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a b s t r a c t
Many materials used in a wide range of ﬁelds consist of polymers that feature great structural complexity.
One particularly suitable technique for characterising these complex polymers, that often feature correlated distributions in e.g. microstructure, chemical composition, or molecular weight, is comprehensive
two-dimensional liquid chromatography (LC × LC). For example, using a combination of reversed-phase
LC and size-exclusion chromatography (RPLC × SEC). Eﬃcient and sensitive LC × LC often requires focusing of the analytes between the two stages. For the analysis of large-molecule analytes, such as synthetic
polymers, thermal modulation (or cold trapping) may be feasible. This approach is studied for the analysis
of a styrene/butadiene “star” block copolymer. Trapping eﬃciency is evaluated qualitatively by monitoring
the eﬄuent of the trap with an evaporative light-scattering detector and quantitatively by determining
the recovery of polystyrene standards from RPLC × SEC experiments. The recovery was dependant on the
molecular weight and the temperatures of the ﬁrst-dimension column and of the trap, and ranged from
46% for a molecular weight of 2.78 kDa to 86% (or up to 94.5% using an optimized set-up) for a molecular
weight of 29.15 kDa, all at a ﬁrst-dimension-column temperature of 80 °C and a trap temperature of 5 °C.
Additionally a strategy to reduce the pressure pulse from the modulation has been developed, bringing it
down from several tens of bars to only a few bar.
© 2021 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
High-performance liquid chromatography (HPLC) is one of the
most prevalent techniques for the analysis of soluble samples. Both
practice and theory have proven that LC is limited in terms of the
separation power that can be achieved within a given timespan,
depending on the operating pressure [1]. Ultra-high-pressure liquid
chromatography (UHPLC) allows for faster or more-eﬃcient separations, but the gain of about a factor of four in maximum pressure (and achievable number of theoretical plates) in moving from
HPLC to UHPLC only results in a factor of two increase in separation power (resolution). To gain more information on complex
samples, LC is oftentimes hyphenated to mass spectrometry (MS)
or even high-resolution mass-spectrometry (HRMS), typically by
∗
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utilizing an electrospray (ESI) interface. It is well-known, however,
that such an approach is rarely feasible for polymer analysis [2],
as it is limited to relatively small and polar polymers unless supercharging is utilized [3,4]. Larger (suﬃciently polar and narrowly
distributed) polymers can be analysed by matrix-assisted laserdesorption/ionization (MALDI) MS. However, MALDI cannot easily be interfaced with LC and is ultimately still molecular-weight
limited, even after pre-fractionation with LC. For relatively highmolecular-weight polymers multidimensional chromatography offers additional selectivity, separation power and, thus, information. For example, combined chemical-composition and molecularweight distributions can be obtained from the structured chromatograms generated by comprehensive two-dimensional liquid
chromatography (LC × LC) [5,6]. Two-dimensional LC (2D-LC) may
be applied in one of three modes, viz. heart-cutting (LC-LC),
multiple-heart cutting (mLC-LC) or comprehensive (LC × LC) [5].
During an LC × LC separation, the entire eﬄuent from the ﬁrst
dimension is subjected to an additional separation in many small
fractions, leading to much higher peak capacities and peak pro-
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duction rates (peak capacity per unit time) than 1D-LC. LC × LC
has seen several signiﬁcant developments in recent years, many
of which focused on the interface (“modulator”) between the ﬁrst
and second dimension. Examples include the use of active-solvent
modulation (ASM) [7] and stationary-phase-assisted modulation
(SPAM) [8]. A reaction chamber may be incorporated between the
two separations [9] so that additional structural information may
be obtained. Both ASM and SPAM aim to alleviate incompatibility
issues between the ﬁrst and second dimensions, primarily focusing on solvent incompatibility, but also allowing narrow seconddimension (2 D) columns and low 2 D ﬂowrates to be used, reducing analyte dilution and improving compatibility with MS. Brieﬂy,
in the case of ASM this is achieved by diluting the fraction collected in the loop, while SPAM achieves focusing and a switch of
solvents by replacing the conventional sample loops by short, socalled “trap” columns containing a suitable stationary phase. Both
ASM and SPAM can allow for a focusing or reconcentration of the
analyte, in the case of ASM this may be achieved at the inlet of
the 2 D column, while in SPAM it occurs within the trap column.
One of the most signiﬁcant advantages of SPAM when compared to
ASM is that the 1 D eluent can be completely eliminated from the
system, not just diluted. Disadvantages of SPAM include the need
to develop methods for speciﬁc applications (depending on the 1 D
eluent, the 2 D eluent and the analytes) and the limited life-time
of the trap columns, which may be related to pressure pulses [10].
One strategy to improve the life-time of the trap columns may be
to synchronize the modulation with the pump-frequency (pumpfrequency-synchronized modulation, PFSM; vide infra).
Trapping or focusing may also be achieved by means of a difference in temperature [11–18] rather than eluent strength. This
was ﬁrst demonstrated for off-line 2D-LC by Verstraeten et al.
[11] using capillary columns packed with porous graphitic carbon
(PGC) as a trapping device. By ﬁrst cooling and then rapidly heating (1200 °C/min) this column, neutral analytes could be successfully trapped and a concentration enhancement factor of 18 could
be achieved. A form of thermal modulation called temperatureassisted on-column solute focusing (TASF) was also demonstrated,
initially for parabens as analytes, in capillary 1D-LC by Groskreutz
et al. [12,13] In their approach analytes were focused by cooling
the column inlet using Peltier devices, after which the inlet was
rapidly heated to “inject” the analytes as a narrow band. Another
thermal approach to allow for focusing of the analytes and solvent switching was developed by van de Ven et al. [18]. In this
“in-column focusing” approach the analytes were ﬁrst loaded into
a modulation column in the initial mobile phase at a relatively
high temperature, after which the modulation column was cooled
down and the analytes were eluted in the backﬂush mode with a
stronger solvent. This allowed for the analytes to leave the zone of
initial mobile phase, if their retention increased with the decrease
in temperature, and resulted in their subsequent refocusing into a
more narrow band.
Most of the work described above has been carried out using
1D-LC, either to allow for better sensitivity in capillary LC or with
the eventual aim of applying the method in LC × LC. Thermal focusing in 1D-LC may be practically useful, as a relatively straightforward way to help concentrate the analytes if other means of
focusing, such as injection in a weak eluent, cannot be effectively
applied. However, when thermal focusing is to be applied for modulation in 2D-LC, the cooling and heating must be performed repeatedly and much-more rapidly, which make the concept muchmore challenging. Typically, trap columns have a very small internal volume and contain a more-hydrophobic stationary phase than
used in the 1 D column [5,11] In the case of polymers many of
these issues are avoided simply due to their retention characteristics. Because retention varies much-more strongly with mobilephase composition or temperature for polymers than for small-

