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Abstract

Synthetic polymers have complex molecular structures with distributions in molar mass, chemical composition, functional-
ity and molecular topology. For the comprehensive analysis of polymer structures, a number of advanced spectroscopic and
fractionation techniques are used. For the fractionation of polymers, most frequently column-based methods are applied.
These are of limited value for the separation of very high molar mass and fragile analytes. Thermal field-flow fractionation
(ThFFF) as a channel-based method has developed into a powerful alternative and complementary technique to column-based
fractionations. This perspective discusses novel applications of ThFFF and highlights its potential for the fractionation of
polymer assemblies such as micelles, vesicles and nanogels.
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Intrinsically, synthetic polymers are complex multicompo-
nent mixtures that exhibit various distributions in molecular
properties, including molecular size (molar mass), chemi-
cal composition, molecular topology (tacticity, branching)
and functionality. To address the different property distribu-
tions, sophisticated fractionation methods have been devel-
oped over the last 6 decades. Typically, fractionations using
column-based experimental protocols are conducted with
size-exclusion chromatography (SEC) being the preferred
tool for molar mass analysis. Chemical composition and
topology are addressed by various methods of interaction
chromatography using solvent and temperature gradients.
These methods have a number of limitations, in particular
for very high molar mass and fragile analytes.

As an alternative to column-based fractionations, chan-
nel-based fractionations have been introduced mainly by
Giddings and his students where separations are achieved
in empty channels by applying external fields [1]. Different
fractionation results are obtained depending on the applied
external field and the underlying physical phenomena. For
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example, asymmetric flow field-flow fractionation (AF4)
uses a solvent cross flow and the separation is based on the
differences in translational diffusion coefficients of different
species, which are a function of molecular size/molar mass.
In contrast, ThFFF uses thermal gradients and the separa-
tion is based on the interplay of translational and thermal
diffusion [1, 2].

Thermal diffusion is strongly influenced by the chemical
composition of the analyte and, hence, can be used to frac-
tionate chemically different species. In combination with
advanced detectors, quantitative molecular information
on size/molar mass, chemical composition and molecular
topology can be obtained for a variety of different polymer
structures and polymer assemblies such as block copolymer
micelles, vesicles and nanogels. Finally, ThFFF can be used
as one dimension in multidimensional fractionation setups.

A schematic presentation of the ThFFF process is pre-
sented in Fig. 1. Similar to all other FFF techniques, ThFFF
has an open-channel design that does not contain any sta-
tionary phase. The separation takes place in a single liquid
phase (mobile phase). The absence of a stationary phase
allows ThFFF to characterize a wide variety of macromol-
ecules and particles ranging from a few nanometers up to
micrometers in size with high resolution. For ThFFF frac-
tionation, a temperature gradient is applied as the external
field by heating one of the FFF channel walls while cooling
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Fig. 1 Scheme of the ThFFF channel and the fractionation mecha-
nism. Thermal diffusion, Dy drives polymers towards the accumula-
tion wall while normal diffusion, D causes migration away from the
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wall. The Soret coefficient, S; determines the position in the veloc-
ity profile and the elution from channel [2]. Copyright 2019, adapted
with permission of Springer Nature
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Fig.2 ThFFF fractionation of polyisoprene and polybutadiene with regard to microstructure [7]. Copyright 2014, Reproduced with permission

of Wiley Interscience
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Fig. 3 ThFFF fractionation of polystyrene-poly(ethylene oxide) block copolymer assemblies. Copyright 2017, adapted from [12] with permis-

sion of American Chemical Society

the other. When analytes are subjected to such temperature
gradients they migrate from the hot wall towards the cold
wall (accumulation wall) under the process of thermal diffu-
sion. This thermal diffusion is characterized by the thermal
diffusion coefficient, D;. As a result of the concentration
build-up at the cold wall, the analytes migrate back towards
the center of the channel under the process of ‘normal’ or
Brownian diffusion, which is characterized by the (transla-
tional) diffusion coefficient, D. The interplay between D
and D (known as the Soret coefficient, Sy) is responsible
for the differential placement of analytes in the parabolic
flow velocity profile and thus differential elution from the
channel. The parabolic flow profile shown in Fig. 1 is an
idealized presentation. It has been shown by Geisler and
Lederer that in reality the profile is highly distorted from an
ideal parabola [17]. The remarkable characteristic of ThFFF
is that retention depends not only on molar mass (through
its influence on size and thus D) but, more importantly, also
on the chemical composition of the polymer. The sensitivity
towards composition is due to the fundamental dependence

of thermal diffusion on the composition of both the polymer
and the carrier liquid.

ThFFF was introduced not much later than SEC but it was
not able to develop into a practical laboratory instrument as
quickly as SEC and, as a result, was slowly forgotten by the
polymer community. The slow development of ThFFF was
mainly due to the incomplete understanding of thermal diffu-
sion that still limits quantitative predictions of the retention
characteristics of complex polymers. In recent years, ThFFF
has started to gain considerable attention for its potential to
separate analytes (mostly copolymers) based on composition
[3-5]. This can be attributed to a combination of three main
factors, namely (1) the continuous improvement in ThFFF
instrumentation and methodology, (2) the increasing need
for new analytical techniques for increasingly complex poly-
meric materials, and (3) the increasing demand for charac-
terization platforms that can address very high molar mass
polymers, polymer aggregates and polymer assemblies, ana-
lytes susceptible to shear degradation, and polymer samples
with complex branching distributions [6].
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Fig.4 Schematic presentation of a ThFFF system equipped with five information-rich detectors for the fractionation and analysis of complex
polymers [13]. Copyright 2019, Reproduced with permission of American Chemical Society

Regarding molar mass analysis, the fractionation power
of SEC and ThFFF is comparable in the range of 10*~10° g/
mol while above a molar mass of 10> g/mol, the fractionating
power of ThFFF is generally several times higher than that
of SEC. Above a molar mass of 10° g/mol, SEC becomes
increasingly limited by possible shear degradation whereas
ThFFF is capable of separating ultrahigh molar mass poly-
mers without shear degradation. On a larger size scale, gels
and particles that tend to block SEC columns can readily
be separated by ThFFF with high resolution [2]. One has
to keep in mind that SEC separates according to hydrody-
namic size in solution. Accordingly, in selected cases such as
branched and dendritic polymers that exhibit very compact
molecular structures and, thus, small hydrodynamic sizes,
SEC separation can be achieved even at very high molar
masses.

