UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Investigation of the effects of solvent-mismatch and immiscibility in normal-
phase x aqueous reversed-phase liquid chromatography

Groeneveld, G.; Dunkle, M.N.; Pursch, M.; Mes, E.P.C.; Schoenmakers, P.J.; Gargano,
A.F.G.

DOI
10.1016/j.chroma.2022.462818

Publication date
2022

Document Version
Final published version

Published in
Journal of Chromatography A

License
CCBY

Link to publication

Citation for published version (APA):

Groeneveld, G., Dunkle, M. N., Pursch, M., Mes, E. P. C., Schoenmakers, P. J., & Gargano,
A. F. G. (2022). Investigation of the effects of solvent-mismatch and immiscibility in normal-
phase x aqueous reversed-phase liquid chromatography. Journal of Chromatography A,
1665, [462818]. https://doi.org/10.1016/j.chroma.2022.462818

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You

will be contacted as soon as possible. o
UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:31 Aug 2023


https://doi.org/10.1016/j.chroma.2022.462818
https://dare.uva.nl/personal/pure/en/publications/investigation-of-the-effects-of-solventmismatch-and-immiscibility-in-normalphase--aqueous-reversedphase-liquid-chromatography(96e4eaa4-fbcf-4009-8c42-aef3edab6d17).html
https://doi.org/10.1016/j.chroma.2022.462818

Journal of Chromatography A 1665 (2022) 462818

journal homepage: www.elsevier.com/locate/chroma

Contents lists available at ScienceDirect

JOURNAL OF CHROMATOGRAPHY A

Journal of Chromatography A

Investigation of the effects of solvent-mismatch and immiscibility in n
normal-phase x aqueous reversed-phase liquid chromatography

Gino Groeneveld®*, Melissa N. Dunkle®, Matthias Pursch¢, Edwin P.C. MesP",
Peter J. Schoenmakers?, Andrea F.G. Gargano?

aUniversity of Amsterdam, Van ‘t Hoff Institute for Molecular Sciences, Science Park 904, 1098 XH Amsterdam, the Netherlands
b Dow, Analytical Science, PO. Box 48, 4530 AA Terneuzen, the Netherlands

¢Dow, Analytical Science, 65201 Wiesbaden, Germany

ARTICLE INFO

Article history:

Received 3 September 2021
Revised 28 November 2021
Accepted 7 January 2022
Available online 10 January 2022

Keywords:

Injection-solvent effects in RPLC
Water-immiscible diluent
Eluent mismatch
Solvent-strength mismatch
Large-volume injection
Breakthrough

ABSTRACT

Comprehensive two-dimensional liquid chromatography (LC x LC) is an attractive separation technique
that allows achieving high peak capacities and information on chemical correlations. Unfortunately, its
application in industrial practice is still not widespread due to limiting factors such as complex method
development, tedious method optimization and solvent-incompatibility (such as solvent-strength mis-
match or immiscibility experienced during fraction transfer).

A severe case of solvent-incompatibility is encountered in the comprehensive coupling of normal-
phase LC and reversed-phase LC (NPLC x RPLC). NPLC x RPLC is considered a desirable LC x LC system,
especially for the characterization of synthetic polymers, due to the high orthogonality of the two reten-
tion mechanisms. However, its experimental realization often suffers from solvent-injection effects in the
RPLC dimension, such as peak-deformation, peak-splitting, or even unretained elution (“breakthrough”)
of sample components. Such a decrease in performance or loss of retention is highly dependent on the
types of solvents used.

To explore the boundaries of solvent compatibility, we applied large-volume injections (LVI) of refer-
ence analytes (e.g. alkyl benzenes; ethoxylate and propoxylate polymers) dissolved in water-immiscible
sample solvents, such as dichloromethane, n-hexane, and isooctane in fast water-based gradient RPLC sep-
arations (using methanol or acetonitrile as eluent). It was found that, when using highly aqueous initial
gradient conditions, hydrophobic sample diluents were retained and eluted during the applied gradient.
Depending on the relative retention of the retained diluent and the sample analytes, good chromatograms
for LVI of immiscible solvents were obtained, comparable with injections under ideal conditions. The con-
clusions from injection experiments in aqueous RPLC were verified by coupling an NPLC system with a
gradient from isooctane to tetrahydrofuran and an RPLC system with a gradient from water to acetonitrile
in an online comprehensive NPLC x RPLC separation of a mixture of propoxylate polymers. The separation
provided separation of the polymers based on their number of hydroxyl end-groups (NPLC) and oligomer
chain-length (RPLC), without suffering from significant band-broadening effects due to solvent-mismatch
upon injection in the second-dimension RPLC system.

