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Abstract
Synthetic polymers used in various technical applications were analyzed by asymmetric flow field flow fractionation (AF4) 
and size exclusion chromatography size exclusion without dash is more frequent (SEC) followed by a multi-angle light 
scattering (MALS) photometer and the results were compared from the view point of the resolution of the two methods and 
their ability to determine the molar mass distribution. The analyzed polymers covered broad molar mass range and included 
linear, randomly branched and star-shaped molecular topologies. Narrow polystyrene standards were used to determine the 
molar mass dependence of the efficiency. The number-average molar masses obtained by SEC-MALS were systematically 
lower compared to those from AF4-MALS with the exception of highly branched polymers, whereas the weight-averages and 
z-averages were well consistent except for polymers containing ultra-high molar mass fractions undergoing shear degradation 
in SEC columns. The number of theoretical plates in AF4 was molar mass-dependent as predicted by the theory. Using linear 
cross flow decay, the molar mass dependence of the AF4 selectivity showed an arc-shaped pattern. The AF4 mass recovery 
was close to 100% for all samples not containing molecules below the cut-off of the channel membrane.

Keywords Size exclusion chromatography · Asymmetric flow field flow fractionation · Multi-angle light scattering · 
Synthetic polymers

Introduction

Since the inception of asymmetric flow field flow fractiona-
tion (AF4) by the paper by Wahlund and Giddings [1], the 
AF4 method has been co-existing with size exclusion chro-
matography (SEC). Despite several limitations described for 
example in reference [2], SEC has been always the domi-
nant analytical separation method in the area of synthetic 
polymers soluble in organic solvents. From AF4 literature 
references, only a minor fraction is dedicated to the appli-
cations in the research and development of organic soluble 
synthetic polymers, whereas most of them are related to the 
characterization of proteins [3], drug-delivery particles [4], 

liposomes [5], viruses [6], exosomes [7], polysaccharides 
[8] and nanoparticles [9] in aqueous carriers. The AF4 cou-
pled with a multi-angle light scattering (MALS) detector has 
been successfully used for the characterization of paint bind-
ers prepared by emulsion polymerization [10–13] that usu-
ally contain branched ultra-high molar mass species formed 
by the chain transfer to polymer or even crosslinked nano-
gels created either by excessive chain transfer or purpose-
fully by addition of a crosslinking agent. Other AF4 applica-
tions on technical polymers reported in the literature include 
narrow polystyrene standards [14], star-shaped polystyrene 
[15], branched poly(phenyl-acetylene) [16], hybrid polyu-
rethane/acrylic latex [17], hyper-branched polyesters [18], 
polymers for pressure sensitive adhesives [19], synthetic 
and natural polyisoprene [20], polybutadiene [21], branched 
ultra-high molar mass poly-olefins and polybutadiene [22], 
poly-olefins [14, 23, 24], amphiphilic copolymers based on 
methacrylates [25], functionalized styrene–butadiene rub-
bers [26], single-chain nanoparticles [27], and poly(methyl 
methacrylate) [28]. The published results clearly indicate 
that AF4 can sufficiently separate synthetic polymer samples 
that are difficult for traditionally used SEC. The long-term 
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experience gained in the author´s laboratory shows that SEC 
data can be for some polymers completely misleading since 
a substantial part of a polymer under investigation can be not 
only strongly affected by shear degradation, but even also 
completely retained in SEC columns. Due to recent improve-
ment of AF4 instrumentation, one can expect organic AF4 
to become more frequent technique in analytical laboratories 
dealing with synthetic polymers. The purpose of this study is 
comparison of the two separation techniques from the view 
point of their resolution and ability to determine the molar 
mass distribution of various synthetic polymers.

AF4 separates polymer molecules on the basis of their 
hydrodynamic volume as does SEC. The only difference is 
using the thin ribbon like channel with one semipermeable 
wall instead of packed SEC columns. Strictly spoken, due 
to the absence of stationary phase, AF4 does not belong 
to a family of chromatographic techniques despite similar 
applications and chromatographic set-ups.