When it comes to chemical composition fractionation,
one might compare ThFFF and solvent/temperature gradient
interaction chromatography (IC). There is no doubt that IC
is far superior for the chemical composition fractionation of
single macromolecules having medium molar masses. If the
analyte, however, is a polymer assembly, polymer aggregate
or nano-/microgel then in most cases ThFFF is the better
choice. First of all, IC is limited with regard to molar mass
which is not the case for ThFFF. More importantly, IC like
all other liquid chromatography methods requires filtration
to prevent undesired precipitation of sample components on
the stationary phase. Typically, in the filtration step larger
molecules and aggregates are removed and fragile analytes
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such as micelles, vesicles and other polymer assemblies are
destroyed. For such analytes, IC is suitable to a very limited
extent.

ThFFF does not have such limitations. A filtration step
prior to fractionation is not required and larger molecular
species can be injected directly into the channel. ThFFF is a
very gentle fractionation technique and (provided the analyte
has a certain thermal stability) polymer assemblies, aggre-
gates and other large entities can be fractionated without
degradation.

The following few examples shall serve to illustrate the
progress and the future perspectives of ThFFF. It has been
demonstrated in the past that ThFFF is a useful method for
chemical composition fractionation of copolymers [3-6].
More recently, ThFFF was shown by Greyling et al. to be
suitable for microstructure characterization by fractionating
1,4- and 1,2-polybutadiene isomers and 1,4- and 3,4-poly-
isoprene isomers according to microstructure while syn-
diotactic and isotactic PMMA were separated according to
tacticity, see Fig. 2 [7, 8]. Poly(n-butyl methacrylate) and
poly(z-butyl methacrylate) were separated based on topol-
ogy [9]. This was a significant advancement as traditional
column-based techniques, such as SEC, are not suitable for
this type of microstructure-based separation.

Another recent advancement has been seen with ThFFF
being applied to polymeric self-assemblies, such as micelles.
Current techniques are not suitable to provide comprehen-
sive information regarding size, molar mass, chemical com-
position and micelle stability in different environments and
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Fig.5 Schematic presentation of the comprehensive two-dimensional ThFFF-SEC coupling for the analysis of complex polymers [16]. Copy-

right 2020, Reproduced with permission of Elsevier

it was shown that ThFFF is an excellent technique for this
purpose [10, 11]. Among other studies, it was proven by the
analysis of micelles with various corona compositions that
ThFFF is capable of separating micelles according to corona
composition irrespective of size while providing comprehen-
sive information on important micelle characteristics such
as size, molar mass, chemical composition and their respec-
tive distributions from a single analysis. Moreover, it was
shown that ThFFF is currently the only suitable technique to
monitor the dynamics of mixed micelle formation in terms
of size, molar mass and chemical composition [10]. In addi-
tion to corona composition, ThFFF was also demonstrated
to be a suitable technique to separate self-assemblies based
on morphology. In this case, vesicle, worm and jelly fish

morphologies were successfully separated by ThFFF [12],
see Fig. 3.

An important feature of advanced ThFFF is the fact that
the ThFFF channel, very similar to liquid chromatographic
columns, can be coupled to multiple information-rich
detectors and even a second fractionation device. This was
convincingly demonstrated by Muza et al. who coupled
ThFFF with five different detectors to obtain quantitative
information on the most important molecular parameters
[13], see Fig. 4. The online coupling of ThFFF to NMR
and FTIR spectroscopy has been presented by Hiller et al.
[14] and Radebe et al. [15], respectively.

The latest development in multidimensional ThFFF is
the comprehensive coupling of ThFFF and SEC developed

@ Springer



530

H. Pasch

by Viktor et al. [16]. As complex block copolymers are
distributed regarding chemical composition and molar
mass, at least two (orthogonal) fractionation techniques
must be used to obtain the full picture of molecular het-
erogeneity. It has been shown by the authors that THFFF
as the first dimension in the two-dimensional setup (being
sensitive to chemical composition and molecular size)
provides information on the chemically different species
while SEC as the second dimension provides quantitative
molar mass information, see Fig. 5. Chemical composition
information can be obtained when a dual-detector system
(e.g., ELSD-UYV) is used.

To summarize, over the last 10 years, ThFFF has devel-
oped into an important advanced fractionation technique
for complex polymers and polymer assemblies. In its own
right, it provides unique separation capabilities for very
high molar mass samples, samples with complex molecu-
lar topologies and fragile analytes such as micelles, vesi-
cles and other polymer assemblies. At the same time, it can
be used as a complementary technique for column-based
(SEC, IC) fractionations due to the unique cooperative
effects of thermal and translational diffusion that may pro-
vide dual information on chemical composition and size.
The coupling of ThFFF with column-based fractionations
or sets of information-rich detectors promises to be one
of the important directions in the further development of
advanced analytical methods for complex polymers.
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