© 2022 The Authors. 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

dimensional LC (1D-LC) is a very powerful technique, the maxi-
mum attainable efficiency and peak capacity is limited and typi-

Liquid chromatography (LC) is an important analytical tech-
nique for the characterization of many chemicals in a wide variety
of application areas, such as pharmaceuticals [1], polymer chem-
istry [2], life science [3], and food products [4]. Although one-
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cally ranges from about 100 in a few minutes to a few hundred
in a few hours [5]. Therefore, 1D-LC is often unable to separate
complex mixtures or chemically similar species, which are difficult
to resolve. In such cases, two-dimensional liquid chromatography
(2D-LC) may be advantageous [5]. Furthermore, 2D-LC often pro-
vides structured chromatograms, allowing for convenient detection
and identification of unknown species.

0021-9673/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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In comprehensive two-dimensional liquid chromatography
(LC x LC), the total effluent of a first-dimension (!D) LC separation
is fractionated by means of a modulator valve and all fractions are
subjected to a second-dimension (2D) separation. Very high peak
capacities can be obtained, since the peak capacities of the two
individual separations may be multiplied, while the total analysis
time is only slightly longer than the time required to complete the
1D separation. To make full use of the potentially high peak ca-
pacities of LC x LC, the two separation dimensions must be inde-
pendent of each other, i.e. separate the sample based on different
(‘orthogonal’) retention mechanisms [6].

Despite the demonstrated strength of LC x LC to resolve very
complex mixtures, its widespread application in industry is ham-
pered by various factors. Examples include complex method devel-
opment and instrumentation, long time required for method opti-
mization and incompatibility issues encountered between the two
orthogonal separation dimensions [7,8]. Solvent incompatibility is
often encountered in LC x LC because the 'D effluent becomes
the injection solvent of the 2D separation in relatively large quan-
tities. As a result, the 2D separation is often compromised in terms
of peak shapes and peak capacity. Examples of such incompatibil-
ity issues include viscous fingering when viscosity differences exist
between the 'D and 2D mobile phases, resulting in flow instabil-
ity and, hence, distorted chromatographic peaks [9]. Furthermore,
incompatibility issues may arise from immiscibility of two mobile-
phase systems encountered when, for instance, normal-phase LC
is coupled with reversed-phase LC (NPLC x RPLC), where non-
polar organic solvents are used in the 1D system, which cannot
be freely introduced in an aqueous 2D RPLC separation. In addition
to the immiscibility issue, severe mismatch of elution strength is
observed between the strong injection solvent from the D (high
in organic content) and the 2D mobile phase. As a result, the an-
alytes may be poorly retained on the stationary phase, resulting
in deformed or split peaks or in unretained elution of (part of)
the sample. This latter phenomenon is known as ‘breakthrough’
and is often observed in polymer analysis when using a compre-
hensive combination of size-exclusion chromatography (SEC) and
RPLC (SEC x RPLC) [10]. Breakthrough may also occur in gradient
elution 1D-LC of polymers, when the analytes require a strong or-
ganic solvent to be solubilized, while maintaining chromatographic
integrity simultaneously requires the injection solvent to act as a
weak eluent at the initial conditions of the chromatographic anal-
ysis. This combination is difficult to achieve [11,12].

Improvements of the applicability of LC x LC have largely
focused on instrumental development to overcome the mobile-
phase incompatibility between two separation dimensions. In-
stead of ‘passively’ storing relatively large quantities of 'D ef-
fluent in sample loops installed on the modulator, which causes
problems upon injection onto the 2D column, recent modula-
tion techniques ‘actively’ circumvent incompatibility issues. Com-
mon examples include stationary-phase-assisted modulation and
active-solvent modulation [10,13,14]. Furthermore, hardware solu-
tions were developed, such as in-column focusing [15], vacuum-
membrane-evaporation modulation [16], temperature-responsive
stationary phases [17] and thermal modulation [18].