Although AF4 theory in principle allows the determina-
tion of hydrodynamic radius from the retention time, this 
paper deals exclusively with AF4 combined with a MALS 
detector. The MALS detector measures molar mass that 
is preferred by polymer scientists over the hydrodynamic 
radius. In addition to the molar mass, the size information 
is obtained as the root mean square (RMS) radius (radius 
of gyration). The hydrodynamic radius can be measured 
directly using a MALS detector combined with dynamic 
light scattering. The fundamental theory of MALS and 
principles of determining the molar mass and RMS radius 
have been published many times and can be found in the 
literature [29, 30] as well as the theoretical background of 
AF4 [30–32] and SEC [30, 33].

Experimental

The conditions used for all AF4 experiments are described 
in Table 1. Note that the steps 1, 2 and 9 do not directly 
contribute to the separation process and are used only for 
the stabilization of flow conditions in the channel and 
facilitation of the baseline setting. The focusing time of 
13 min is a compromise between proper sample focusing 
to a narrow line and the total run time. Note that complete 
focusing of high molar mass components can take tens 
of minutes [1]. To allow easy comparison of the results, 
the identical conditions were used for all polymers. Based 
on the author’s experience, they can be used as generic 
conditions for a great majority of technically important 
polymers of various molar mass distribution and molecular 
structure and thus complicated method development for 
the AF4 characterization of synthetic polymers is mostly 
unnecessary. As a rule of thumb, five to ten minutes longer 
steps 7 and 8 can be used for polymer samples containing 

substantial amount of ultra-high molar mass fractions 
to achieve their complete elution from the channel, and 
about five minutes shorter step 6 can speed sample elution. 
Regenerated cellulose Nadir 5 kDa cut-off membrane was 
used with the channel of following dimensions: 350 μm 
spacer, spacer tip-to-tip length = 265 mm, trapezoidal pro-
file of 240 mm length and 22 mm and 6 mm bases.

The AF4 system consisted of an Eclipse AF4 separa-
tion module from Wyatt Technology with a 1200 Series 
isocratic pump and a sampler (both Agilent Technologies) 
followed by a MALS detector HELEOS II and a refractive 
index (RI) detector Optilab T-rEX (both from Wyatt Tech-
nology). The Eclipse, pump and sampler were controlled 
by the software VISION and the MALS data were acquired 
and processed by ASTRA software (both Wyatt Technol-
ogy). The same chromatographic set-up was used for the 
SEC analyses with two Agilent PLgel Mixed-C 5  μm 
300 × 7.5 mm columns with the flow rate of 1 mL  min−1. 
The columns cover broad molar mass range from oligom-
ers to polymers with molar masses reaching ≈  107 g  mol−1. 
An alternative set of two Agilent PLgel Mixed-B columns 
with particle size 10 μm was used for some of the poly-
mers containing ultra-high molar mass fractions (namely 
samples 13–18) to reduce the possibility of shear degrada-
tion. However, minor effect on the results acquired by the 
two different column types was found. Stabilized tetrahy-
drofuran (THF) was used as the SEC eluent and AF4 car-
rier. The analyzed polymers were dissolved in THF in the 
concentration of about 2.5 mg  mL−1 (≈ 5 mg  mL−1 for the 
lowest molar masses) and filtered with 0.45 μm filters. The 
injected volume was 100 μL in both types of experiments. 
Substantially lower injected masses were used for narrow 
polystyrene standards to avoid overloading of the channel; 
specifically, from 1.1 mg  mL−1 for 13,500 g  mol−1 stand-
ard to 0.025 mg  mL−1 for 2,875,000 g  mol−1 standard with 
10 μL injected volume.

