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ARTICLE INFO ABSTRACT
Handling Editor: Prof. W.W. Buchberger The properties of a polymeric material are influenced by its underlying molecular distributions, including the
molecular-weight (MWD), chemical-composition (CCD), and/or block-length (BLD) distributions. Gradient-
Keywords: elution liquid chromatography (LC) is commonly used to determine the CCD. Due to the limited solubility of
SEC-Gradients polymers, samples are often dissolved in strong solvents. Upon injection of the sample, such solvents may lead to

Gradient-elution liquid chromatography
Size-exclusion chromatography
Polymer analysis

Breakthrough

Chemical composition

broadened or poorly shaped peaks and, in unfavourable cases, to “breakthrough” phenomena, where a part of the
sample travels through the column unretained. To remedy this, a technique called size-exclusion-
chromatography gradients or gradient size-exclusion chromatography (gSEC) was developed in 2011. In this
work, we aim to further explore the potential of gSEC for the analysis of the CCD, also in comparison with
conventional gradient-elution reversed-phase LC, which in this work corresponded to gradient-elution reversed-
phase liquid chromatography (RPLC). The influence of the mobile-phase composition, the pore size of the
stationary-phase particles, and the column temperature were investigated. The separation of five styrene/ethyl
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acrylate copolymers was studied with one-dimensional RPLC and gSEC. RPLC was shown to lead to a more-
accurate CCD in shorter analysis time. The separation of five styrene/methyl methacrylate copolymers was
also explored using comprehensive two-dimensional (2D) LC involving gSEC, i.e. SEC x gSEC and SEC x RPLC. In
2D-LC, the use of gSEC was especially advantageous as no breakthrough could occur.

1. Introduction

Polymers are among the most important building blocks of materials.
The applications of polymers are nearly limitless, from packaging ap-
plications to electronics, paints, clothing, and drug delivery systems. To
continuously improve polymeric materials, it is vital to understand how
their molecular structure and composition relate to their physical
properties. Several techniques can be used to characterize the chemical
structure of polymers, including pyrolysis — gas chromatography
coupled to mass spectrometry, and spectroscopic methods such as
infrared, ultraviolet absorbance, Raman or nuclear magnetic resonance
spectroscopy [1-6]. However, most of these methods merely provide
average polymer composition, and do not yield information on the
distributions  present, such as molecular-weight (MWD),
chemical-composition (CCD), and/or block-length (BLD) distributions.
To assess these distributions, liquid chromatography (LC) is more
generally used [7-16]. A common LC technique for the analysis of
polymers 1is size-exclusion chromatography (SEC), which is a
well-established benchmark for determining molecular-weight distri-
butions (MWD) [1,10,13,14]. There is no such benchmark method for
the analysis of the CCD, although gradient-elution LC is probably most
commonly used [7-11,15,16].

The greatest challenges for the application of solvent-gradient LC are
analyte detection and polymer solubility. Due to the changing mobile-
phase composition, many typical detectors used for SEC, such as
refractive-index, viscometric, or light-scattering detectors cannot be
used. Efforts to make such detectors work with gradients [17-20] have
been moderately successful at best. Many polymers are difficult to
dissolve. Strong solvents and patience are typically required and
injecting the resulting sample at the starting conditions of a gradient
separation, in a weak eluent, can be problematic. This may be exacer-
bated for crystalline (co)polymers, due to issues with slow redissolution
[21]. Even if crystallinity is not an issue, a sample solvent that is a strong
eluent can still lead to broad or deformed peaks and, ultimately, to a
phenomenon called breakthrough [22]. When this occurs a part of the
sample stays in the solvent plug and passes (nearly) unretained through
the column. Several methods have been developed to address this issue
[23,24]. These include sandwich injection [23] and solvent-mixing
strategies [24]. Additionally, so-called barrier methods may be applied
[25,26]. However, the latter fundamentally result in very low peak ca-
pacities (one per barrier). SEC-gradients, henceforth referred to in this
work as gradient-SEC (gSEC), can be seen as a much-improved imple-
mentation of a barrier method, with a gradual rather than stepwise
change in mobile-phase composition. Originally introduced by Schol-
lenberger et al. [27,28], gSEC eliminates the risk of breakthrough and
offers a much larger peak capacity than conventional barrier methods
(the principles and practise of gSEC are outlined below). However, re-
ports on the use of gSEC for the separation of synthetic polymers have so
far been scarce [27-30]. While some work has been performed illus-
trating different elution mechanisms [27,28], many aspects of gSEC
have not yet been studied. These include the influence of the solvent
composition and of the column packing material (e.g the particle pore
size). Importantly, gSEC has never been directly compared with con-
ventional gradient-elution LC, neither in one-dimensional LC nor as a
second-dimension separation in two-dimensional LC.

Our objectives in the present work were to critically evaluate the
influence of the mobile phase, the temperature, and the pore size in
gSEC, and to compare RPLC and gSEC, so as to highlight the advantages
and shortcomings of both methods. SEC separations of polystyrene (PS)

and polymethyl methacrylate (PMMA) were performed on various col-
umns of different chemistries, containing particles of different pore
sizes, and using various mobile-phase mixtures of acetonitrile (ACN) and
tetrahydrofuran (THF), at two different temperatures (25 and 60 °C).
Following these experiments, gSEC measurements were performed using
small-pore stationary-phase particles. We set out to compare the sepa-
ration of five styrene/ethyl acrylate (S/EA) copolymers and five sty-
rene/methyl methacrylate (S/MMA) copolymers, each characterized by
a broad MWD, but a narrow CCD. Both RPLC and gSEC were used for the
separation of the S/EA copolymers. For the S/MMA copolymers
comprehensive two-dimensional liquid chromatography (LC x LC) in
either SEC x RPLC or SEC x gSEC mode were applied. To perform SEC
x RPLC successfully, we needed to avoid breakthrough in the second
dimension. This is notoriously difficult, because a strong first-dimension
solvent is combined with a large second-dimension injection volume. In
SEC x gSEC breakthrough did not occur, as the strong first-dimension
solvent matches the starting conditions of the gSEC separation.