Although these developments are extremely useful, most of the
techniques are in early stages of development and not widely ap-
plied, due to increased hardware complexity, limited availability,
costs, and difficulty of operation. This is supported by the fact that
approximately 75% of the strategies currently applied in LC x LC
involve loop-based (i.e. passive) modulation [7]. NPLC x RPLC is
deemed to be an incompatible combination, due to the immis-
cibility of the eluents used in the two separation dimensions.
Therefore, examples of the successful application of NPLC x RPLC
in recent literature are very rare [8]. This is unfortunate, as
NPLC x RPLC is one of the most orthogonal LC x LC combina-
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tions and worth exploring for compounds of medium-to-low polar-
ity. Long before the introduction of active modulation techniques,
good results were obtained with NPLC x RPLC systems using loop-
based approaches. Such an analytical strategy was applied for the
analysis of carotenoids in red mamey fruit [19], red chili peppers
[20] and red orange essential oils [21]. In these studies, various
method parameters contributed to successful NPLC x RPLC cou-
pling. Firstly, high percentages of isopropanol in the 2D eluent
were used to create a phase system that was miscible with the
1D effluent that was rich in n-hexane (> 75% v/v). Furthermore,
narrow-bore 1D columns (1.0 mm LD.) were used, operated at low
flow rates to reduce the modulation volumes, while wide-bore 2D
columns (4.6 mm LD.) were operated at high flow rates to dimin-
ish injection effects. Finally, the large carbon-backbone structures
of the analyzed carotenoids implied strong interaction with C18
stationary phases, allowing non-aqueous RPLC to be used in the
second dimension.

Aqueous 2D RPLC has also been successfully coupled with 'D
NPLC, which is more difficult from a solvent-immiscibility perspec-
tive. Polyphenols and (furano-)coumarins were successfully charac-
terized in citrus-oil extracts [22-25] and the separation of various
analytes in pharmaceutical and reference mixtures was described
[24,25]. Again, narrow-bore 'D columns (1.0 mm LD.) were used,
while wide-bore 2D columns (4.6 mm LD.), operated at high flow
rates (4 - 5 mL/min), were applied to minimize injection effects.
Francois et al. [24,25] used relatively large modulation volumes, in-
jecting 30 to 40 pL fractions that contained at least 92% n-hexane
onto 2D C;g columns, run in gradient-elution mode with an initial
mobile-phase concentration of 0 or 35% ACN. Remarkably, good 2D
separations were obtained and no significant peak distortions or
breakthrough of analytes were observed. Unfortunately, for lemon-
oil compounds eluting at high ethyl-acetate concentrations from
the 1D column, 2D peak distortion and band broadening were ob-
served. However, an interesting observation was made in off-line
RPLC experiments, in which the injection solvent consisted of n-
hexane and ethyl acetate and the ratio of these two solvents was
varied. At higher n-hexane concentrations, where the injection sol-
vent was immiscible with the RPLC mobile phase, the focusing
of the solutes actually improved (data not shown in the study).
Although these observations are counterintuitive, given the con-
sensus that water-immiscible solvents result in broad or distorted
peaks in (partly aqueous) RPLC, the results might indicate injection
phenomena that are not yet fully understood and that may aid in
the successful realization of NPLC x RPLC.

While solvent compatibility in LC x LC has not been exhaus-
tively explored, large-volume injection (LVI) of water-immiscible
sample diluents in one-dimensional RPLC has been previously
studied by various authors and the approach appears to be fea-
sible [26-31]. Such LVI strategies have been applied for impurity
profiling in pharmaceutical and bio-medical analysis, in cases in
which solubility of the target-analytes in a water-miscible solvent
was limited and a high sensitivity was demanded. This necessi-
tated direct injection of samples dissolved in a hydrophobic or-
ganic solvent, often under LVI conditions to obtain high sensitivity.
Sample diluents with good chromatographic results for aqueous
RPLC separations included alkanes (n-hexane, n-heptane, isooctane,
n-decane, n-dodecane), aliphatic alcohols (1-butanol, 1-pentanol,
1-hexanol, 1-heptanol, 1-octanol), isopropyl acetate, and methyl
isobutyl ketone. Using C;g columns with relatively large internal
diameters (150 x 4.6 mm LD., 5 pm particle diameter, dp) and mo-
bile phases containing 78 to 95% water, injection volumes of pure
organic diluent (n-hexane, n-heptane, isooctane) could range up to
500 pL, while maintaining good peak shapes [29]. Such findings
are supported by other studies that showed successful chromatog-
raphy of the analytes, provided that the hydrophobic diluent eluted
after the analyte of interest, i.e. that the sample diluent was more



G. Groeneveld, M.N. Dunkle, M. Pursch et al.

strongly retained than the analyte. If the organic diluent eluted be-
fore the analyte of interest, peak broadening and distortion were
observed [30].