Table 1  Experimental conditions for AF4 separation of polymers pre-
sented in this study: detector flow = 1 mL  min−1, focus flow = 3

Step Separation mode Duration (min) Cross flow 
(mL  min−1)

Start End

1 Elution 2 3.0 3.0
2 Focus 2 – –
3 Focus + injection 3 – –
4 Focus 10 – –
5 Elution 5 3.0 3.0
6 Elution 20 (15) 3.0 0.1
7 Elution 10 (5) 0.1 0.1
8 Elution 5 0 0
9 Elution 3 3.0 3.0
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Polymers presented in this study are epoxy resin (EP), 
polycarbonate (PC), poly(methyl methacrylate) (PMMA), 
polystyrene (PS), poly(butyl methacrylate) (PBMA), polyb-
utadiene (PBD), and core–shell poly(methyl methacrylate-
co-butyl acrylate) (PMMABA). They were selected to cover 
broad molar mass range and linear, randomly branched 
and star-branched topology. The samples represent typi-
cal examples for each kind of polymer and similar results 
have been obtained in the author’s laboratory for hundreds 
of other polymer samples, namely various acrylic and sty-
rene–acrylic emulsion copolymers, polyisoprene, polybuta-
diene, styrene–butadiene rubber, nitrocellulose, cellulose 
tri-carbanilate, polyurethanes and poly(phenyl-acetylene). 
The polymers were obtained either as testing samples from 
various manufacturers or synthetized at SYNPO. One of the 
broad polystyrene samples was well-known NIST SRM 706a 
standard, narrow PS standards were purchased from Agilent 
Technologies.

Results and Discussion

Resolution

Figure 1 shows the separation of a mixture of six narrow 
PS standards. The two separation techniques allow nearly 
baseline separation of the standards, but AF4 needs signifi-
cantly longer run time to do so. The reason for that is that the 
actual separation starts after focusing at 17 min and that AF4 
peaks are generally broader compared to SEC counterparts 
due to markedly lower efficiency. The broadening of peaks 
and thus the efficiency of the chromatographic separation is 
characterized by the height equivalent to a theoretical plate 
(plate height). The influence of AF4 operational parameters 
on the plate height is defined by the following equation [34]:

where H is the non-equilibrium contribution to the plate 
height, which is the major contribution in AF4; D is the 
diffusion coefficient; w, V0 and L are the channel thickness, 
volume and length, respectively; and V̇  and V̇

c
 are volu-

metric detector and cross flow rates, respectively. Another 
parameter indicative of separation device performance is 
the number of theoretical plates (N), equal to the length of 
a separation device divided by the plate height. The diffu-
sion coefficient is related with molar mass through a simple 
equation:

(1)H = 24
D2V

2

0
LV̇

w4V̇3
c

(2)D = K
D
×M

−b

where KD and b are constants for a given polymer, solvent 
and temperature. Combination of Eqs. (1) and (2) shows that 
the plate height is in log–log scale indirectly proportional 
to the molar mass, or the number of theoretical plates is 
directly proportional.

The molar mass dependence of number of theoretical 
plates calculated from the data in Fig. 1 and three additional 
data points acquired with standards measured separately is 
for the two separation techniques contrasted in Fig. 2. The 
number of theoretical plates was calculated using the well-
known equation:

where tR is the retention time and W1/2 is the peak width at 
the half height. The results, despite being affected by the 
dispersity (polydispersity) of standards, can be used for 
the comparison of the efficiency of the two techniques. In 
accordance with Eq. (1), the N in AF4 increases linearly with 
molar mass, whereas that in SEC is molar mass independent. 
Another conclusion clearly evident from Fig. 2 is that the 
efficiency of AF4 is markedly below that of SEC, especially 
in the region of lower molar mass.

(3)N = 5.54

(
t
R

W1∕2

)2

Fig. 1  SEC chromatogram (top) and AF4 fractogram (bottom) of a 
mixture of six narrow PS standards. The figures correspond to molar 
mass in kg  mol−1
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The number of theoretical plates is one of the two major 
parameters affecting the resolution (RS) of two components 
in SEC and AF4:

where W is the peak width at baseline and S is the selectivity 
that can be expressed as:

Here, the absolute value accounts for the fact that retention 
time in SEC decreases with increasing molar mass. Note 
that in contrast to liquid chromatography of low molar mass 
compounds, in the separation of polydisperse polymers the 
resolution does not describe the ability to resolve two mono-
disperse compounds, but it is related to the local polydis-
persity of macromolecules eluting at a given time from the 
columns or channel (slice polydispersity).