molecule analytes, thermal-modulation strategies may be feasible
for their separation by 2D-LC. For the 2D RPLC × SEC analysis of
polymers there are obvious beneﬁts of using a trapping strategy.
Thanks to a lowered 2 D injection volume, eﬃcient small-particle
SEC columns can be used that facilitate fast, highly sensitive, and
high-resolution separations [19]. Also, the 2 D column may be narrower than the 1 D column, further enhancing the mass sensitivity
of the analysis and greatly reducing the amount of eluent required.
However, thermal strategies may exacerbate issues around the lifetime of the traps and the switching-induced pressure pulses, since
cooling down the trap column will locally increase the viscosity of
the mobile phase.
The objective of the present work is to demonstrate thermal
modulation as an easy-to-implement means to achieve fast and
eﬃcient two-dimensional polymer separations. We ﬁrst aim to
demonstrate that the cold-trapping principle can be applied to
polystyrene standards in simple 1D-LC experiments and we set
out to study the applicable range of molecular weights. Subsequently, we aim to extend the approach to LC × LC separations
of a polystyrene/polybutadiene star block copolymer. Our ﬁnal objective is to create a robust system that can be used for a large
number of LC × LC analysis without intervention.
2. Theory
In all cases the principle underlying the focusing of the analyte
may be described by known retention models [20–22]. In reversedphase (RP) LC it is generally accepted that the retention of an analyte may be approximately described by a log-linear relationship
between the retention factor and solvent composition. This is often
termed the linear-solvent-strength (LSS) model and it is described
by Eq.(1):

ln k = ln k0 − Sϕ

(1)