Various explanations have been proposed as to how pure or-
ganic diluents with high elution strengths could successfully be
used in RPLC analysis. One of the hypothesis implied that, under
aqueous conditions, the organic diluent was retained by the sta-
tionary phase, where it would compete with the analytes for ad-
sorption sites on the stationary phase [26]. If the sample diluent
were to have greater affinity for the stationary phase than the an-
alyte, peak shapes would not be affected. This would also imply
that, upon retention of the sample diluent on the stationary phase,
part of the stationary surface would become unavailable for the
analytes. This hypothesis is supported by a linear decrease in re-
tention of the analyte with increasing injection volume [26,27]. An-
other hypothesis was based on reversed-phase supported liquid-
liquid extraction [28]. Upon injection of a hydrophobic diluent un-
der aqueous mobile phase conditions, the diluent was thought to
be retained on the head of the column. When the mobile phase
subsequently entered the column, it was thought to create a liquid
film of diluent immobilized on the stationary phase. The analytes
would then be extracted from the diluent film to the mobile phase
by liquid-liquid extraction and separated by conventional liquid
chromatography on the uncovered stationary phase further down
the column.

Although the documented studies of large-volume injections in
diluent that were not miscible with the RPLC mobile phase pro-
vided interesting insights, the results cannot be directly translated
to NPLC x RPLC. In these studies, isocratic separations were usu-
ally conducted using relatively long, wide-bore columns with large
column volumes (typically 150 x 4.6 mm LD., d, = 5 pm). In con-
trast, RPLC applied as a 2D separation in a LC x LC system increas-
ingly uses low-volume, narrow-bore columns, packed with sub-2-
pm particles (for example, 50 x 2.1 mm, dp = 1.7 pm, Vi ~ 104
pL) for fast separation under gradient-elution conditions. Due to
the stricter constraints on 2D RPLC separations, the effects of the
large-volume injection of immiscible diluents could be more sig-
nificant in LC x LC systems.

In this study, we investigated the solvent effects observed for
different weakly and strongly retained analytes under extreme
solvent-mismatch and non-miscibility conditions encountered in
NPLC x RPLC. A wide variety of pure organic solvents commonly
used in NPLC were studied as sample diluents in aqueous RPLC
gradient-elution separations. Injection volumes and column dimen-
sions were in line with the current state-of-the-art of LC x LC. To
study the retention and elution of diluents and analytes indepen-
dently, ultraviolet/visible spectroscopy (UV/Vis) and evaporative-
light-scattering detection (ELSD) were used in series. This allowed
decoupling of the diluent and analyte signals. Furthermore, reten-
tion factors and loadability were determined for various diluents.
To demonstrate the possibility of performing successful LC x LC
separation under extreme solvent-mismatch conditions, we aimed
to develop an NPLC x RPLC-UV/Vis-ELSD separation capable of re-
solving propoxylates based on their terminal hydroxyl composition
and oligomer chain length. Simultaneously, we aimed to elucidate
the elution behavior of the 'D NPLC effluent in the 2D RPLC sepa-
ration.

2. Experimental
2.1. Chemicals

The solvents used in this study included methanol (MeOH,
ULC/MS grade), acetonitrile (ACN, LC-MS grade), 2-propanol

(isopropanol, IPA, LC/MS grade) and tetrahydrofuran (THF, unsta-
bilized LC-MS grade) obtained from Biosolve B.V. (Valkenswaard,
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The Netherlands). n-Hexane (> 99.5%, HiPerSolv grade),
dichloromethane (DCM, =>99.8% HiPerSolv grade), chloroform
(CHCl3, >99.8%, HiPerSolv grade) and 2,2,4-trimethylpentane
(isooctane, > 99.5%, HiperSolv grade) were obtained from VWR
International B.V. (Leuven, Belgium). Deionized water (Arium
611UV, Sartorius, Gottingen, Germany; R = 18.2 M2 cm) was used
for aqueous solutions. To study the separation performance under
large-volume-injection (LVI) conditions, butanol-initiated propoxy-
lates, glycerol-initiated ethoxylates, and a ‘reference mixture’
consisting of benzyl alcohol, benzaldehyde, and 2-nitrotoluene
were utilized. For NPLC x RPLC experiments a mixture of butanol-
initiated propoxylate, polypropylene glycol and glycerol-initiated
propoxylate was used. The polymeric materials were kindly sup-
plied by Dow Benelux B.V. (Terneuzen, The Netherlands). The
individual chemicals used for the reference mixture were obtained
from Sigma-Aldrich (Zwijndrecht, The Netherlands).