The slice polydispersity in SEC is a result of band broad-
ening primarily by eddy diffusion and mass transfer. In the 
case of branched polymers and copolymers, the slice poly-
dispersity is further increased by co-elution of molecules 
of identical hydrodynamic volume, but different chemical 
composition and/or degree of branching and thus of different 
molar mass. The anchoring of branched macromolecules in 
the pores of SEC column packing represents another sig-
nificant contribution to the slice polydispersity in the case 
of large branched macromolecules [35]. In addition to the 
anchoring, branching also decreases the thermodynamic 
quality of the solvent. Note that the second virial coeffi-
cient decreases with increasing molar mass and increasing 
extent of branching. Consequently, in ultimate case of highly 
branched macromolecules with ultra-high molar mass, the 

(4)R
S
=

2
�
t
R2 − t

R1

�

W1 +W2

≈ S

√
N

(5)S =
|
|||
|

d
(
logt

R

)

d(logM)

|
|||
|

SEC eluent being for a given polymer thermodynamically 
good solvent may become poor solvent which increases the 
possibility of interactions with stationary phase. Another 
contribution to the SEC slice polydispersity can occur in 
separation of polymer samples containing fractions exceed-
ing the exclusion limit of SEC columns. In that case, the 
totally excluded ultra-high molar mass species can exhibit 
excessive peak tailing reaching far from the exclusion limit 
[36]. Slalom chromatography is one more possible contri-
bution to the slice polydispersity in SEC that happens when 
ultra-high molar mass polymers undergo flow-induced 
extension and start turning frequently around the column 
packing particles [37, 38]. Moreover, various enthalpic inter-
actions between the solute and stationary phase are frequent 
in the case of functional polymers, polymers bearing ionic 
groups or polymers consisting both hydrophobic and hydro-
philic parts.

In AF4, the major contribution to the slice polydispersity 
is the band broadening and, as in the case of SEC, the co-
elution of molecules of different branching degree and/or 
chemical composition. In contrast to SEC, the anchoring and 
slalom effects are completely eliminated by the absence of 
stationary phase. The AF4 channel also does not have any 
exclusion limit as do the SEC columns. Various enthalpic 
interactions with the membrane are imaginable, yet much 
less probable than in SEC due to markedly lower membrane 
surface area compared to the porous SEC packing. Conse-
quently, the resolution is governed mainly by the selectivity 
and efficiency without significant contribution of other non-
AF4 mechanisms.

Examples of selectivity plots are depicted in Fig. 3 for 
linear and randomly branched PS. The values of selectivity 
were obtained as the slopes of short sections of the plots 
log(tR) versus log(M) with log(M) increments equal to 0.2. 
Figure 3 shows nearly molar mass independent selectiv-
ity for SEC, whereas the AF4 selectivity plots exhibit an 

Fig. 2  Molar mass dependence of the number of theoretical plates 
determined by narrow PS standards in SEC with two PLgel Mixed-C 
columns (open circles) and AF4 (open squares)

Fig. 3  Molar mass dependence of selectivity for linear PS (lin) in 
SEC (open circles) and AF4 (open squares), and for branched PS (br) 
in AF4 (open triangles) using conditions from Table 1
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arc-shaped pattern. The data in Figs. 2 and 3 indicate that 
one has to expect the lowest AF4 resolution in the region of 
low molar masses, whereas the decreasing selectivity at high 
molar masses is partly compensated by increasing number 
of theoretical plates. The drop of selectivity in the region 
of high molar masses can be counteracted by markedly 
longer cross-flow decay time or separation under isocratic 
cross-flow. Examples of such separation are shown in Fig. 4 
where decay time was increased to 50 min or isocratic cross 
flow of 2 mL  min−1 was used. However, none of these is 
suitable for routine measurements. Especially separation of 
polydisperse polymers under isocratic cross-flow is difficult 
or even impossible as with too low cross flows one encoun-
ters an insufficient retention of lower molar mass fractions, 
whereas higher cross-flow values can result in an excessive 
increase of retention times and strongly tailing peaks where 
the integration limit of especially RI detector becomes dif-
ficult to set.