With k0 the retention factor extrapolated to a composition of
100% weak solvent, S the slope, and ϕ the volume fraction of
strong solvent in the mobile phase. Hence reducing the fraction of
strong solvent, increases retention, as long as S is positive. Generally, the higher the slope in the LSS curve, the easier it will be to
trap the analyte, for example by dilution of the eluent with weak
solvent. Typically, solvent-based focusing occurs more readily at
ambient or sub-ambient temperatures, because for most analytes
retention decreases with increasing temperature, implying that a
lower solvent strength (i.e. a lower fraction of strong solvent) will
be required to achieve the same retention. However, typically the
effect of solvent composition will be much greater than the effect
of temperature, which is the primary reason why thermal modulation for small analytes requires highly retentive stationary phases
(such as PGC in the RPLC mode). In those cases the temperature
is mainly utilized to decrease the time it takes for the analytes
to elute from the trap (i.e. reduced peak width). In case of typical gradient separations analytes are expected to be less focused
at a particular composition when temperature is increased, unless
the starting composition of the gradient is altered (to lower fraction of strong solvent) concomitantly. This effect of temperature
on retention implies that thermal modulation can be applied for
focusing or trapping. The effectiveness of this strategy depends on
the analytes’ retention as a function of temperature, which can be
described by the van’t Hoff equation, Eq. (2):

ln k = −

H
RT

+

S
R

− ln β

(2)

With H the molar enthalpy of solute transfer between phases,
S the corresponding entropy change, R the universal gas constant, T the absolute temperature (in Kelvin) and β the volumetric
phase ratio. The plot of ln k versus
2

1
T

is called a van’t Hoff plot. In
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most cases linear van’t Hoff behaviour is observed, and the slope of
the plot allows H to be determined across a certain temperature
range. Differences in H for different components then result in
varying selectivity of an LC separation with temperature. Thermal
modulation can be achieved more easily with a given temperature
difference if the slope of the van’t Hoff plot is larger (i.e. at larger
H). However, the effect of temperature on retention is much
smaller than the effect of mobile-phase composition. As a rule-ofthumb, a change of 5 to 10 °C corresponds to a change of only
about 1% mobile-phase composition for small compounds [23]. In
many of the examples in literature a reasonably large change in
temperature was therefore required to focus the analytes [11]. For
most compounds a lower recovery is experienced when using thermal modulation, as the large temperature differences required for
trapping and the rigorous cooling and heating cycles to achieve
proper transfer from trap column to 2 D column can be diﬃcult to
realize. Apart from the large temperature differences, highly retentive stationary phases, such as porous graphitic carbon (PGC), have
proven to be required. However, for compounds with high molecular weights thermal modulation may be more attractive, because
the enthalpy of transfer (the slope of the van’t Hoff plot) typically
increases with increasing molecular weight [22,24,25].
The high slope in both the LSS and van’t Hoff plot means that
higher molecular-weight polymers generally require only a very
small change in either mobile phase composition or temperature
to achieve trapping compared to most small, uncharged, analytes,
at their time of elution from the 1 D column. A combined use of a
gradient 1 D separation operated at high temperature and the use
of thermal modulation prior to the 2 D separation therefore beneﬁts in two ways. Firstly, due to the high LSS slope polymers will
elute at or close to a speciﬁc mobile phase composition, unlike
small analytes which may be more strongly affected by the gradient slope due to the changing equilibrium while moving through
the column. Simultaneously, these analytes will also have a high
slope in the van’t Hoff plot, which means that the composition at
which the analyte elutes will be more greatly inﬂuenced by the
temperature than a small analyte. Both of these aspects suggest
that a small change in temperature will be suﬃcient to retain the
analyte within the trap. Of course, it is expected that this will become increasingly more challenging the higher the gradient rate
and the smaller the polymer. In both cases the elution composition
of the polymer at the trap temperature may already be reached by
the mobile phase before the analyte reaches the trap, resulting in
an insuﬃcient difference in retention at the trap.

