 indicating the formation of highly compact objects under irradiation (see Fig S16, SI) due to crosslinking
and branching. The systematic difference of the scaling exponents
between SEC and ThFFF is explained by differences in the solubility: For SEC the eluent N,N-dimethylacetamide was used with
LiCl to enhance the solubility, disrupt possible intramolecular interactions like H-bonds and to decrease enthalpic interactions with
the column material. In the ThFFF separations instead, the N,Ndimethylacetamide eluent had to be used without LiCI to avoid corrosion damage in the separation channel.
3.4.2. Thermophoretic analysis

Another indication for changes in topology, branching or
changes in chemical composition is provided by the Soret coefficient ST[22-24] . In this study changes in ST are mainly ascribed to
changes in the polymer topology, because in ATR-FTIR no significant changes accounting for transformations in chemical composition were found, even though they are supposed to be more likely
seen by ATR as stated in sect. 3.1.
ST calculations per slice (per retention time) were performed
with correction of the flow profile distortion [84] and with an
adapted approach to correct secondary relaxation [85]. Details are
given in section 3.5.2 in the SI. The differential distributions of ST
(see Fig. 6) show a trend towards lower ST with irradiation for
the aliphatic TPU indicating a shortening of linear segments in the
polymer chains [23 ]. The inconclusive ST distribution of the 300
kGy-sample in Fig. 6A, which does not continue the trend observed
up to an irradiation of 250 kGy, most probably originates from
nonuniformities either in the material itself or in the irradiation
impact, which is found to reflect in the chosen part of the bulk
material from which the specimen originates. At a first glance, both
series of Ar-TPU do not show significant alterations neither due to
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Fig. 6. Differential weight distributions of ST calculated from the full ThFFF fractograms for Aliph-TPU (A), Ar-TPU irradiated at room temperature (B) and at 100 °C
(C).

irradiation dose nor due to the irradiation temperature. The difference to Aliph-TPU in ST as well as in the weight fraction analysis
( see Fig. SB and C) allows the conclusion that Ar-TPU is more resistant to irradiation, i.e. a higher energy is required to induce radical
formation. This irradiation protection could originate from its crystalline nature.
A closer look at the cumulative ST distributions shows on one
hand the influence of the irradiation temperature for Ar-TPU, allowing visualization of small differences over a broad distribution range, in contrast to the differential distributions' representation. On the other hand, differences in cumulative distributions in
their steep region are not as easy to differentiate, which are better visible in the differential distribution plots. The number and
weight average values commonly used for reporting polymer molar masses are similarly insensitive to display deviations in the
distribution. Therefore, alternative characteristic mean values with
higher sensitivity for in particular narrow distributions have been
introduced. For our study we have adapted the concept of the cumulative distribution angle [86] originally proposed for molar mass
distributions to be used for the comparison of ST distributions. The
distribution angle is expected to display changes in the steep region of the cumulative ST distribution. However, changes at the
fronts and tails of the distribution may not be displayed by the
distribution angle. Therefore additionally the width of the ST distribution dST,D taken from a comparable confidence interval is used
in this study. The corresponding cumulative distributions are given
in Fig. S18, SI.
The analysis of the cumulative ST distributions shows, as illustrated in Fig. 7, for Aliph-TPU a slight increase in the distribution
angle at low irradiation dose, followed by a decrease at higher ir-
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both TPU materials: Aliph-TPU irradiated at RT and Ar-TPU irradiated at RT and at
100 °C.

radiation doses. Meanwhile, dST,D shows only a steadily increasing width. This means, the main part of the ST distribution shifts
to lower ST, but does not significantly broaden, whereas s1gmficant broadening occurs at the front and the tail of the distribution,
which indicates that under influence of the irradiation small fractions (mainly at the tail) with a comparably high ST are formed.
As discussed above, crosslinking and branching have been found to
be generated from irradiation, thus causing a decrease in thermal
diffusion. Therefore, the increase in ST can be explained with formation of large particles up to the microscale, which possess Mw in
the UHMW range formed by crosslinking of already existing large
macromolecular species.
The analysis for Ar-TPU shows different behavior for both irradiation temperature series: a constant decrease of the ST distribution
angle combined with a slightly increasing dST,D at lower irradiation doses is observed. However, at higher irradiation a significant
difference with regard to the irradiation temperature is found. Irradiation at elevated temperature leads to further increase of dST,D
similar to Aliph-TPU. In contrast to this, dST,D stays almost constant when the irradiation is carried out at room temperature. This
observation is in accordance to the differences found in the molar mass distributions (see Fig. Sl5, SI) and the different weight
fractions found in ROI 1, as stated in sect. 3.4.1., and supports the
findings that crosslinking products of lower size and molar masses
are formed at lower irradiation temperature, whereas additional
architectures are formed at elevated temperatures in combination
with higher irradiation dose. Under these conditions an increase of
chain scission combined with crosslinking is competing, leading to
broader molar mass range of the UHMW fraction for Ar-TPU 100 °C
series. Consequently, the irradiation temperature changes the ratio
between crosslinking and chain scission or degradation, while irradiation at lower temperature could suppress chain scission to some
extent.
4. Conclusions
The influence of electron beam irradiation on commercially
available aliphatic and aromatic thermoplastic polyurethane (TPU)