2. Theory

The retention of an analyte may be described using the retention
factor (k), given by

p="2"l m
to

where ty is the retention time of the analyte and ¢ is the void time of the
column (given by the void volume Vy, divided by the flowrate, F), or the
time it takes for an unretained marker to move through the column. On a
particular column, k is commonly adjusted by changing the mobile
phase composition and/or the temperature. Solvents are generally
classified as either weak (causing large k) or strong (causing small k). For
a polymer, solubility will also play a role and an eluent can be either a
solvent or a non-solvent. Only when a polymer is soluble will the
eluotropic strength affect the separation. For high-molecular-weight
analytes, such as polymers, the size (hydrodynamic radius) of the ana-
lyte molecules in relation with the pore diameter of the packing material
also plays a role for retention. When the solvent strength is sufficiently
high, no interaction occurs between the analytes and the packing ma-
terial. The elution order is then (ideally) determined solely by the hy-
drodynamic volume of the polymer, as the accessible pore volume will
be different for polymers of different sizes (size-exclusion conditions). In
this case, elution occurs before t; and the analytes travel faster than the
surrounding mobile phase. On the other hand, at low solvent strength k
may be very large, in which case, the polymer will not elute from the
column. When increasing the fraction of strong solvent (¢) in the case of
gradient elution, retention (i.e. the local retention factor) decreases with
time. The migration of the polymer through the column now depends on
how quickly k decreases with ¢. If there is no interaction with the col-
umn at the mobile phase composition where the polymer is first soluble,
the elution composition will be solely determined by the polymer’s
solubility [12,31], which will depend on the polymer’s molecular
weight and its chemical composition. In all other cases the polymer will
elute “normally”, i.e. primarily based on the strength of interaction with
the column material [32-34]. The observed effect of polymer exclusion
from the pores of the stationary phase will be significantly smaller,
because as soon as polymer molecules move faster than the mobile phase
they will experience a weaker solvent and be retained again until the
eluent strength is sufficient.

To describe the gradient-elution process quantitatively it must be
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known how ¢ changes with time, and how k changes with ¢. In previous
work, it has been shown that the retention of a polymer in gradient-
elution RPLC is reasonably well described by a log-linear model, often
referred to as the linear-solvent strength (LSS) model [32-36]. It is
assumed that the logarithm or natural logarithm of the retention factor
(k), varies linearly with ¢. Based on this model an “effective” gradient
steepness parameter can be defined. Using this concept, it was shown
that effectively steep gradients minimize the influence of the MWD on
retention, while the influence of the CCD is enhanced [37]. In such a
steep gradient all molecules of a specific homopolymer, or of a
co-polymer of a given composition, are found to elute at a specific
(“critical”) composition (¢), independent of their molecular weight
[33,34,37-43].

Effectively steep gradients are most easily realized by using a step
gradient, changing instantaneously from an initial composition (¢;,.
weak eluent, high k) to a final composition (¢y;,,, strong eluent, low k)
higher than ¢_;. However, this results in co-elution of all analytes
(homopolymers and copolymers) with critical compositions that fall
within the range of ¢ that is covered by the gradient (i.e. ;< @oic <
@sna)- This implies that a finite A results in co-elution of a (large)
faction of the CCD of a copolymer. Therefore, a step gradient cannot be
used to determine the CCD. For this purpose, a continuous gradient must
be used, of which linear gradients are most common. However, a step
gradient may be used to separate two different homo- or co-polymers
with sufficiently different ¢,

Normally, analytes are injected before the gradient arrives at the
column inlet. It is also possible to inject the analyte after the end of the
step gradient has passed the injector. If ¢, < @gna, the injected analyte
molecules experience SEC conditions, and large molecules travel
through the column faster than the gradient. This results in so-called
“barrier” methods, where a step gradient (¢, < @uit < Prina) iS €stab-
lished within the column before injection [25,26]. If the analyte travels
much faster than the solvent and the time of injection is not too far after
the step gradient has passed the injector, the analyte molecules may
catch up with the gradient step. They cannot move past the gradient, as
they would experience a weaker solvent and slow down. Again, all
analytes with ¢, < @it < @fina Will co-elute at the moment the step
gradient reaches the end of the column. Once again, the use of a
continuous (e.g. a linear) gradient, from a weak solvent to a strong
solvent, will provide a better characterization of the CCD. This latter
type of method is referred to as gSEC [27-30].