2.2. Instrumentation

One-dimensional LC experiments were performed using a Wa-
ters Acquity UPLC system (Waters, Milford, MA, USA). The system
comprised of a binary solvent manager, sample manager, column
manager, photo-diode-array (PDA) detector equipped with an ana-
lytical flow cell (V4o = 500 nL) and an evaporative light-scattering
detector (ELSD). Two-dimensional LC experiments were performed
using an Agilent 1290 Infinity 2D-LC system (Agilent Technolo-
gies, Waldbronn, Germany). The system comprised of a high-speed
binary pump (G7120A) and a binary pump (G7112B) for solvent
delivery. Other components included a multicolumn thermostat
(G7116A), autosampler (G71676A), a diode-array detector (G4212A)
equipped with an Agilent Max-Light cartridge flow-cell (G4212-
60,008, 10 mm path length, V4o = 1.0 uL) and an ELSD (G7102A).
An Agilent 2D-LC ASM valve (G4243A) connected with two distinct
multiple heart-cutting valves equipped with 40-uL loops were used
for modulation and operated in comprehensive 2D-LC mode (ASM
feature was not used throughout the study). Headspace gas chro-
matography - mass spectrometry (HS-GC/MS) experiments were
conducted using an Agilent GC system (7890A) hyphenated with a
mass selective detector (Agilent 5975C) employed with the Perkin
Elmer Turbo Matrix 40 Trap headspace sampling module.

One-dimensional RPLC experiments were performed using a
Waters Acquity BEH phenyl-hexyl column (50 x 2.1 mm, 1.7 pym
particle size) (Waters). For NPLC x RPLC experiments, an Ascen-
tis Express OH5 (50 x 2.1 mm LD., 2.7 pm particle size) column
(Sigma-Aldrich) was used in the first-dimension, while the afore-
mentioned RPLC column was used as second-dimension column.
GC experiments were performed using a J&W VF-1701 ms GC col-
umn (30 m x 0.32 mm LD., 1 pm film thickness).

2.3. Analytical conditions

For one-dimensional RPLC analysis with LVI, samples were pre-
pared at predefined concentrations in the different organic dilu-
ents that are listed in Table 1, together with their correspond-
ing properties. For the propoxylates and ethoxylates, sample solu-
tions of 0.25 mg/mL were prepared separately in the correspond-
ing organic diluents. For the standard mixture, benzyl alcohol, ben-
zaldehyde, and 2-nitrotoluene were combined at a concentration
of 0.005 mg/mL for each analyte in varying organic diluents. Full-
loop injections of 20-pL of the studied analytes in the eight differ-
ent organic diluents were performed. Separations were performed
at 30 °C at a flow rate of 0.5 mL/min using the following gra-
dient from water (mobile phase A) to acetonitrile (mobile phase
B): 0.0-0.2-3.0-4.0-4.01-5.5 min, 5-5-95-95-5-5%B. For the sep-
aration of ethoxylates, the same separations using LVI of chlori-
nated solvents were repeated with MeOH (mobile phase B) as or-
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Table 1
solvent properties of studied organic diluents.
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Solvent Viscosity (cP)? Solvent strength (silica) ° Polarity index * Water Miscibility ~ Partition coefficient (LogPow)®
Water 1.00 10.2

Methanol 0.55 0.70 5.1 Yes -0.74

Isopropanol 2.40 0.60 3.9 Yes 0.05

Acetonitrile 0.38 0.52 5.8 Yes -0.34

Tetrahydrofuran 0.55 0.53 4.0 Yes 0.46

Dichloromethane  0.44 0.30 3.1 No 1.25

Chloroform 0.57 0.26 4.1 No 1.97

n-Hexane 0.31 0.00 0.1 No 4.00

Isooctane 0.50 0.00 No 4.60

2 values reproduced from [32].

b Qctanol-water partition coefficients, values reproduced from [33] and safety data sheets of corresponding compounds.

ganic modifier instead of acetonitrile. To obtain ‘reference’ chro-
matograms (i.e. chromatograms obtained using low-volume injec-
tions with suitable solvents for retention), 5-uL injections were
used for the propoxylates and ethoxylates at a concentration of
1 mg/mL in MeOH, while a 2-uL injection was used for the NPLC
standard mixture at a concentration of 0.05 mg/mL for each ana-
lyte in ACN.

To determine retention factors of DCM, THF, n-hexane and
isooctane under isocratic conditions at varying percentages of or-
ganic modifier (ACN), 1-uL partial-loop injections with needle over-
fill (PLNO) of pure organic diluent were performed under isocratic
conditions at 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100% ACN
using a flow rate of 0.5 mL/min and thermostatting at 30 °C.

To determine column properties (pore volume and interstitial
volume), PMMA (1.0 MDa) was used as fully excluded polymer pre-
pared at a concentration of 0.1 mg/mL in THF, while uracil dis-
solved in 60:40 water:ACN at a concentration of 0.1 mg/mL was
used to determine the void volume of the column. For uracil, the
column was operated under isocratic conditions of 40% ACN at a
flow rate of 0.5 mL/min, while for PMMA, 100% THF was used as
eluent to prevent precipitation or retention of the polymer.