material was thoroughly investigated on the molecular level by
means of ATR-FTIR, DSC. SEC and complementary ThFFF separation, both separations coupled to absolute molar mass and size detection. Both materials are comparable in their hard and soft segment composition. ATR-FTIR investigations showed for both materials that electron beam irradiation produces a cascade of parallel
chemical reactions including chain scission and chain recombination. These reactions lead to formation of branching, crosslinking
as well to new functionalities (amines, amides, carboxylic acids),
which are recognizable already in significant amount at low irradiation doses. Thereby, in the aliphatic TPU signs for urethane group
degradation and secondary amine formation was indicated, which
reveals a predominant degradation of hard segments, whereas in
the aromatic TPU the soft segments were found to degrade earlier
as indicated by of the isomerization in the polyol segments.
Complementary DSC studies reveal the aliphatic TPU as thoroughly amorphous material with a distinct glass transition, in
which the slight decrease of the glass transition temperature supports the findings from the ATR-FTIR experiments, thus, indicating
isomerization or branching. In contrast, the aromatic TPU showed
highly crystalline character with a barely recognizable glass transition of its soft segments but a complex phase transition behavior with multiple melting and crystallization peaks. The multiple melting behavior caused by reorganization effects typical for
TPU with high hard segment contents indicates an irradiationinduced transformation of the hard domains from well-ordered
to increasingly disordered crystallites. Furthermore, the simultaneously found decrease in melting and crystallization temperatures supports the conclusion of irradiation induced isomerization,
branching or topology changes found by ATR-FT-lR and DSC. The irradiation influence on the aromatic TPU was studied at room temperature and at 100 °C. The elevation of the irradiation temperature amplified the shift from well-ordered crystallites to disorderly
crystallizing domains, but showed no effects on the phase transition temperatures.
The molar mass and size characterizations revealed for both
materials the formation of a highly crosslinked fraction with ultrahigh molar masses, compact conformation and an increased dispersity as a result of the irradiation. This study demonstrates the challenges arising from the limits of SEC and the possible deviations of
the results generated by SEC with absolute molar mass determination from those obtained from SEC with relative calibration. Reliable determination of molar mass, size, and scaling with focus on
the UHMW fraction was performed by ThFFF separation coupled
to light scattering and dRI detection. Changes in topology were
addressed by a thermophoretic analysis based on the ThFFF separation mechanism as a second independent investigation. These
studies have revealed stronger tendency of the aliphatic TPU for
crosslinking than the aromatic TPU, indicating a general high resistance of the aromatic TPU to irradiation. However, for the aliphatic
TPU and for the aromatic TPU irradiated at 100 °C constant molar
mass average in combination with a broadening in dispersity indicates that crosslinking is the main process competing with chain
scission and degradation. For the aromatic TPU, lower irradiation
temperature was found to significantly suppress chain scission and
support crosslinking, although the crosslinking probability is also
significantly reduced. Eventually, this study unravels that crosslmking is the dominating effect under irradiation influence prevailing chain scission and degradation. For this material, indications in
agreement to our findings are reported for aliphatic [7] and aromatic TPU [55], but have not been yet verified by means of separation and absolute molar mass characterization. Depending on the
material and irradiation conditions, degradation was also reported
as main effect under irradiation [72,73 ].
Future studies in this field may address inhomogeneous alterations in the material due to irradiation (surface to bulk) by dif-
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fuse reflexion spectroscopy (FTIR, Raman) of the material in powdered state. Furthermore, the existence of different polymorphs or
discrete domain sizes superimposing the observed reorganization
effects in the overall melting behavior found by DSC was not elucidated further and will be examined in detail with regard to irradiation in a future study. ThFFF investigations using light scattering are accounted to give further insights into the scaling behavior
with irradiated TPU material of higher molar mass or fractionation
combined with online viscometry for an indirect access to radius
information of the polymers below the detection limit of MALS.
Modulated DSC may further resolve reorganization effects seen in
the multiple melting and crystallization behavior of the aromatic
TPU.
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1. Theory
1.1. The basic principle of thermal field-flow fractionation (ThFFF)