As with conventional gradient-elution RPLC, a gSEC separation that
is based primarily on the CCD is desirable. Such a separation can be
combined with SEC to achieve high orthogonality in LC x LC. With a
conventional gradient, the influence of the MWD is reduced when using
effectively steep gradients [37]. In the case of gSEC this is also true.
Whether analyte molecules can reach ¢, before the gradient elutes
from the column depends on two factors. Namely, the extent of exclu-
sion the analytes experience, and on how far they must travel through
the column to reach ¢,;.As with a conventional gradient, the effective
gradient steepness depends on the ratio of the column volume to the
gradient volume. At constant column volume, a smaller gradient volume
(steeper gradient) implies that the analyte has to travel less far to reach
@uic- A larger column volume (relative to the volume of the gradient)
implies that analyte molecules have a greater chance (i.e. a greater part
of the column) to reach ¢;. The maximum gradient volume (Vg max),
such that analyte molecules can reach ¢, can be calculated if a set of
criteria are met, viz. (i) a critical composition exists for a particular
combination of mobile phase, stationary phase, and analyte (i.e.
Dinit < Perit < Prina> Where the initial and final compositions may cover
the entire range from O to 1), (ii) the analyte molecules are unretained at
@> @, (i) the injection takes place at the moment the end of the
gradient arrives at the column inlet, and (iv) the calibration curve for the
column is known. Vg m,x may then be calculated using
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— (Vi+ K.
V6 max = Vo (Vl(:" 7¢SEC VP) _ Ay (Vo — (V’ + Ksgc Vp)) )
1= H Prinal — Perie

where V; and V, are the interstitial, and pore volume, respectively, and
Ksgc is the SEC distribution coefficient. It is assumed that Vo = V; + V).
Note that any smaller gradient volume would lead to a steeper gradient
and causes elution of the analyte at = ¢; hence, our use of the term
“maximum gradient volume”. For gradient volumes larger than Vg nax
the analytes cannot catch up with ¢ and elute unretained. In such
situations, elution is based on hydrodynamic size, but not on chemical
composition. In gSEC, each analyte will have to first move some distance
through the column to reach ¢_;. This is in contrast with conventional
gradient-elution LC, where migration of the analyte polymers will, for
relatively large molecular-weight analytes, occur within the vicinity of
@i s the analyte is first retained at the head of the column. As a result,
a steeper gradient will be required using gSEC compared to conventional
gradient-elution LC to separate high-molecular-weight polymers with
different ¢_;. Some other general conclusions can also be drawn from
Equation (2), namely: i) to avoid the use of very small gradient volumes,
analyte exclusion should be promoted (Ksgc should be minimized) by
choosing small-pore-size packings, ii) columns with a large pore volume
(V},) are preferred, since this maximizes the migration velocity of the
analyte relative to the mobile-phase velocity, and iii) Vs will be deter-
mined by the polymer with the smallest ¢ in the sample. Under the
assumptions underlying Equation (2), it is clear that gSEC will perform
better when the difference between ¢ and ¢, is reduced. However,
this would hinder the ability of the method to analyse samples of widely
different chemical composition, since these samples will feature large
differences in ¢.;,. Once again, conventional gradient-elution will be less
affected by this, since analytes will only move within the vicinity of ¢.
In this study we set out to evaluate the points raised above and to verify
the conclusions drawn from Equation (2).

3. Experimental

Two different systems (A and B), in two different laboratories
(referred to below as laboratory A, located at the University of
Amsterdam and laboratory B, located at the Vrije Universiteit Amster-
dam), were used for different parts of this work. Certain samples were
common to both laboratories, these are described here.

A polystyrene (PS) standards kit was obtained from PSS (Mainz,
Germany) and polymethylmethacrylate (PMMA) standards were ob-
tained from Polymer Laboratories (Church Stretton, UK). Styrene/
methyl methacrylate (S/MMA) and styrene/ethyl acrylate (S/EA) co-
polymers were synthesized in-house using thermally initiated free-
radical polymerization, the procedure, chemicals, along with their
molar masses, polydispersity, and approximate average chemical
composition are included in the supplementary information (Tables S-1,
Section S-1).

3.1. Laboratory A

3.1.1. Chemicals and materials

Non-stabilized tetrahydrofuran (THF, 99.9%, LC-MS Grade) and
toluene (99%, LC-MS grade) were obtained from VWR Chemicals
(Darmstadt, Germany), acetonitrile (ACN, >99.9%, LC-MS Grade) was
obtained from Biosolve (Valkenswaard, The Netherlands).

3.1.2. Systems and equipment

The experiments in this study were carried out on an Agilent system,
combining components from both an Agilent 1100 and a 1290 Infinity
2D-LC system, all obtained from Agilent (Waldbronn, Germany). The
system included an 1100 autosampler (G1313A), an 1100 capillary
pump (G1376A), a 1290 binary pump (G7120A) equipped with a jet
weaver V35 mixer, and a 1290 column compartment (G1316C)
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equipped with a 2-position/8-port valve (model 5067-4214). For
detection, the system comprised a 1290 diode-array detector (DAD,
G4214A) with a max-light cartridge cell (model G4212-6008, 10 mm
path length, 1 pL cell volume), and a 1260 evaporative light-scattering
detector (ELSD, G4260B). The capillary pump was used for the 'D SEC
measurements and the binary pump for the gSEC experiments. The
system was controlled using Agilent OpenLAB CDS ChemStation soft-
ware (rev. ¢.01.10).

The 'D-gSEC and SEC-recovery experiments were carried out on an
Agilent 1290 Infinity LC system. This system included a 1290 Infinity II
autosampler (G7129B), a 1290 binary pump (G7120A) equipped with a
jet weaver V35 mixer, and a 1290 MCT column oven (G7116B). For
detection, the system comprised a 1290 DAD (G7117B) with a max-light
cartridge cell (Model G4212-6008, 10 mm path length, 1 pL cell vol-
ume). The system was controlled using Agilent OpenLAB CDS Chem-
Station software (rev. ¢.01.10).