It may be worth noting that in contrast to SEC, where 
the parameters N and S are constant under giving column 
selection and flow rate; in AF4, similarly as in the case of 
gradient HPLC, there are practically indefinite variations 
of cross flow profiles including the steepness of the cross-
flow gradient, the start and end cross-flow values, isocratic 
or linear or exponential cross-flow patterns or their combi-
nations. However, as already mentioned, almost identical 
separation conditions often serve well even for markedly 
different polymers.

Molar Mass Distribution and Mass Recovery

The molecular characteristics, namely the number-average 
molar mass (Mn), the weight-average molar mass (Mw), and 
the z-average molar mass (Mz) are listed in Tables 2 and 
3. The values of polydispersity and z-average RMS radii 
are available in Supplementary Information that also shows 

molar mass versus retention time plots and MALS and RI 
chromatograms and fractograms of all samples. Table 2 also 
includes mass recovery in AF4 as an important parameter 
that shows the fraction of sample lost through the membrane. 
To avoid errors arisen from possible inaccuracies of the spe-
cific refractive index increment and/or calibration constant 
of RI detector, the mass recovery in AF4 was calculated rela-
tive to that in SEC. The lowest sample recovery is for sample 
1 (epoxy resin) that contains about 50% fractions with molar 
mass less than 5000 and ≈ 75% with M <  104 g  mol−1. Low 
molar mass samples of this type are evidently not suitable 
for AF4 and the method might be useful only to confirm 
or exclude presence of high molar mass byproducts, aggre-
gates or intentionally added nanoparticles, should they be 
expected to be present. Another significant sample loss can 
be observed for sample 2 that consists of narrow arms of 
M ≈ 6000 g  mol−1 (44% of the entire sample), and poly-
disperse stars synthetized from the arms. However, a part 
of the arms was retained in the channel despite their molar 
mass on the verge of the cut-off of the channel membrane. 
It may be worth noting that the nominal cut-off of the mem-
brane is fixed, but the true cut-off depends on the molecular 

Fig. 4  Molar mass dependence of selectivity for linear PS using 
50-min cross flow decay (open squares) and isocratic cross 
flow = 2 mL  min−1 (open triangles)

Table 2  Number-average molar mass and mass recovery

Note 1: a + s = mixture of low molar mass arms and stars synthetized 
from the arms
Note 2: The results are averages from 3 – 6 measurements, uncer-
tainty < 5%
Note 3: The branching ratios of branched polystyrenes calculated 
from the z-averages of molar mass and RMS radius are 0.53 (sample 
6), 0.22 (sample 13) and 0.27 (sample 16)

Polymer No. Mn  (103 g  mol−1) AF4 mass 
recovery 
(%)SEC AF4 AF4 (% SEC)

EP 1 3 12 400 36
PBMA a + s 2 12 28 233 74
PC 3 14 21 150 92
PC 4 17 27 159 90
PMMA 5 46 60 130 93
PS branched 6 78 84 108 97
PBMA a + s 7 98 49 50 90
PS (NIST 706) 8 101 148 147 97
PMMA 9 112 135 121 98
PS 10 113 137 121 98
PS 11 126 138 110 99
PS 12 130 148 114 98
PS branched 13 150 121 81 98
PBD 14 185 152 82 –
PMMA 15 193 233 121 98
PS branched 16 216 101 47 99
PMMABA 17 573 171 30 –
PMMA 18 621 676 109 99
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conformation. An important finding is that for polymers not 
containing significant amounts of fractions with low molar 
mass the mass recovery is close to 100%.