The separation principle of field-flow fractionation in general relies on an externally applied separation force to an analyte mixture to be separated in an empty ribbon-like channel of large aspect ratio.
As illustrated in Figure S 1, in the first step the analyte mixture is allowed to relax in response to the
field force after injection at the beginning of the channel forming an exponentially decaying concentration profile. Following in the second step a laminar flow is pumped through the channel in perpendicular direction to the field force. Due to differences in the response to the field force, analytes may
reach their equilibrium between accumulation and back diffusion driven by Brownian motion in different mean layer thicknesses of faster or slower flow velocities and thus a separation in the overlay of
flow and field force is realized.[1]If the relaxation equilibrium is reached fast enough, stop-flow prior
to elution is not required.

Figure S1 Basic principle of ThFFF shown for a hypothetical analyte mixture of Pl and P2 with their translational diffusion coefficients D and their thermal diffusion coefficients Dr representing the response to the applied
field force d T. The cold wall is accounted here to be the accumulation wall.

In ThFFF the separation force field is realized by a strong temperature difference dT between a heated
and an actively cooled channel wall. Thereby the separation relies on thermophoresis causing a downforcing moment described by the thermal diffusion coefficients Dr, which is in equilibrium with the
up-forcing moment caused by translational diffusion D. The ratio Dr to Dis defined as the Soret coefficient ST. Unlike all other FFF sub techniques, due to the temperature gradient the non-constant viscosity of the carrier liquid leads to a distortion of the laminar flow profile (normally described as parabolic flow profile), which has to be respected for an accurate description of the retention, as given in
Eq. (1).

(1)
The retention ratio Ras fraction of void time t0 over retention time tR is dependent on the dimensionless FFF parameter þÿ»
and a non-parabolicity parameter v for the correction of the flow profile distortion. v can be calculated by a polynomial approach in dependency to dT and the cold wall temperature
with the help of polynomial coefficients tabulated in the literature for many different solvents. [2,3]The
parameter þÿ» is defined by physicochemical parameters depending on the FFF separation mechanism
and the field force. In ThFFF þÿ»is therefore defined as given in Eq. (2)

l
ST dT

DT

þÿ»-=
--þ
ÿ»
-

D dT

(2)
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1.2. The concept of the ST distribution angle and the dST,D distribution width
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Figure S2 Concept of the ST distribution angle, determined by linear fit of the steep region. For all series in this
study, the distribution angle was fitted between 0.2 and 0.6 of the cumulative weight fractions (see Fig. S17).
This concept was adapted from the molar mass distribution angle as reported earlier.[4] Meanwhile, the width of
the distribution dST,D was measured in the confidence interval of0.05 to 0.95 of the cumulative weight fraction .

2. Experimental
2.1. Electron beam Irradiation (EBI)

Figure S3 Electron accelerator EL V-2 used for irradiation of the polyurethane samples.
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2.2. Thermal field-flow fractionation with absolute molar mass detection
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Figure S4 Optimized separation method used for separations of all TPU series in this study with the assigned regions
of interest ROI 1 ad ROI 2 referring to the fractograms given in Fig. 5 in the main article and in in Fig. S 14.

3. Additional results and calculations
3.1. Thermal analysis
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Figure S5 Thermogravimetric analysis of Aliph-TPU and Ar-TPU, both irradiated with a dose of300 kGy at room
temperature.
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Figure S6 Thermograms of the DSC analysis of Aliph-TPU (A) and Ar-TPU irradiated at room temperature (B)
and at 100 °C (C). The dashed line shows the first heating scan, the dotted line shows the cooling scan and the solid
line shows the second heating scan.
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Figure S7 Region of the soft segment glass transition in the DSC thermograms (second heating) of the aromatic
TPU irradiated at room temperature (A) and at I 00 °C (B)
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Figure S8 A Heat capacity drops of Aliph-TPU corresponding to the glass transition temperatures given in Fig. 2 in
the main article. B Total enthalpies of fusion and of crystallization for Ar-TPU. Values from the first heating are
displayed in orange, values from the cooling scan are given in blue and values from the second heating scan are
shown in red. Filled symbols in B represent the series irradiated at room temperature and open symbols refer to the
series irradiated at 100 °C.
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3.2. NMR-spectroscopy
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Figure S9 1H-NMR spectra of the aliphatic thermoplastic poly(ester urethane) (A) and of the aromatic poly-