Conventional (isocratic) SEC measurements were performed at
various ACN/THF eluent compositions, at 25 and 60 °C. The flow rate
was 0.5 mLemin !, the injection volume 3.0 pL, and the sample con-
centration was 0.5 mgemL™!. Columns used for these experiments
included a 50 x 4.6 mm XBridge bridged ethylene hybrid (BEH) Shield
RP18 XP column, packed with 130 [o\, 3.5-pum particles, two Nova-Pak
150 x 3.9 mm C18 columns packed with 60 A, 4-ym particles, all pur-
chased from Waters (Milford, MA, USA), as well as a 150 x 4.6 mm
Dionex Acclaim Polar-Advantage C18 column packed with 300 A, 3-um
particles purchased from Dionex (Sunnyvale, CA, USA), and two sets of
two 250 x 4.6 mm Nucleosil columns (Cyg and bare silica), both packed
with 4000 A, 5-pm particles, purchased from Macherey Nagel (Diiren,
Germany).

For the 1D-LC gSEC experiments, three different silica-based Cig
columns were used; often multiple columns of the same type were
coupled in series. These columns included two 50 x 4.6 mm and one
100 x 4.6 mm XBridge BEH Shield RP18 XP columns, packed with 130
}o\, 3.5-um particles, the two Novapak columns, and the Dionex Acclaim
Polar-Advantage C;g column. For these experiments an injector program
was used to realize the required delayed injection. Injection was timed
to occur 1 min after the start of the experiment, i.e. at the end of the
gradient. A variable initial hold-up time was programmed into the
gradient so that gradient volumes could be varied based on the volume
of each column, while simultaneously keeping the injection time con-
stant. The measured retention times were not adjusted for the injection
time and are relative to the start of the experiment.

For the 2D-LC experiments, two 150 x 2.1 mm APC SEC columns
packed with 2.5-um BEH particles with 450 A pore size were used in the
first dimension, while for the second-dimension separation two of the
50 x 4.6 mm XBridge BEH Shield RP18 XP columns were used. All
columns were obtained from Waters. For SEC x RPLC, the gradient
program was as follows: 0-0.1 min linear gradient 80/20% ACN/THF,
0.1-0.65 min linear gradient 50/50%, 0.65-0.75 linear gradient 45/
55%. For SEC x gSEC, it was the following: 0-0.1 min isocratic 40/60%
ACN/THF, 0.1-0.2 min linear gradient to 95/5%, 0.2-0.35 min linear
gradient 20/80%, 0.35-0.9 min linear gradient 50/50%, 0.9-0.95 min
linear gradient 45/55%, 0.95 min isocratic 40/60%.

The data of ¢, vs. temperature for polystyrene (included in the
supplementary information) was obtained from gradient experiments
performed at different temperatures on the XBridge column. The
approximate critical composition at each temperature was determined
based on the approach described by Fitzpatrick et al. [34] using gradi-
ents from 0 to 60% THF in ACN in 5, 10, 15, 20 and 25 min, at a flowrate
of 0.5 mLemin "

Data analysis was performed in MATLAB R2020a (Mathworks,
Woodshole, MA, USA).
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3.2. Laboratory B

3.2.1. Chemicals and materials

Acetonitrile (ACN, >99.9%, HPLC Grade) was obtained from Bio-
solve, non-stabilized tetrahydrofuran (THF, HPLC grade) was obtained
from VWR Chemicals.

3.2.2. Systems and equipment

The experiments were performed on a 1290 Infinity II Agilent sys-
tem. The system included an autosampler (G7167B), a quaternary pump
(G7104A), a multi-column thermostat (MCT, G7116B). A variable-
wavelength detector (VWD, G7114B) and an ELSD (G7102A) were
used for detection. The VWD was set to record UV absorption at 210 and
260 nm.

Conventional (isocratic) SEC measurements were performed at
various ACN/THF eluent compositions, at 25 and 60 °C. The flow rate
was 0.5 mLemin !, the injection volume 3.0 pL, and the sample con-
centration was 0.5 mgemL ™. Columns used for these experiments were
all Zorbax columns purchased from Agilent. These included a 100 x 4.6
mm Rapid Resolution StableBond C;g column, packed with 300 /O\, 3.5-
pm particles, a 250 x 9.4 mm semi-preparative StableBond C;g column
packed with 300 A, 5-um particles, and a 250 x 9.4 mm semi-
preparative StableBond C;g column packed with 80 A, 5-pm particles.

For the !D-gSEC and RPLC experiments in sections 4.3 and 4.4, the
gradient program is described in the respective figures. The temperature
was 25 °C, the flow rate 0.5 mLemin !, the injection volume 3.0 L, and
the sample concentration 0.5 mgemL ™. Once again, a delayed injection
was used for the gSEC experiments. The injection took place after a delay
of 0.4 mL (48 s) to account for the system dwell volume. These experi-
ments were carried out on Rapid Resolution StableBond column.

4. Results and discussion
4.1. Influence of mobile-phase composition on elution volume in SEC

The elution volume in SEC is generally thought to be independent of
the nature and composition of the solvent, provided that interactions
with the stationary phase are absent. However, the size (hydrodynamic
radius) of molecules in solution may be affected by the nature of the
solvent. Because the solvent composition is varied in gSEC, it is relevant
to investigate the effects of solvent composition on elution volumes and
calibration curves in SEC. Similar work, albeit using overall stronger
mobile phase compositions, has previously been performed by Calta-
biano et al. [44].