XBridge BEH C18 XP VanGuard Cartridges were used containing
2.5 μm particles with 130 Å pores, also purchased from Waters.
3.2. Equipment and software
The system used for testing included a (G1322A) 1260 degasser,
a (G1311A) 1100 quaternary pump, a (G5667A) 1260 HiP autosampler, a (G4260B) 1260 Inﬁnity evaporative light-scattering detector (ELSD), a (G1314D) variable-wavelength detector (VWD), and
a (G1316A) 1100 column oven, all purchased from Agilent, as well
as an Acquity system, including a p-isocratic solvent manager (isocratic pump), sample manager pFTN (autosampler), column manager S (column oven), photodiode-array detector with taper slit
and refractive-index detector; purchased from Waters. Cooling was
performed using a Huber ministat v3.03 purchased from HUBER SE
(Berching, Germany).
Data acquisition was performed using WinGPC software purchased from PSS Polymer Standards Service (Mainz, Germany). The
Acquity system was controlled using Empower-3 software purchased from Waters. Data analysis was performed in MATLAB
R2020a (Mathworks, Woodshole, MA, USA).
3.3. Introducing cold trapping
The 2D-LC cold-trap set-up used is illustrated in Fig. 1. A Huber
ministat v3.03 was utilized to cool and circulate a mixture of isopropyl alcohol (IPA) and mineral oil through an aluminium block,
in which holes were drilled to hold the trapping columns in place.
The columns themselves were chosen based on their small volume
(approximately 10 μL) and contained the same C18 silica-based stationary phase as used in the 1 D column. The aluminium block was
cooled to approximately 5 °C (unless otherwise speciﬁed) by continuously ﬂushing a cold mixture of IPA and mineral oil through
the inside of the holder, a thermocouple was utilized to measure
the temperature. The ﬁrst-dimension column was held at 80 °C,
resulting in a temperature difference of 75 °C between the column
and the aluminium block. In the current experiments solvents were
not preheated before entering the column and were not precooled
before entering the trap.
In case of the 1D-LC experiments, a DAD was placed directly
after the RPLC column. The trap was placed after the ﬁrst DAD
and its outlet was connected to a second DAD. This allowed us
to clearly monitor the effect of the trap on polymer retention and
compare the modulation set-up to conventional RPLC experiments.
In the current work a single trap was used for the trapping, while a
secondary trap was used to ensure that the backpressure between
valve position A and B remained similar when the 2 D SEC pump
was not transferring the contents from trap A to the SEC column.
The modulations consisted of two phases: a loading phase, and a
transfer phase. Unless otherwise speciﬁed the duration of the loading phase was 74.8 s, while the duration of the transfer phase was
4.4 s. The decision to use a single trap in this case was made to
ensure that solely the effects of temperature on the trapping were
studied. Any effects that may result from differences between the
two trap columns are excluded from the observations.

3. Materials and methods
3.1. Chemicals and materials
A 10 port 2-position UHPLC valve (MXT715-102) was purchased
from Rheodyne, IDEX (Lake Forest, IL, USA). An Arduino Uno Rev
3 was purchased from a local electronics supplier. Acetronitrile
(ACN, ≥ 99.9%, LC-MS Grade) was purchased from Honeywell Research Chemicals (Seelze, Germany), Tetrahydrofuran (THF, 99.9%,
Isocratic grade, non-stabilized) was purchased from Bernd Kraft
(Oberhausen, Germany), MilliQ Water was obtained using a puriﬁcation system purchased from MilliPore (Burlington, MA, USA).
An EasiCal polystyrene-standards kit was purchased from Agilent
(Waldbronn, Germany), while the Styrolux 693D sample was obtained from BASF (Ludwigshafen am Rhein, Germany).
Columns used during testing included two 150 mm length ×
2.1 mm I.D. APC SEC columns packed with 2.5 μm ethylene
bridged-hybrid (BEH) particles with 450 Å pore size, and a single 50 × 4.6 mm XBridge BEH Shield RP18 XP column containing
2.5 μm particles with 130 Å pore size, all purchased from Waters
(Milford, MA, USA). For the trapping columns two 2.1 × 5.0 mm,

4. Results and discussion
4.1. Pump-frequency synchronised modulation
It is known that many columns may suffer from a sharp increase in pressure that either occurs when switching the modulator valve between positions A and B or as a result from the
very steep gradients that may be used in the second dimension.
This seems to be especially the case for very low-volume columns,
such as the guard columns used for trapping in this study. Even in
3
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Fig. 1. Schematic illustrating the 2D-LC cold-trap set-up.