(ester urethane) (B) used in this study, containing hard segments composed of either 4,4'-dicyclo-hexylmethane
diisocyanate (H12MDI) (A, blue) or diphenylmethane diisocyanate (MDI) (B, blue) coupled to 1,4-butanediol
(green). The soft segments (magenta) consist of poly( 1,6-hexane adipate) (A) or poly(l ,4-butane adipate) (B).
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3.3. Determination of the refractive index increment dn dc-1
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Figure S10 Determination of the dn dc- 1 in batch for Aliph-TPU (A) and Ar-TPU (B), dissolved in pure N,Ndimethylacetamide. No differences between non- and highly irradiated samples were found.

The dn de I found by batch measurements as reported in Fig. S 10 were used for the molar mass and size
characterizations in ThFFF only. For the SEC analysis, the influence of the added LiCl has to be taken
into account Hence, dn de 1 for Aliph-TPU is to increase from 0.0806 to 0.1330 mL g 1 and for Ar-TPU
from 0.1243 to 0.1760 mL g I with a dRI detector constant of 0.12 RIU V 1• With this dn de I for both
TPU a mass recovery of 90 to 98 % is found in the SEC analysis confirming the validity of this correction
as proposed in the literatureJ51

3.4. SEC analysis
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Figure S11 SEC-MALS-dRI chromatograms of Aliph-TPU (A) and Ar-TPU (B) irradiated at 100 °C performed in
N,N-dimethylacetamide (+ 3 g L- 1 LiCl). For comparison, the molar mass trace of a relative calibration with narrowly
dispersed polystyrene standards is shown.
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Figure S12 RMS radius - molar mass conformation plots derived from the SEC-MALS-dRI analysis for Aliph-TPU
(A) and Ar-TPU 100 °C (B). The full data are shown here to elucidate abnormal elution behaviour particularly seen
for Aliph-TPU (A). Only the linear scaling data in the higher molar mass rages have been fitted to determine scaling
parameters VR.

Table S1 Summary of the SEC-MALS-dRI-analysis.
Aliph-TPU
Irradiation dose

Mn
[kg mol 1]

0kGy
100 kGy
300kGy

16.7 ± 1.9
15.6 ± 1.7
23.1 ±2.6

D

[kg mol 1]

8±4
5.5 ± 1.3
28± 11

0.62 ±0.02
0.5 ±0.02
0.48 ± 0.01

33.4 ±0.2
30.0±0.2
36.3 ±0.5

364000

1.0
>

Ar-TPU 100 °c

Mn
[kg mol 1]

VR

4900

VR

D

[kg mol 1]
0.63 ±0.02
0.64±0.05
0.47 ±0.01
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Figure S13 Molar mass calibration performed with narrow polystyrene standard mix PS-2A by Agilent technologies
Inc., PS 80317 and PS 50912 by Pressure Chemical Co. The molar mass trace of calibration is illustrated in Figure
Sll and the calibration is further used in Figure S19 for comparison. The measurements were done with the set up
and the conditions described in sect. 2.4 in the main article.
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3.5. ThFFF analysis

3.5.1.Molar mass and size measured by MALS-dRJ detection
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Figure S14 ThFFF fractograms of Aliph-TPU (A) and Ar-TPU irradiated at room temperature (B) and at 100 °C
(C). The separation was performed with the optimized separation method shown in Fig. S4.
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Figure S15 Normalized molar mass differential distributions from the ThFFF analysis of Aliph-TPU (A), Ar-TPU
irradiated at room temperature (B) and at 100 °C (C), calculated for the entire fractogram.
Table S2 Summary of the ThFFF-analysis.