To study the retention behavior of organic diluents under over-
loading conditions, 20-, 50-, 75- and 100-pL injections of THEF,
DCM, n-hexane, or isooctane were performed using a flow rate
of 0.5 mL/min with the following gradient program: 0.0-5.0-5.01-
7.0-7.01-9.0 min 5-5-95-95-5-5%B.

For all one-dimensional RPLC analyses, UV/Vis and ELS de-
tection were performed in series. The delay volume between
the UV/Vis and ELSD detectors was 22.5 pL, corresponding to
0.045 min at a flow rate of 0.5 mL/min. The ELSD chromatograms
were corrected for the inter-detector delay time. UV/Vis detection
was performed at 20 Hz with acquisition channels of 210, 225, 254,
270, and 300 nm, at 4.8 nm resolution. ELSD was performed us-
ing a 20-Hz acquisition rate and a set gain factor of 500, 20 psi
(300 kPa) N, gas pressure, nebulizer set to cooling, and the drift
tube operated at 60 °C.

For NPLC x RPLC analysis, a mixture of butanol-initiated
propoxylate, polypropylene glycol and glycerol-initiated propoxy-
late was prepared in a 1:1:1 ratio at a concentration of 5 mg/mL
each in 35% THF | 65% isooctane (v/v). 5 pL of the sample were
injected onto the 'D column thermostatted at 30 °C and operated
with a flow rate of 0.017 mL/min. The following gradient program
was applied using 35% THF in isooctane (v/v) (mobile phase A) and
THF (mobile phase B): 0.0-5.0-30.0-40.0-40.01-80.0 min, 0-0-95-
95-5-5%B. The modulation time was set to 1.2 min, corresponding
to a modulation volume of 20.4 pL. The 2D RPLC separation was
thermostatted at 60 °C and operated at a flow rate of 1.2 mL/min.
The following gradient from water (mobile phase A) to ACN (mo-
bile phase B) was used: 0.0-0.01-1.0-1.01-1.2 min, 5-45-90-5-
5%B. The ELSD was operated using an acquisition rate of 80 Hz,
60 °C evaporator temperature, 60 °C nebulizer temperature, and a

gas flow of 1.6 SLM. UV/Vis detection was performed at a sampling
rate of 40 Hz with the acquisition of 210-, 230-, and 254-nm wave-
length channels.

To confirm the elution of the 1D solvents as function of the 2D
separation as depicted by UV/Vis, the 2D effluent was fractionated
and subsequently analyzed by HS-GC/MS. During a NPLC x RPLC
run as described above, nine fractions over a single 2D run were
collected in sampling vials and subjected to HS-GC/MS analysis
te reveal the presence of isooctane and/or THF in each fraction.
For HS sampling, the vials were heated to 90 °C for a duration of
15 min. Subsequently, 1 uL was injected in split-mode at a split ra-
tio of 30:1 operated at 200 °C. For the GC separation, the flow rate
was set at 1.7 mL/min using helium as carrier gas. The initial oven
temperature of —20 °C was held for 2 min, followed by a 10 °C/min
ramp to 240 °C and held at the final temperature for 10 min. The
MSD transfer line was set at 280 °C and MS detection was per-
formed at a mass range from 20 - 550 m/z using 70 eV electron
ionization. Extracted ion chromatograms (EIC) were constructed for
THF and Isooctane using the ions at m/z 72.0 and 57.0, respectively.
Integration of the EICs provided the relative abundance of THF and
isooctane in the analyzed fractions.

2.4. Data acquisition and treatment

One-dimensional LC-UV/ELSD chromatograms were acquired
using Empower 3 software suite (Waters, Milford, MA, USA). The
LC x LC-UVJELSD system was controlled using OpenLab CDS
Chemstation version C.01.07SR2. The data was exported as space-
separated .CSV files and processed using MatLab 2018a (Math-
works, Woodshole, MA, USA), LC x LC chromatograms were con-
structed using in-house written code. HS-GC/MS instrument con-
trol was performed using OpenLab version C01.07SR3 and pro-
cessed using MassHunter Qualitative Analysis software version
B.07.00. Chromatograms of organic diluents under overloading con-
ditions (20-100 pL injections) were smoothed in MatLab 2018a
(Mathworks, Woodshole, MA, USA) using Savitzky-Golay filtering
with a second-order polynomial and a frame length of 101.