By definition, the average Mn counts mainly the fractions 
with lower molar mass, whereas the averages Mw and espe-
cially Mz are sensitive to those with high molar mass. The 
Mn calculation in SEC-MALS and AF4-MALS is based on 
the equation:

where ci is the concentration (in g  mL−1) of molecules elut-
ing from the separation device at the ith retention time and 
Mi is their molar mass. Assuming the eluting fractions are 
strictly monodisperse, the value of Mn calculated from the 
above equation is correct. However, the quantity Mi is not 
the molar mass of absolutely monodisperse fractions, but 
the slice weight average Mw,i as the eluting molecules are 
to a certain extent polydisperse. Note that MALS measures 
for polydisperse polymers the weight-average molar mass. 
Consequently, the Mn values determined by means of SEC-
MALS or AF4-MALS are always more or less overesti-
mated because the number-average is calculated from the 
slice weight-averages. The overestimation increases with the 
increasing slice polydispersity and thus the higher AF4 Mn 
values can be explained by the lower resolution of AF4 in 
the region of low molar masses. The overestimation of Mn 
can be further enhanced by the loss of oligomeric fractions 

(6)M
n
=

∑
c
i

∑ ci

Mi

through the channel membrane. The exceptions are the Mn of 
highly branched polymers 7, 13, 14, 16, and 17 due to com-
plete elimination of the anchoring effect. For these polymers, 
AF4 yields lower and obviously more correct values of Mn. 
For highly branched sample 7, AF4 yields markedly lower 
Mn despite 10% loss of low molar mass arms.

The average Mw is calculated according to equation:

In contrast to the average Mn, the weight-average calculated 
according to the above equation is not affected by the slice 
polydispersity as the weight-average calculated from the 
slice weight-averages is the weight-average. The AF4 aver-
ages Mw for all the analyzed polymers are higher compared 
to the results from SEC-MALS. Markedly higher results 
for samples 1 and 2 can be accounted to significant loss of 
lower molar mass fractions through the membrane. The AF4 
results higher by a few percent can be explained by neglect-
ing the term with the second virial coefficient A2 in the basic 
light scattering equation:

from which the molar mass is expressed as:

(7)M
w
=

∑
c
i
M

i∑
c
i

(8)
K∗c

i

R0,i

=
1

M
i

+ 2A2ci

Table 3  Weight-average molar 
mass and z-average molar mass 
acquired by SEC-MALS and 
AF4-MALS

Note: The results are averages from 3 – 6 measurements, uncertainty < 5%

No. Mw  (103 g  mol−1) Mz  (103 g  mol−1)

SEC AF4 AF4 (% SEC) SEC AF4 AF4 (% SEC)

1 8 15 188 21 21 100
2 87 115 132 210 194 92
3 29 31 107 46 42 91
4 34 39 115 52 54 104
5 84 91 108 131 131 100
6 205 212 103 621 654 105
7 844 926 110 4184 4245 101
8 273 287 105 435 423 97
9 286 294 103 569 510 90
10 279 296 106 469 474 101
11 364 377 104 869 806 93
12 367 386 105 858 847 99
13 482 648 134 2194 7242 330
14 522 642 123 1584 2313 146
15 516 547 106 982 966 98
16 1265 2089 165 7716 15,393 199
17 1020 2240 220 2040 9087 445
18 1448 1567 108 2520 2343 93
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In the above equations R0,i is the Rayleigh ratio (intensity of 
scattered light related to the intensity of incident light and 
geometry of the instrument) extrapolated to zero scattering 
angle, ci is the concentration of eluting molecules, Mi is their 
molar mass, and K* is an optical constant; the subscript i 
indicates the ith retention time slice. Neglecting the term 
with A2 mostly does not create substantial errors in molar 
mass as the concentrations of eluting molecules in SEC are 
very low (in this study mostly less than ≈ 0.15 mg  mL−1 
at the peak apex) and A2 is often of the order of magnitude 
 10–4 mol mL  g−2. However, since the injected mass was 
identical both in SEC and AF4 and the AF4 fractograms 
were much broader, the maximum concentration in AF4 
was usually about one tenth of that in SEC which further 
decreased the small errors caused by neglecting the second 
term of Eq. (9). Additional contribution to higher Mw from 
AF4 may be reduction of shear degradation that is well-
known to happen in SEC of samples containing fractions 
with molar mass is the range of several millions g  mol−1 
[39]. That is undoubtedly the case of samples 13, 14, 16 and 
17. The shear degradation for these samples is even more 
obvious from the z-average molar mass that is more sensitive 
to the high molar mass fractions than Mw.

