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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 short-
chain branched PEs.

■ INTRODUCTION

Polyethylene (PE) represents a multibillion dollar industry1,2

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−Natta 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 fractionation5 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 1,2,4-
trichlorobenzene (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 Stockmayer11 proposes the
definition of a contraction factor g, as shown in eq 111
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where RG is the radius of gyration or mathematically the root-
mean-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 [η] and the linear analogue
[η]LIN has been introduced later,12 in that the drainage
exponent ε 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 trifunc-
tional) is described as given in eq 211
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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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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
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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.18,19 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 relation-
ship 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), chloro-
form, and tetrahydrofuran (THF), even at low temper-
atures.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.

■ 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 of linear 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

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 challeng-
ing.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 λ 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 ΔT.
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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
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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 non-

Figure 1. Schematic separation of two analytes P1 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 ΔT. The flow profile in gray shows a laminar profile without
field; the distorted flow profile with the applied field is shown in red.
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parabolicity factor ν describing the deformation of the flow
profile depending on the field strength due to the changing
viscosity of the carrier fluid eq 7.34,35

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 ThFFF40 and by Köhler and Rauch by thermal diffusion-
forced 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.

■ EXPERIMENTAL SECTION

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

■ 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 param-
eters 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 M0.58

and [η]G,LIN = 0.053 M0.70 have been used for the branching
calculations.10,51,52 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

Table 1. Summary of the Mean Results Obtained by HT-SEC−D4 and ThFFF (ΔT = 100.9 ± 0.7 K, τ = 10 min)a

HT-SEC−D4 ThFFF

Mw/kg mol−1 Đ gz LCBw MSeg/kg mol−1 Mw /kg mol−1 Đ tR/min ST/10
1 K−1 DT/10

8 cm2 s−1 K−1

hb1 230 ± 6 1.32 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

hb2 161 ± 3 1.12 0.27 ± 0.01 14.3 ± 1.4 0.91 ± 0.05 166 ± 9 1.06 14.9 ± 0.9 0.37 ± 0.07 1.1 ± 0.2

b1 140 ± 3 1.02 0.55 ± 0.03 2.7 ± 0.3 4.35 ± 0.02 136 ± 7 1.06 30.2 ± 0.4 0.96 ± 0.08 2.2 ± 0.2

b2 136 ± 2 1.03 0.55 ± 0.01 3.2 ± 0.4 2.97 ± 0.21 131 ± 5 1.03 24.5 ± 0.1 0.77 ± 0.07 1.9 ± 0.2

sb 313 ± 9 1.08 0.49 ± 0.02 1.5 ± 0.1 8.61 ± 0.40 307 ± 16 1.08 39.2 ± 1.0 1.33 ± 0.11 2.1 ± 0.2

lin1 175 ± 1 1.06 0.53 ± 0.01 2.2 ± 0.1 6.36 ± 0.20 167 ± 11 1.04 36.8 ± 0.4 1.14 ± 0.11 2.3 ± 0.3

lin2 384 ± 7 1.11 0.54 ± 0.01 1.1 ± 0.4 17.5 ± 2.0 373 ± 14 1.07 56.6 ± 0.4 1.8 ± 0.2 2.5 ± 0.3
aAll averages are calculated from n = 3; uncertainties represent overall deviation-inclusive systematic errors (see SI).

Figure 2. Superimposed fractograms of seven cwPEs with different
topologies ranging from linear to dendritic, separated in a field of ΔT
= 100.9 ± 0.7 K with a stop-flow of τ = 10 min. The temperature of
the cold wall was kept at Tc = 23.0 ± 0.04 °C.

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 ΔT = 100.9 K and τ = 10 min.
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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 investiga-
tions, 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 ΔT. 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 ΔT 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. Further-
more, 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 Đ = MwMn

−1 of the
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 number-
average, 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 ΔT value used in the calculations is the
cumulative average of the recorded ΔT(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

Figure 4. Double logarithmic plot of λ−1 against MSeg from the data
measured at ΔT = 100.9 K and τ = 10 min, fitted with a natural
logarithmic function y = a ln (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

Table 2. Branching Analysis Results Obtained by eqs 8−10
from ThFFF at ΔT = 100.9 ± 0.7 K and τ = 10 min and HT-
SEC−D4 Weight Average gw for Comparison with the g″
Estimated from ThFFF dRI Peak Apexesa

ThFFF HT-SEC−D4

g″ g = f(g″) LCB = [g(g″)] gw

hb1 0.11 ± 0.02 0.21 ± 0.03 18 ± 4 0.21 ± 0.01

hb2 0.13 ± 0.02 0.25 ± 0.04 17 ± 4 0.25 ± 0.01

b1 0.39 ± 0.03 0.50 ± 0.01 3.6 ± 0.5 0.50 ± 0.01

b2 0.30 ± 0.03 0.45 ± 0.01 4.4 ± 0.3 0.46 ± 0.02

sb 0.44 ± 0.04 0.52 ± 0.02 1.4 ± 0.2 0.48 ± 0.02

lin1 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
aSee footnote of Table 1.