Irradiation dose
0kGy
25 kGy
50kGy
lO0kGy
200kGy
250kGy
300kGy

Aliph-TPU
Mn
[kg mol 1]
45.8
42.2
36.6
37.9
47.9
29.5
48.0

±
±
±
±
±
±
±

1.1
2.9
1.5
6.5
0.6
0.6
0.1

3.78
3.57
3.7
4.02
4.26
4.0
13.7

Ar-TPURT

Mn
[kg mol 1]

D

±
±
±
±
±
±
±

0.16
0.11
0.5
0.05
0.03
0.1
0.4

37.1
43.1
25.4
36.5
39.5
53
55.3

±
±
±
±
±
±
±

0.2
0.4
0.9
0.6
0.4
5
0.9

Ar-TPU 100 °C
D

1.66
2.45
2.49
2.04
2.03
2.1
1.96

±
±
±
±
±
±
±

0.01
0.01
0.04
0.01
0.01
0.1
0.04

Mn
[kg moJ· 1]
37.1 ± 0.2
37.3 ± 2.2
32.7 ± 0.4
33.3 ± 0.2
42.6 ± 2.4
37.6 ± 1.6
40.3 ± 0.5

D

1.66
2.03
1.71
1.87
2.0
2.3
2.92

±
±
±
±
±
±
±

0.01
0.29
0.01
0.03
0.1
0.1
0.01
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Figure S16 Scaling exponents of Aliph-TPU and Ar-TPU irradiated at room temperature (RT) and at 100 °C.
The scaling exponents were determined with data from the interval 40 to 100 min in the ThFFF fractograms,
given in Figure S14.

3.5.2. Thennophoretic analysis

The ThFFF separation has been carried out under programmed nonconstant field conditions as illustrated
in Fig. S4. Therefore, additionally to the retention description given in Eq. (1) secondary relaxation phenomena needs to be taken into account in case the changes in the field force are fast. In that case, the relaxation equilibrium lags increasingly behind the drop of the field force resulting in later retention times
than expected for an instantaneous reaction on the field force. Thus, the description of the retention time
needs to be corrected by the introduction of a departure term delta
as stated in Eq. (3)
R

= Rinstant · (1 +

delta)

(3)

For sedimentation FFF, where secondary relaxation plays a major role in field programming conditions, delta
can be readily approximated. 161 However, for ThFFF of drained well-solvated polymers no investigation
of this phenomenon has been carried out yet. In fact, polymers were so far assumed to follow changes in
the field force instantaneously. In order to approximate the influence of secondary relaxation in the programmed method used in this study, a reference experiment with known polymer standards was performed. In that, a broad polystyrene and a broad PMMA sample were first analyzed by ThFFF under constant field conditions of dT = 80 K (Tc = 23.1 °C) and a calibration of ST against the molar mass was
fitted in a double logarithmic plot (see Fig. S 17 A). Based on this calibration, the effective dT was
then retraced by the means of Eqs. (1) and (2) in field programmed separations of these reference
samples using a shortened version and the original version of the optimized separation method (given
in Fig. S4). For that, ST was recalculated based on the detected molar masses in dependency to the
retention time. To avoid further elaborative calibrations, a simple ST to molar mass calibration approach was used, where ST isassumed to not vary with the cold wall temperature . For PMMA, this
assumption holds true for a change of about 5 °C as reported previously.l7 J
The so retraced effective d T revealed a significant delay to the instantaneous change of the programmed d Tin particular for high decay rates of the field. Based on this finding an approximation for
the departure term was empirically found in dependency to the field decay, as defined in Eq. (4)
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=-0.005
- - - · ln

-

(4)

dR

with Rinit. as the retention ratio at the initial time of the field decay. The calculated retention times with
correction of the secondary relaxation delay are found in good agreement to the retraced effective dT (in
nominal retention time), as shown in Fig. S 17 B. The ST distributions illustrated in Fig. 4 in the main
article were calculated with the help of the secondary relaxation correction approximation

A

B
0.5

100

Data
- - - Fit

init.

80

-

realized

••••••·

recalculated

60
0.1

40
20
1E+05

1E+06

Molar mass [g mol-1]

20

40

60

80

100

time [min]

Figure S17 Sr - molar mass calibration of broad polystyrene and PMMA reference samples (A) as basis for the
approximation of the secondary relaxation influence by retracing the effective d T from the measured molar mass
retention (B); init. refers to the initial time of the field decay.
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Figure S18 Cumulative STdistributions with their derived differential ST distributions of Aliph-TPU (A), Ar-TPU

irradiated at room temperature (B) and at 100 °C (C) as presented in Fig. 4 in the main article.
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3.6. Comparison of the molar mass distributions between calibrated SEC, SEC-MALS and
ThFFF-MALS
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Figure S19 Normalized molar mass differential distributions of the different molar mass analysis approaches in
comparison to each other of Aliph-TPU (A) and Ar-TPU irradiated at 100 °C (B).
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