Fig. 2. (A) Pressure proﬁle in case of normal, unsynchronized, modulation, (B) Pressure proﬁles when synchronizing piston movement and modulation. Left: overview of the
pressure during the ﬁrst 40 min of the separation; middle: system and piston pressure during the ﬁnal modulations; right: expansion of the middle ﬁgures.

the case of an isocratic second dimension, as used in the present
work, LC × LC cannot generally be carried out without performing
modulations (with the exception of spatial two-dimensional separations [26–28]), and hence this issue affects any LC × LC system. Such sharp pressure pulses may have a negative impact on
the lifetime of the second-dimension column and they may cause
variations in the ﬂow, resulting in a worse repeatability of LC × LC
measurements [10]. To reduce the pressure pulses resulting from
the modulations a strategy was designed in which the modulation
time was adjusted to the pump frequency. As the isocratic pump
used had accessible pressure sensors in both the accumulator and
primary pump heads, the read-outs could be fed to the WinGPC
software used to control the LC × LC experiments. This allowed
monitoring the positions of the pistons inside the pump head and
the frequency at which these moved. The trace obtained from such
measurements is illustrated in blue in Fig. 2.A, which corresponds
to the piston movement inside the accumulator pump.
In our case we are performing SEC in the 2nd dimension, where
we are using an isocratic pump, consisting of a combination of a
primary pump and an accumulator pump (dual-piston in-series,

see Supplementary Material Fig. S.1). The modulations are synchronized with the piston movement by reading out the pressure sensor using an Arduino-Uno microcontroller, which directs
the modulations at a frequency corresponding to that of the piston movement. The latter will remain constant at constant ﬂow.
The resulting traces are shown in Fig. 2.B. The results show that
the magnitude of the pressure spikes in the second dimension due
to the modulation (orange signal) can be signiﬁcantly reduced using this strategy. Furthermore, when comparing the traces of the
pressure inside the accumulator pump head (blue signals) it can
be seen that without synchronization (Fig. 2.A, middle/right) the
pump responds to an increase in the system pressure (orange signal) by reducing its movement (lower pressure), as is evident from
the small decrease in the tops of the blue trace after the modulation. This can be a source of ﬂowrate inaccuracies. The effect is reduced when synchronizing the modulation with the piston stroke
(Fig. 2.B, middle/right). At this stage there is insuﬃcient evidence
to proof that the lifetime of the trap columns increases, but based
on experience elsewhere [10], it is reasonable to assume this to be
the case. The synchronization method also allows operation closer
4
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Fig. 3. Gradient-elution chromatograms recorded at 254 nm with a cold-trap installed after the column, with uninterrupted ﬂow and trap temperature of 5 °C throughout.
Line colour indicates column temperature. Left: full chromatograms; right: expansion of 5 to 9 min range. Injection of individual polystyrenes of different molecular weight
ranging from 3.5 to 125 kDa.

to the pressure limit of the system while avoiding a pump shutdown, so that UHPLC systems can be used to their full potential.

4.2. Cold-trap set-up and 1D experiments
4.2.1. Illustrating the principle by 1D-LC experiments
To quickly assess whether a particular compound can be focused in the cold-trap, 1D-LC experiments were performed. In this
case two DAD detectors were installed, one before and one after
the trap, to monitor the change in retention times and peak proﬁles. A linear gradient from 0 to 100% ACN to THF was run in
10 min. This resulted in the following chromatograms shown in
Fig. 3 for a selection of polystyrene standards.
From the ﬁrst set (upper) traces in Fig. 3 it is clear that the
low-molecular-weight standards elute before the higher molecularweight standards. The latter elute increasingly close together, approaching the pseudo-critical point for polystyrene for this combination of stationary and mobile phases, i.e. the composition at
which retention becomes independant of molecular weight in this
gradient. This pseudo-critical point is seen to shift towards longer
elution times (higher fractions of strong solvent) at lower column
temperatures. When inspecting the second set of traces (bottom),
recorded using the detector located after the trap, it can be seen
that a signiﬁcant gain in resolution (from Rs = 0.0842 to Rs = 0.995
for standard 5 and 6, for a column temperature of 80 °C) could
be achieved for the highest molecular weight standards. This additional resolution indicated that a separation was occurring within
the trap. Our current explanation for this additional separation occurring in the very small trap (volume of about 10 μL) is based on
three effects. Firstly, it is assumed that the high-molecular-weight
polystyrenes are adsorbed at the start of the 1D-LC column and
only start moving with the mobile phase once a composition close
to the critical composition is approached. This is consistent with
prior observations and explanations [29]. All these polystyrenes
reach the trap nearly simultaneously where, due to the lower temperature, the polystyrene standards are signiﬁcantly more retained
(i.e. “trapped”). In the trap column the standards then essentially
experience a second gradient step. Due to the very small volume
of the trap this second gradient is extremely shallow, since the effective slope of a (LSS) gradient can be deﬁned as:

b=

Vm ϕ S
tg F

Fig. 4. Retention time as function of molecular weight before and after the trap,
including difference in composition of elution (ϕ ) for the largest temperature difference.

In which Vm is the column void volume, ϕ is the change in
mobile phase composition such that for a 0–100%B gradient ϕ =
1, tg is the gradient duration, F is the mobile phase ﬂowrate and S
is a compound-speciﬁc parameter that describes the variation of
retention (ln k) with a change in mobile phase composition (ϕ ).
Such a shallow gradient enhances the inﬂuence of the molecular
weight on the retention of polystyrenes. Once again, this is consistent with previous results and it is also in accordance with the idea
that the optimal gradient for an RPLC separation of a homologous
series or a homopolymer is convex in shape [30] or uses a convex temperature gradient [31] if a separation based on molecular
weight is desired. In our case the separation is simply achieved by
using two different column volumes, which is conceptually much
simpler. The lower-weight-standards are seen not to be retained
on the trap column, because for these analytes the effect of temperature on retention is much smaller. Achieving increased resolution for high-molecular-weight standards was not the objective
of the cold-trap experiments, but it was an interesting side effect.
The original objective was to investigate the shift in elution composition resulting from the trapping for the standards of different
molecular weight (Fig. 4).

(3)
5
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Fig. 5. RPLC × SEC separation of Styrolux based on number and length of polystyrene arms (indicated in red in right-hand schematic). L denotes long polystyrene arms of
98 kDa, S indicates short arms of 18 kDa (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

Fig. 6. 2D-LC chromatogram obtained as a function of transfer duration, (A) Duration of 4.4 s, (B) Duration of 8.8 s, (C) Duration of 13.2 s and (D) Duration of 8.8 s with a
forward’s ﬂush direction.

perature difference between the 1 D column and the trapping column determine the maximum modulation time and that the latter
will be larger for high-molecular-weight analytes. Larger temperature differences will be required between the 1 D column and the
trap to successfully trap analytes when using faster gradients. In
our LC × LC experiments the gradient was much shallower (0.09
and 0.25%/min in most cases) than the one used in the 1D experiments (10%/min). Therefore, no problems with trapping were
anticipated, except for the lowest-molecular-weight standards (≤
10 kDa), which experienced limited trapping. However, for lowmolecular-weight polymers other options exist, including different

From this it can be observed that the low-molecular-weight
standards are only trapped to a limited extent. The delay caused
by the trap increases with increasing molecular weight, indicating that high-molecular-weight standards are trapped during at
least some fraction of the 1D-LC gradient. This will be an important factor in 2D-LC, where we aim to trap analytes for a certain (modulation) time. As long as the increased elution composition that is observed in these experiments is not reached during
the trapping time, one would expect that the analyte will be successfully trapped prior to injection in the second dimension. This
means that the gradient rate in the 1 D separation and the tem-

6
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Fig. 7. Approach for peak area determination, (A) Top: background correction with arPLS; bottom: corrected chromatograms, (B) Top: peak deconvolution of the different
polystyrene standards; bottom: Residuals between data and peak ﬁt.

retention mechanisms and the use of mass-spectrometric detection
[32].