Conventional (isocratic) SEC experiments were performed using
different fractions of THF in ACN, all of which were above the ¢ of PS
and PMMA (expected ¢ pyma = 0.09 —0.10 vs. @ ps =~ 0.5), to
ensure SEC behaviour. The results of these SEC experiments for homo-
polymer PS and PMMA on various columns with different pore sizes and
chemistries are provided in Fig. 1.

The elution volume of PS increases with an increase of the concen-
tration of weak solvent (ACN) on all C;g stationary phases, whereas the
effect of the THF fraction on the elution volume of PS is small on the one
bare-silica column tested (Fig. 1-H). The possible explanations for the
increase in elution volume with a decrease in strong solvent when using
the C;g columns include the following.

i) the polymeric coil size/hydrodynamic volume decreases with an
increase of the weak solvent. This effect should be independent of
the column used;

ii) the pore volume of the column changes with the mobile phase
composition, due to a swelling or shrinking of the packing
particles;

iii) non-SEC interactions occur with the stationary phase as the
mobile-phase composition approaches ¢_;;
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Fig. 1. SEC calibration curves of ten PS standards
(A-G) and ten PMMA standards (H-I) obtained for
different mobile phase compositions at 25 °C. The
fraction of THF (in ACN) is indicated in the legend.
Columns: A) Novapak C18 (150 x 3.9 mm, 60 10\), B)
Two XBridge C18 (50 x 4.6 mm, 130 ;\), C) Dionex
C18 (150 x 4.6 mm, 300 A), D and I) Nucleosil C18
(250 x 4.6 mm, 4000 A), E), Zorbax SB C18 (100 x

15 2
Volume (mL)

4.6 mm, 300 A), F) Zorbax SB C18 (250 x 9.4 mm, 80
A), G) Zorbax SB C18 (250 x 9.4 mm, 300 A), and H)
Nucleosil Bare Silica (250 x 4.6 mm, 4000 A).
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iv) a change in the ratio of the interstitial to pore volume occurs due
to a change in the thickness of the C;g layer with mobile-phase
composition.

Several of these effects may occur concomitantly. Explanation (i), the
addition of ACN (non-solvent for PS) is expected to result in a contrac-
tion of the PS chain. Precipitation of PS occurs at a composition of about
50% ACN in THF. For the bare silica columns (Fig. 1-H) ACN is a
stronger (more polar) solvent than THF. However, because both solvents
are strong, retention on these columns should not be strongly affected by
the ratio of ACN/THF. Thus, the small increase in elution volume
observed for the larger standards on the bare silica column might be
mainly attributed to the change of coil size with eluent composition. The
effect should increase with increasing polymer size and be most prom-
inent in the linear (shallow) part of the calibration curve. This is indeed
observed in Fig. 1-F. For similar slopes of the calibration curves this
effect is expected to occur to similar extend also on Cyg columns, but
there it is likely overshadowed by other effects.

Explanation (ii), an effect of the mobile-phase composition on the
volume occupied by the solid packing material in the column is
considered highly unlikely for the silica particles used in the present
study. The effect may be quite significant when other types of particles,
such as PS cross-linked with divinylbenzene (PS-DVB), are used.

This leaves an increase in interaction of the analyte molecules with
the C;glayer (Explanation iii) or a change in the stationary phase volume
(Explanation iv) as the more-probable causes of the significant increase
in elution volume on the C;g columns. Explanation iii is an analyte-
specific effect, whereas Explanation iv is column specific. Therefore, it
may be possible to distinguish between the two effects by performing the
same experiments with a series of analyte polymers with similar hy-
drodynamic volumes, but a different chemical structure. Hence, the
experiments on the 4000 A Nucleosil C18 column (Fig. 1-D) were
repeated for a set of PMMA standards (Fig. 1-I). At first sight, the
observed variations in the calibration curves seem to be similar for the
PS and PMMA standards. However, a closer inspection of the data re-
veals that at low concentrations of ACN the elution volume of the PMMA
standards slightly increases with an increase in ACN content, whereas an
increase in elution volume is observed at high concentrations of ACN.
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The maximum effect for PMMA is reached at 85% ACN in Fig. 1-I,
whereas in the case of PS it is already reached at 45% ACN (see sup-
plementary information, Figure S-1, section S-2). For both PS and PMMA
it seems that the effect is strongest when the mobile-phase composition
is close to ¢;. Clearly, the observed effects depend on the analyte
polymer, which is a strong indicator that interactions with the stationary
phase (Explanation iii) account for the largest changes in elution vol-
ume, with changes in C;g layer thickness (Explanation iv) and polymer
hydrodynamic volume (Explanation i) playing secondary roles. The
same conclusions can be drawn from experiments with PMMA on the
columns used in Fig. 1-E/F/G (see supplementary information, Figure S-
2, section S-2).

If the elution volume increases because of retention, then it should be
possible to estimate ¢ by fitting a retention model to the elution
volume vs. ¢ data for the analyte polymers of various molecular weights.
According to the LSS model, the changes in elution volume can be fitted
to an exponential equation for analytes that show reasonably large
changes with ¢ (e.g those that elute in the linear part of the calibration
curve). The intersection point of the fitted lines for analytes of different
molar mass should correspond to a reasonable estimate for ¢ [33,34,
37]. This approach was performed for the data in Fig. 1-A/B/C. How-
ever, tg < tp, k is negative (and hence In k undefined) for our data. In that
case, it is not possible to use the LSS model. Instead, we chose to fit a
different equation (V, = koe5* — c). Here, ko and S still correspond to k
at ¢ = 0 and the change in k with ¢, respectively. The third parameter, c,
accounts for a reduction in V, with molecular weight, due to the limited
accessibility of the pore volume. Fitting this equation only gave a
reasonable estimate for ¢ ps (approximately 50%) on the XBridge
column (Fig. 1-B). This may be because the analyte’s interaction with
the column is (likely) very weak when the mobile phase composition is
stronger than ¢_;. The effect of a change in analyte hydrodynamic
volume with ¢ is then also relatively enhanced. Both effects will
complicate the extrapolation that is required to determine ¢, implying
that measurements must be performed close to the critical composition
to yield good estimates of ¢, which means such predictions are not
very useful.