3. Results and discussion

3.1. 1D-RPLC with large-volume injection under
extreme-solvent-mismatch conditions

Based on the polarity index and solvent-strength of com-
mon organic solvents as provided in Table 1, the coupling of
NPLC x RPLC is troublesome, as solvent-strength mismatch and
solvent-miscibility issues are often inevitable. Interestingly, in our
experiments we observed that solvent-mismatch conditions may
not significantly influence the chromatographic separation in aque-
ous RPLC if both the sample diluent and the analytes are re-
tained under the initial mobile-phase conditions and if the ana-
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lytes elute prior to the diluent. We systematically studied this type
of behavior under conditions applicable to aqueous RPLC as 2D
separation in an NPLC x RPLC system, using large-volume injec-
tions (LVI) of various (often immiscible) solvents with high elution
strengths. The studied sample diluents are listed in Table 1, where
we provide the viscosities of common pure HPLC solvents, together
with their respective solvent strengths, polarity indices, water-
(im)miscibility and octanol-water partition coefficients (LogPow)
[32,33]. To realize LVI, 20-uL volumes of the analyte solutions in
pure organic solvent were injected on a Waters Acquity Phenyl-
hexyl column (50 x 2.1 mm, 1.7 um dp), corresponding to ap-
proximately 20% of the column void volume (104 pL). This col-
umn was chosen because overloading conditions were easily cre-
ated (due to its low volume) and the impact of strong diluents
would be more severe as compared to conventional C;g columns
due to the reduced retention. To study the solvent effects with
highly aqueous starting conditions, the initial mobile phase com-
position was 95% water. This was maintained for 0.2 min, followed
by a linear gradient to 95% organic modifier in 2.8 min to sepa-
rate the compounds of interest. To deconvolute the signals of the
diluent and the analyte, UV/Vis and ELS detection were used in se-
ries. In such a set-up, the elution of the diluent could be traced by
UV/Vis separately from the signal obtained for the analyte acquired
by ELSD. Propoxylate oligomers were used (~1 kDa), which yield
a series of defined peaks with ELSD, whilst showing no UV/Vis
absorbance. Furthermore, a mixture consisting of small reference
molecules (benzyl alcohol, benzaldehyde and 2-nitrotoluene) solu-
ble in most of the organic solvents was used in this study. These
analytes are often encountered in NPLC and RPLC and are less re-
tained than the propoxylates, representing a more difficult separa-
tion case as the separation of ‘early eluters’ is often compromised
under solvent-mismatch conditions [34].

The LVI (20 pL) chromatograms of propoxylates and a stan-
dard mixture with eight different organic solvents as diluent are
shown in Figs. 1 and 2, respectively, and summarized in Table
S1 and S2 of the Supplementary Information (retention time and
peak-widths). Using small-volume injections of more concentrated
samples, ‘reference’ chromatograms were obtained for the stud-
ied samples (Figs. 1a & 2a). In Fig. 1a, the ELSD signal depicts
the separation of propoxylates according to oligomer chain-length
(with longer chains eluting at longer retention times, elution win-
dow about 2.2 to 3.2 min). Under similar conditions, three distinct
peaks are obtained for the standard mixture with the compounds
eluting according to polarity (Fig. 2a, elution window about 1 to
2 min). Below we summarize our observations from the separa-
tions of the two samples starting from the water-soluble solvents,
followed by the non-water soluble solvents.

For LVI of propoxylates with water-miscible solvents, accept-
able chromatograms are obtained for MeOH, ACN and IPA as dilu-
ents compared to the reference conditions. Although the peak-
width at half-height (Wy5) of the most abundant propoxylate sig-
nal increases slightly, being 0.035, 0.045 and 0.028 min for MeOH,
ACN and IPA, respectively (as shown in Table S1 of the Supple-
mentary Information) compared to 0.023 min for the reference
conditions, the diluents are weak enough to promote retention
(Figs. 1b, 1c, 1d). No breakthrough was observed, although it is
believed that all three diluents elute at the void volume of the
column, as confirmed for MeOH through the UV/Vis diluent sig-
nal (no diluent signals were measured for ACN and IPA due to
UV/Vis transparency). On the other hand, for THF, which is a
stronger solvent than the aforementioned diluents, breakthrough
of the propoxylates was observed with a large portion eluting
around to and a smaller portion eluting in the expected retention
range with acceptable peak widths (W5 of 0.035 min). The break-
through signal clearly overlapped with the diluent peak detected
at to.
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Compared to the propoxylates, the results for the small-
molecule mixture with decreased retention were more significantly
affected by the injection solvent. The separations were severely
distorted when using LVI with MeOH, ACN, IPA, and THF as dilu-
ents, as shown in Figs. 2b, 2¢, 2d and 2e, respectively. Both break-
through and severe peak fronting were observed for all three sam-
ple components, as well as increased Wy s for especially the first
two eluting compounds as shown in Table S2 of the Supplemen-
tary Information. This underlines the relative importance of the re-
lationship between the solvent-strength of the diluent and the re-
tention of the studied analytes. If the diluent plug is swept through
the column while its solvent-strength prohibits retention on the
stationary phase, simultaneous elution of a (large) fraction of the
analytes can be expected.