was placed in the waste line, using the setup illustrated schematically in Supplementary Material (Fig. S.2). Signals were observed
at times corresponding with the moment the modulation occurs
(i.e. when switching from the trapping stage to the transfer stage),
the intensities of which corresponded with the DAD trace of the
1D-LC separation. Backﬂushing the trap led to much lower pulses
than forward ﬂushing (see Fig. S.3). The exact origin of these modulation pulses is not known, but they are thought to be related
to this particular set-up with a single loop and a ten-port valve.
No signal was observed on the ELSD during the trapping phase.
The signal between the evenly spread “modulation” peaks showed
a completely ﬂat baseline, indicating that there are no detectable
losses during the trapping.
Several different (pump-frequency synchronized) ﬂush times
were investigated, namely about 4.4, 8.8 and 13.2 s. These times
were selected because the period between piston strokes determined in the section above was approximately 4.4 s. Longer transfer times led to lower pulses in the ELSD signal. To determine
whether any signiﬁcant losses occurred we compared the resulting LC × LC chromatograms directly. These are shown in Fig. 6. In
Fig. 6A to C only the transfer duration is varied. Longer transfer
times are seen to lead to slightly less-intense peaks, which may be
explained by the analyte sent to waste during the transfer phase in
the current single-trap set-up. Losses corresponding to the transfer time divided by the cycle time are anticipated. With a constant cycle time of 79.2 s this would amount to losses of about
5.5, 11, and 17% (= 4.4/79.2), for the 4.4, 8.8 and 13.2 s transfer times, respectively. This is reﬂected in the peak intensities in
the LC × LC chromatograms of Fig. 6A to C, respectively. A comparison of Fig. 6B and D shows much lower peak intensities in
case of forward-ﬂushing of the trap during the transfer, which is
in line with the observations in Fig. S.3. Backﬂushing of the trap
resulted in the smallest loss of analyte. Based on Fig. 6, we selected a transfer time of 4.4 s with back-ﬂushing of the trap to the
second-dimension for further experiments.

4.3. LC × LC experiments
Several LC × LC measurements were performed to illustrate the
application of the cold-trap strategy in practice. To demonstrate
the performance and feasibility of the developed trapping strategy
a separation of a Styrolux 693D sample was performed. Separation
could be achieved within 1.5 h based on the number and length of
polystyrene arms. In the schematic illustration on the right-hand
side of Fig. 5 [33] polystyrene (PS) arms are indicated in red and
polybutadiene (PB) blocks are indicated in blue. PS arms may be
either long (L; 98 kDa) or short (S; 18 kDa). Up to seven PB chains
can be connected using a coupling agent. The separation of this
sample, using the cold-trap, is illustrated in Fig. 5.
Note that the individual “peaks” or distributions were in
this case assigned manually, based on the work by Lee et al.
[33] who analysed this sample by a combination of reversedphase temperature-gradient interaction chromatography and SEC
(RP-TGIC × SEC). The separation achieved in the present work (using solvent-programmed RPLC in the ﬁrst dimension instead of
TGIC) is comparable, but the analysis time is four times shorter,
thanks largely to the thermal modulation. Thermal modulation
allowed narrower columns to be used in the second dimension
(2.1 mm i.d. as compared to 7.5 and 8 mm used in [33]). By using a
volumetric ﬂow rate that was about four times lower (0.6 mL/min
instead of 2.5 mL/min) and columns that were a factor two shorter
(30 0 vs. 60 0 mm), 2 D separations could be about six times faster,
while reducing the amount of eluent required per analysis (2 D ﬂow
rate × analysis time) by a factor of about 14 and increasing the
mass sensitivity (detected concentration / injected concentration)
by at least a factor 14 (volume effect only; effective trapping will
increase this factor further).
4.3.1. Investigating the effect of transfer time and ﬂow direction
One of the critical parameters for accurate quantiﬁcation is the
possible loss of analyte during the trapping/loading stage or during transfer from the trap to the second dimension (i.e. the transfer stage). To ensure that no such losses were incurred, an ELSD