Similar experiments, as those underlying Fig. 1, were also performed
at a temperature of 60 °C for some of the columns (supplementary
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information, Figure S-3, section S-2). Compared to 25 °C, a shift towards
a lower elution volume was observed for all analytes (including the t,
marker, toluene) and columns. Based on the thermal expansion co-
efficients of ACN and THF this shift is likely a result of a thermal
expansion of the mobile phase (from the pump temperature to the col-
umn temperature) and the concomitant increase in velocity. Apart from
this general shift, at higher temperatures the variation of the elution
volume with mobile-phase composition is seen to be smaller. This is
consistent with the above explanation, as a higher temperature gener-
ally leads to a reduction in enthalpic interactions. Moreover, in the
present system an increased temperature leads to a shift of ¢ to lower
¢, implying that the experiments across the same range of ¢ are per-
formed further from ¢, and, hence, the increase in elution volume will
be smaller at higher temperatures (supplementary information,
Figure S-4, section S-2).

One aspect that has not been discussed is the diminishing effect of the
solvent composition for analyte polymers that approach the exclusion
limit of the column (see for example Fig. 1-A). Two competing effects
determine the overall variation observed. Larger molecules are expected
to exhibit greater interaction with the column, because in adsorption or
partition LC retention increases exponentially with molecular weight
[33,34]. The opposing effect is a reduction in available surface area for
larger polymers, which depends on the ratio of the size of the polymer in
solution (hydrodynamic radius) and the pore-size distribution of the
packing material. The result of the two competing effects may be that
the effect of mobile phase composition is largest for analytes eluting
within the most-selective range of the calibration curve. When
comparing different columns, it is seen that an increase in pore size (see
for example Fig. 1-D) results in an increase in the effect of ¢ on the
high-molecular-weight analytes, as these are no longer fully excluded.
For low-molecular-weight polymers (M, =~ 10° Da) the effect of
composition is much greater in Fig. 1-A than in Fig. 1-D. Such analytes
fully permeate all pores in the latter case. However, the total available
surface area is much smaller on the 4000 A column used to record
Fig. 1-D than on the 60 A column used to record Fig. 1-A.

Irrespective of the cause of a change in elution volume, the above
results imply that Equation (2) only provides an approximate value for
the required gradient steepness in case of gSEC when C;g columns are
used. Any shifts towards higher elution volumes (i.e. less exclusion)
implies that steeper gradients than predicted by Equation (2) will be
required in gSEC to achieve a separation dominated by the CCD. While
in principle it should be possible to estimate the required gradient
steepness based on experiments where the slope of the gradient is varied,
this will be challenging because the change in retention with gradient
steepness is likely too small in gSEC. Hence, this was not investigated.

4.2. Influence of pore size in gSEC

To investigate the influence of the pore size in gSEC, the separation
of a series of polystyrenes was performed using several different col-
umns (Fig. 2). The standard deviation of the elution time, as determined
from triplicate measurements was, in nearly all cases, below 0.002 min.

Fig. 2 shows that for all columns the elution time still varies with
analyte molecular weight. Although the elution time differences are
small, these variations are consistent and significant. Under the applied
conditions, it was not possible to achieve a fully molecular-weight-
independent elution on any of the columns. This was quite disap-
pointing, considering that the difference between the eluent composi-
tion at the injection point (¢y,,) and the approximate ¢, as
determined from earlier gradient-elution LC experiments of large stan-
dards, was only about 0.1. This difference corresponds to only about
5-7% of the column volume, depending on the exact column used.
Apparently, to achieve molecular-weight-independent elution, even
steeper gradients would be required. On the column with the smallest
pores (Fig. 2-A), an inversion of the molecular-weight dependence of the
elution time can be observed for the highest molecular-weight
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Fig. 2. Approximate elution composition of PS standards of different molecular
weight in gSEC on four different columns. The column oven temperature was
set to 25 °C. Linear gradient from 5 to 60% THF in ACN; the gradient duration
(tg) and flowrate were adjusted based on the column. Injection was timed to
occur at the end of the gradient. A) Two Novapak columns (150 x 3.9 mm, 60
A; t¢ = 0.50 min, flow: 1.0 mLemin ™, V/V, = 0.30); B) Two XBridge columns
(50 x 4.6 mm, 130 A; tc = 0.80 min, flow: 0.5 mLemin?, Vi/Vo =2 0.40); C)
Dionex column (150 x 4.6 mm, 300 f\; tc = 0.65 min, flow: 0.9 mLemin !, Ve/
Vo = 0.35); D) Zorbax column (100 x 4.6 mm, 300 ;\; tc = 0.65 min, flow: 0.5
mLemin~?, Vg/Vp = 0.30).