Molar mass distribution curves of linear PS (sample 
8) and of highly branched PS (sample 16) are depicted in 
Figs. 5 and 6, respectively. A slight shift of the AF4 dis-
tribution of linear PS toward higher molar masses can be 
explained by lower resolution of AF4. The shift diminishes 
toward the high end of the distribution curve due to the 
increasing efficiency of the AF4 separation. Sample 16 is 
an example of polymer the molar mass distribution of which 
cannot be properly determined by SEC. The distribution by 

(9)M
i
=

(
K∗c

i

R0,i

− 2A2ci

)−1

SEC is biased both by the anchoring in the region of lower 
molar masses and by the shear degradation at the high end 
of the distribution. Similar curves were acquired for other 
ultra-high molar mass samples 13, 14 and 17.

The delayed elution of branched macromolecules at the 
end of SEC chromatogram significantly increases the slice 
polydispersity as shown in Fig. 10 of reference [40]. Conse-
quently, the plot of molar mass versus retention time shows 
typical upswing. One can say that the MALS detector does 
not see the majority of small polymer molecules because 
of a minor fraction of delayed macromolecules with very 
high molar mass. An example of the comparison of molar 
mass versus retention time plots acquired for a branched 
polymer by SEC-MALS and AF4-MALS can be found in 
reference [41], Fig. 4, and the relations of the RMS radius 
versus molar mass (conformation plots) are compared in 
Fig. 5 of ibidem.

Conclusion

Although AF4 allows optimization of the separation con-
ditions by cross-flow profile, many technical polymers can 
be sufficiently separated by simple operational conditions 
outlined in this paper. With these conditions, the selectivity 
of AF4 shows a maximum roughly three times the selectiv-
ity of two Mixed-C 5 μm 300 × 7.5 mm columns, while in 
the region of low and high molar masses the selectivity of 
the two techniques is approximately equal. The number of 
theoretical plates in AF4 increases with increasing molar 
mass, yet even at the molar mass of several millions g  mol−1 
remains several times below that of SEC. With the excep-
tion of samples containing significant amounts of oligomers, 
the mass recovery in AF4 is close to 100%. More efficient 
SEC separation of smaller macromolecules results in more 
accurate averages Mn. The exceptions are samples containing 

Fig. 5  Cumulative molar mass distribution curves of linear PS (sam-
ple 8) acquired by AF4 (solid) and SEC using Mixed-C columns 
(dashed)

Fig. 6  Cumulative molar mass distribution curves of branched PS 
(sample 16) acquired by AF4 (solid) and SEC using Mixed-C col-
umns (dashed)
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highly branched macromolecules that exhibit delayed elution 
of branched species. The most powerful application of AF4 
is in the characterization of polymers containing ultra-high 
molar mass highly branched fractions. For such polymers, 
SEC completely fails in the sense of improper description of 
low molar mass part of the distribution due to the anchoring 
and the high molar mass region due to the excessive shear 
degradation, and also in the sense of inability to yield con-
formation plots usable for further branching calculations. 
Although the main power of AF4 is in the area of poly-
mers containing ultra-high molar mass species, branched 
polymers, polymers containing nanogels or nanoparticles, 
and polymers with strong interactions with stationary SEC 
phase, the method gives results well comparable to those 
from SEC even in the case of many “SEC easy” polymers.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10337- 022- 04217-0.
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