4.3.2. Investigating the effect of trap temperature on trapping
eﬃciency
To investigate the trapping eﬃciency as a function of temperature, several 2D-LC measurements were performed, for both
the Styrolux sample and polystyrene standards, with the cold trap
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background ﬁltering may have resulted in lower calculated recoveries. In the case of a trapping temperature of 5 °C recoveries approached the maximum attainable value of 94.5%.
A similar procedure as described above was used to investigate
the recovery for the Styrolux sample as a function of the trapping
temperature. In this case curve ﬁtting was not performed since
there were few individual peaks visible, instead only the overall recovery was determined. The same trap temperatures of 5, 40 and
70 °C were used and the same ﬁrst-dimension-column temperature of 80 °C. The LC × LC chromatograms and overall recoveries
obtained from these experiments are shown in Fig. 9.
The peaks showing the greatest losses in recovery in the
LC × LC chromatograms elute during the steepest step in the gradient used in the 1 D separation (elution times 10 to 20 min).
This corresponds to the results and conclusions that were already
drawn from the 1D-LC experiments (Section 4.2.1) and illustrates
that a larger temperature difference will be required especially for
low-molecular-weight analytes that are transferred to the trap in a
steep 1D-LC gradient. At the same time, it is quite remarkable that
even with a temperature difference of only 10 °C most of the polymer seems to be successfully retained on the trap-column. This
further supports the conclusion that the combination of the typically shallow gradients used in the ﬁrst dimension of LC × LC
experiments and the retention characteristics of high-molecularweight analytes creates conditions for successful thermal modulation. However, in the present paper predictions were not made
regarding the conditions required to trap a polymer of a speciﬁc
polarity and molecular weight. When knowing the actual gradient shape [36] and retention-temperature relationships [37–39] it
should be possible to, based on only a few 1D experiments, predict
whether a particular polymer or statistical copolymer can be effectively focused using the cold-trapping method. An in-depth investigation regarding such an approach is warranted.

Fig. 8. Recovery for polystyrene standards of different molecular weight at different trap temperatures. The peaks eluting at the exclusion limit of the SEC columns
(molecular weights above 600 kDa) were not considered.

set at different temperatures. The recovery of polystyrene standards with molecular weights within the range of 10 to 300 kDa
was investigated, which was the separation range of the APC SEC
columns.
The recoveries of two sets of polystyrene standards were
measured at trap temperatures of 5, 40 and 70 °C, all at a
ﬁrst-dimension-column temperature of 80 °C. Quantiﬁcation was
performed by ﬁrst correcting for the drift using asymmetric
reweighted partial least-squares (arPLS) [34], after which a deconvolution was performed using the modiﬁed Pearson VII distribution [35]. Finally, the peak areas were obtained using a trapezoidal
approximation on the individual peaks. Chromatograms before and
after baseline correction are illustrated in Fig. 7A. An example of
the results of peak deconvolution is illustrated in Fig. 7B.
After determining the peak areas in this way, the recovery was
determined for the different polystyrene standards. The 1D experiments (areas of eluting peaks without a trap installed) were used
as reference. The results are illustrated in Fig. 8.
The recovery is seen to clearly improve with an increase in
molecular weight of the analytes and with a decrease in trapping temperature (i.e. an increase in the temperature difference between the 1D-LC column and the trap). The losses observed may
be due to the single-trap conﬁguration (anticipated loss of 5.5%
in the present case) or to incomplete desorption of the analytes
from the trap. Also, errors in the curve ﬁtting and, especially, the

5. Conclusion
A new trapping strategy termed cold-trapping has been developed, which is applicable to all analytes that show suﬃcient increase in retention with decreasing temperature. This is expected
to include all high-molecular-weight compounds. In the current
work polystyrene and Styrolux were used to assess the applicability of the strategy. A single trap was used to assess the strategy, however, for further use in LC × LC applications two trapping
columns should be utilized rather than one as the increase in duration of the “transfer” phase should result in higher recoveries.
Possible limitations in terms of analyte polarity will be a subject
of further study. Additionally, the pressure pulse observed during
modulation was minimized. Pump-frequency synchronized modu-

Fig. 9. LC × LC chromatograms and calculated overall recoveries for Styrolux with different trap temperatures as indicated and a ﬁrst-dimension-column temperature of
80 °C.
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lation was demonstrated as a simple and effective means to consistently reduce the observed pressure pulses arising from valve
switching, as compared to regular operation of the switching valve.
This may lead to extended life time of the trapping columns, but
this must be conﬁrmed in future research. Also, the long-term repeatability and precision of thermally modulated LC × LC warrants
further investigation.
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