standards. Confounding SEC and interaction-LC mechanisms, or poten-
tially confounding interaction and precipitation effects, probably pro-
hibit genuine critical behaviour. For the different columns, a loss in
recovery was also observed for specific standards (supplementary in-
formation, Tables S-2, section S-3). For the 60 A columns, low re-
coveries of 11% and 19% were obtained for the standards of 130 and
330 kDa, respectively. The largest standards (552 and 1270 kDa)
showed higher recoveries (80-90%, or higher). On the 130 A column,
the standards of 330 and 552 kDa showed low recoveries (11% and 7%,
respectively). For the 300 A column (Dionex), the loss in recovery was
significantly smaller, with 79% as the lowest recovery for the 330 kDa
standard. The loss in recovery seems related to the pore size of the sta-
tionary phase particles. Possibly, as a result of small changes in hydro-
dynamic volume with mobile-phase composition, analytes may get
trapped when their size is similar to the pore. This explanation is sup-
ported by the data and discussion of Fig. 1, and will be especially
important to consider for the quantitation of copolymers that feature a
broad MWD. The very fast gradients applied in gSEC may give rise to
differences in mobile-phase composition within and outside the pores.
Small analytes have ample room to move in and out of the pores,
whereas the largest analytes do not enter the pores at all. Since in gSEC
the gradient must always pass through the column before the analytes,
insufficient equilibration in small pores is difficult to avoid. In columns
with larger pores (and smaller surface areas), column equilibration will
be faster and differences in eluent composition in and outside the par-
ticles will be smaller [45]. However, such columns will diminish the
extent of exclusion, and, consequently, steeper gradients will be
required to attain elution independent of molecular weight.

4.3. Influence of gradient steepness

To further investigate the effects of the gradient steepness on elution
behaviour and recovery, a series of PMMA and PS standards were sub-
jected to different gradient volumes on the Zorbax 300 A column. In
Fig. 3, the influence of gradient steepness is illustrated for PS and PMMA
standards when analysed with both gSEC and RPLC.

For the gSEC experiments (Fig. 3, open markers), an increase in
gradient steepness (moving from Fig. 3-A to C) did result in the expected
decrease in molecular-weight dependence for both the PS and PMMA
standards. Note that retention times are relative to the experiment start
and not relative to the injection time. However, for the PMMA stan-
dards, which must travel significantly further through the gradient to
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Fig. 3. Approximate elution composition of different (known) molecular
weight PS (circles) and PMMA (diamonds) standards in gSEC (open markers)
and RPLC (filled markers) obtained at different gradient steepnesses using the
Zorbax (4.6 x 100 mm), 300 A column. In all cases, a linear gradient from 0 to
60% THF in ACN was used at a flow of 0.5 mLemin~'. The column oven
temperature was set to 25 °C. The gradient duration was varied as follows: A)
2.0 min (Vg =1 mL, Vg/Vp = 0.83), B) 1.2 min (Vg = 0.6 mL, Vg/ Vo = 0.50),
and C) 0.8 min (Vg = 0.4 mL, V5/V, =2 0.33).

reach their critical composition (expected ¢ pyya =~ 0.09 — 0.10 vs.
@eicps ~ 0.5), even a SEC-gradient that occupied only 33% of the col-
umn volume (Fig. 3-C) was not sufficiently steep to eliminate the
molecular-weight dependence. Only the three largest PMMA standards
eluted nearly unaffected by their molecular weight, ie. close to
@eripvma- The smallest PMMA standards eluted unretained (att = to +
tg) in all cases. Equivalent experiments were also performed using RPLC
(Fig. 3, filled markers). In this case, the same gradient steepnesses are
found to consistently lead to a smaller influence of the molecular weight,
as compared with gSEC. We envisage three possible reasons. i) Funda-
mentally, in gSEC analytes need to catch up with the gradient front, and
the main mechanism contributing to a higher migration velocity is the
extent of exclusion from the pores. The largest possible difference in
velocities is about a factor of two, which is only achieved in strong
solvents. In contrast, in a conventional gradient experiment the differ-
ence in migration velocity between the analytes and the gradient front
relies on interaction (adsorption, partition) effects, allowing for an
“infinite” ratio of velocities. ii) Exclusion effects are strongly reduced in
the vicinity of the critical composition (see Fig. 1 and the accompanying
discussion). This implies that before the analyte polymers arrive at their
appropriate position in the gradient (at ¢ = ¢;) their progression slows
down. iii) For analytes for which ¢, >>¢qi» €. PMMA, the analytes
need to cover a wide range of mobile-phase composition. The final
composition of the gradient is determined by the last-eluting analytes, in
this case PS. Hence, the first-eluting analytes must travel the furthest in
the least amount of time.

4.4. 1D-LC separations of S/EA copolymers by RPLC and gSEC

An important advantage of gSEC is that injection occurs in a strong
solvent and that breakthrough can be avoided. To evaluate this, one- and
two-dimensional separations (SEC x RPLC and SEC x gSEC) of S/EA
copolymers were performed. Representative results of the 1D-LC RPLC
and gSEC experiments performed on the Zorbax 300 A column are
shown in Fig. 4.