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 ΔT = 100.9
K and τ = 10 min. The inset shows the plot in the full scale within the
limits of 0 and 1 for the fit in eq 10.

Figure 6. Dependence of tR, dRI apex on the number of branches per
molecule B for ΔT = 100.9 K and τ = 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 S10, SI.
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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 high-
temperature 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 ρapp and 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
al.42

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

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 HT-
SEC−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 MSeg with a trend
toward decreasing DT values, which would describe a
thermophilic behavior for short linear segments. Both findings
are in agreement with those of Köhler and Stadelmaier, who
found a thermophilic behavior for n-alkanes and other mono-/
oligomers in various solvents and a thermophobic behavior of
their analogue polymers32 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 to g and g′, Runyon proposed the introduction
of a Soret contraction factor g″,46 defined as follows

Figure 7. (a) Superimposed LCBi from the ThFFF data (shown for ΔT = 100.9 K and τ = 10 min) and LCBi 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.
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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 AB2-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
retention time61 of an almost linear sample in this case was not
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 λ 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 (τ = 0 min) and
for the fully relaxed system (τ = 10 min), measured at two
different field strengths, are given in the SI. Due to deviation of

the dRI data, the average retention time of the dRI and MALS
peak apexes were used.
The fit parameters of λ−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.

=
·Δ + · − ·Δ +

Δ
S

a T a M a T a

T

( ) ln ( )
T,LIN

1 2 w 3 4

(9)

The coefficients of eq 9 are given in Table S2 in the SI.
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
solvents63 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 5, g and g″ show a

Figure 8. Superimposed generated data of g″ (a) as fractograms and (b) the derived normalized differential weight distributions for the fully relaxed
system at a high field strength (ΔT = 100.9 K, τ = 10 min).
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correlation similar to the relation g′ = gε. The concept with a
single exponent could be also applied in g″ = gξ by the
introduction of a thermal drainage parameter ξ. The ξ from
g″(tR,dRI apex) = (gHT‑SEC−D4)

ξ yields values between 0.8 and 1.6,
which is comparable to the typical range of ε between 0.5 and
1.5.14 However, similar to ε, ξ seems to also depend on
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.

″ = + −
+

+
−

+

− ″

− ″

Ä
ÇÅÅÅÅÅÅÅÅÅ É

ÖÑÑÑÑÑÑÑÑÑ
g g K K K

K

K

( ) ( )
1 10

1

1 10

K g K

K g K

1 2 1
3

( )

3

( )

4 5

6 7 (10)

The calculation of the values of the coefficient Kx(ΔT) 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 R
S M

S M
( )

( )

( )
i

i

i
M

T,BRA Seg,

T,LIN
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 numeri-
cally 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.
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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).
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The values of the coefficient Kx(ΔT) of eq 13 for the partially
relaxed and fully relaxed systems are given in Tables S4−1 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), ΔT, 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 retained analytes, a
band-broadening correction as described earlier65,66 was
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 Đ 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 S16 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
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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 Rη, both
sphere-equivalent radii, may differ for various polymers and
topologies.10,69

■ CONCLUSIONS

Based on a model system of seven PE samples with varied
molecular architectures (topologies) being produced by chain
walking catalysis, an alternative approach for a branching
analysis by ThFFF coupled to MALS and dRI detection has
been developed in the context of the recently proposed
concept of the Soret contraction. For this, a model to predict
ST for linear analogues of the same Mw has been introduced.
The evaluation of this approach, either based on the mean
retention time or with the help of an indirect method for the
analysis of fractograms of narrowly dispersed samples, was
found to be in good agreement with the reference data
determined by HT-SEC−D4, representing the established
approach for the branching analysis of polyolefins in general. It
is believed that the new approach generally holds for
commercial PEs as well as for similar polymers soluble only
at elevated temperatures. However, this may need re-
evaluations of the relationship of ST vs MSeg and g vs g″, and
additionally, the analysis of broadly dispersed samples requires
an online detection of D.
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Polypropyleńes. J. Appl. Polym. Sci. 1969, 13, 205−213.
(9) Boborodea, A.; Collignon, F.; Brookes, A. Characterization of
Polyethylene in Dibutoxymethane by High-Temperature Gel
Permeation Chromatography with Triple Detection. Int. J. Polym.
Anal. Charact. 2015, 20, 316−322.
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