All copolymers have high molecular weights (>70 kDa), so that
molecular-weight-independent elution can be expected in RPLC gradi-
ents. For RPLC (Fig. 4, upper traces in each frame), the separation based
on chemical composition improves when progressively less-steep gra-
dients are used (Fig. 4-A to C). When the gradient is steep enough to
allow for a copolymer to elute at their (approximate) critical composi-
tion, the chromatographic peak gives an adequate impression of the
chemical-composition distribution. At this point, even steeper gradients
will result in a reduced selectivity. The optimal gradient will be based on
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Fig. 4. RPLC (top traces) and gSEC (bottom traces) of S/EA copolymers on the
Rapid Resolution SB C18 column (100 x 4.6 mm, 300 A). Bulk copolymer
compositions of S/EA1: 80/20, S/EA2: 73/27, S/EA3: 61/39, S/EA4: 53/47 and
S/EA5: 40/60). Gradients from 0 to 60% THF in ACN in A) 0.4 min (Vg = 0.2
mL, Vg/Vo = 0.16), B) 0.8 min (Vg = 0.4 mL, V5/V, = 0.33), and C) 2.0 min
(Vg = 1.0 mL, Vg/V, = 0.83); flowrate 0.5 mLemin~}; UV absorbance detec-
tion at 210 nm, Column oven temperature set to 25 °C.

the lowest molecular-weight fraction in the sample. Low-molecular-
weight analytes will elute closer to the critical composition when
steeper gradients are applied. Therefore, a relatively straightforward
method to estimate the required gradient steepness for a sample that
features an unknown CCD and MWD will be to perform several gradient
experiments and to find the gradient steepness that minimizes the
change in peak fronting.

For gSEC (Fig. 4, bottom traces in each frame), the results are
different, since in this case the analytes cannot reach their adsorption
threshold before eluting from the column, so elution is dominated by
molecular weight rather than chemical composition. Such a molecular-
weight-dependent elution results in very broad peaks (Fig. 4-C). The
highest chemical-composition selectivity can be achieved with gradients
that are just steep enough to suppress the molecular-weight effect on
elution. For RPLC, a (much) lower gradient steepness suffices. Conse-
quently, RPLC offers greater chemical-composition selectivity than
gSEC, when using the 300 A column. Smaller pore packings might
provide improved gSEC separations but will likely lead to reduced re-
covery and a skewed view of the CCD. The best separation is achieved
with the 2-min gradient in RPLC (upper traces in Fig. 4-C).

4.5. SEC x RPLC and SEC x gSEC separations of S/MMA copolymers

One possible attractive application of gSEC is as a second-dimension
separation in a 2D-LC system, where SEC is used in the first dimension
using a mobile phase that is a very strong solvent in the second
dimension. In case of SEC x RPLC, breakthrough may be an issue.
Circumvention would require an additional modulation step, e.g by
dilution of the transferred fractions with weak solvent before re-
injection in the second dimension. A separation of five different S/
MMA copolymers, and a homopolymer PS, was performed using SEC x
RPLC and SEC x gSEC. The results of these experiments are provided in
Fig. 5.

In both cases, a separation based on both the CCD and the MWD is
achieved within approximately 35 min. To perform SEC x gSEC (Fig. 5-
B), the gradient was delayed to ensure that injection occurred just after
the gradient. This resulted in an offset in the second dimension, which
was corrected for in Fig. 5-B to allow for easier comparison. After
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Fig. 5. A) SEC x RPLC and B) SEC x gSEC separation of five S/MMA copolymers and a PS homopolymer. First dimension: SEC; two 150 x 2.1 mm APC SEC columns
(2.5-um particles, 450 A pore size), mobile phase 100% THF; flowrate 15 pL min~. Second dimension: A) RPLC or B) gSEG; two 50 x 4.6 mm XBridge BEH Shield
RP18 XP columns (3.5-pm particles, 130 A pore size), flowrate 0.9 mLemin~'. Column oven temperature of both the first and second dimension was set to 25 °C.

correction, the elution composition of the different copolymers and the
PS standard are nearly equivalent. Some molecular-weight influence is
observed in SEC x gSEC as seen from the upward curving of the elution
profiles towards the right in Fig. 5-B. When using RPLC as the second
dimension (Fig. 5-A), some breakthrough is observed around 3 min. This
results in lower signals for the more-polar copolymers that contain a
greater fraction of MMA (SM4 and SM5; signals with 2D retention times
of about 20 and 15 min, respectively). Breakthrough is absent in SEC x
gSEC (Fig. 5-B). However, due to the molecular-weight effect, SEC x
gSEC is not fully orthogonal and careful calibration will be required to
obtain quantitative MWD x CCD information.

5. Conclusion

In this work, the applicability of gSEC is investigated for the analysis
of the CCD, as an alternative to conventional gradient-elution RPLC. It
was shown that gSEC can be advantageous, as it is not susceptible to the
breakthrough phenomenon commonly observed in RPLC. For both
gradient-elution RPLC and gSEC the application of steep gradients
resulted in a reduced influence of the MWD on the separation. Hence, a
better impression of the CCD of copolymers could be obtained in such
gradients. However, molecular-weight-independent elution was shown
to be much more challenging to achieve in gSEC. Because the difference
in migration velocity in gSEC is restricted to approximately a factor of
two (i.e. total exclusion vs. total permeation for very large and very small
analytes, respectively), it takes long for (relatively) low-molecular-
weight analytes to reach their final position in the gradient, which is
around their critical composition. This problem is aggravated by a
limited choice of columns, as the small pore-size packings that should
ideally be used resulted in reduced recovery. This is important to
consider for the quantitation of polymers that feature broad molecular-
weight distributions since the reduction in recovery seemed to depend
on the pore size of the packing relative to the hydrodynamic volume of
the polymer. Molecular-weight information and chemical-composition
information are likely to be confounded in gSEC. We also imple-
mented gSEC as a second-dimension separation technique for compre-
hensive LC x LC characterization of polymers. Comprehensive two-
dimensional distributions (MWD x CCD) could be obtained by SEC x
RPLC, as well as by SEC x gSEC. In the latter case breakthrough in the
second dimension was avoided. However, in SEC x gSEC the residual
molecular-weight dependence complicates quantitative analysis.
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