Interestingly for dichloromethane and chloroform, different re-
tention behaviors were observed. Although DCM and CHCl; are
stronger diluents than MeOH, ACN, IPA, and THF under RPLC con-
ditions, no breakthrough was observed for the propoxylates and
standard mixture as shown in Figs. 1f, 1g, 2f, and 2g (no analyte
signal present at tp). By examination of the UV/Vis signals, it be-
comes clear that the elution of these diluents is delayed, i.e. they
are retained by the stationary phase upon injection (Figs. 1f and
1g UV/Vis signal). Upon elution of the diluent by the programmed
gradient, a fraction of the propoxylate sample is also eluted, which
overlaps with the diluent signal. Relative to DCM, CHCl; desorbs a
greater fraction of the propoxylates within the elution zone of the
diluent, which can be explained by the increased solvent strength
of CHCl3 compared to DCM. The resolution of the remaining so-
lutes, which elute in the expected retention window (2.2-3.2 min)
is negatively affected by both diluents. Unfortunately for the small-
molecule mixture with LVI of DCM and CHCl3, the diluent elutes in
the same elution window as the analytes, as can be seen in Figs. 2f
and 2g. Since the UV/Vis signal is saturated across the wavelength
range where the analytes absorb, chromatographic profiles of the
studied analytes could not be obtained.

For n-hexane and isooctane, which are even stronger diluents in
RPLC than the previously discussed injection solvents, very good
chromatograms were obtained (in comparison with the previous
discussed diluents) for both the propoxylates and the standard
mixture, as shown in Figs. 1Th & 1i and 2 h & 2i, respectively.
Although n-hexane and isooctane do not absorb in the UV/Vis
range, their elution could be traced due to their immiscibility with
the aqueous mobile phase and accompanying disturbance in the
UV/Vis flow cell. This was also noticed in other studies [28,35].
To confirm the late elution of these solvents, off-line fractiona-
tion of the RPLC effluent resulting from the injection of pure dilu-
ent was performed. The fractions were analyzed by HS-GC/MS (see
Section 3.4 below). As can be seen for n-hexane and isooctane in
Figs. 1h and 1i, the diluents were strongly retained and eluted
after the elution-zone of the analytes. As a result, the propoxy-
late sample and the standard mixture could be separated by the
applied gradient, with similar Wys as under the reference injec-
tion conditions. These results are better than those obtained with
the other studied organic diluents. A decrease in retention times
was observed for both the propoxylates and the standard com-
pounds in comparison with the reference conditions. The most
abundant propoxylate oligomer eluted at 2.71 min under refer-
ence conditions, while it eluted at 2.57 min with n-hexane as dilu-
ent (—0.14 min) and at 2.54 min with isooctane (—0.17 min), re-
spectively. A similar trend was observed for the standard com-
pounds. The retention time of the three analytes decreased slightly
(—0.18, —0.19, —0.11 min for benzyl alcohol, benzaldehyde and 2-
nitrotoluene, respectively) compared to the reference conditions.
This is in agreement with previous studies [26,27], where in-
creased injection volumes of the non-miscible solvent resulted in
a decrease of analyte retention. This was ascribed to a decrease in
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Fig. 1. Separation of propoxylates (black, ELSD) and organic diluent (red, UV/Vis) under (a) reference conditions (with programmed gradient shown in blue) and LVI using (b)
MeOH, (c) ACN, (d) IPA, (e) THF, (f) DCM, (g) CHCl3, (h) n-hexane, and (i) isooctane as organic diluent. For ACN and IPA, no clear diluent signal was obtained and, therefore,

not shown. For detailed chromatographic conditions, see the Experimental Section.

the available stationary-phase surface upon retention of the dilu-
ent. Benzaldehyde and, especially, 2-nitrotoluene are broadened in
comparison with the reference chromatograms for both n-hexane
and isooctane as diluent based on the Wy values supplied in Ta-
ble S2 of the Supporting Information. It is not yet fully understood
why this occurs. A possible explanation may be the poor parti-
tioning of benzaldehyde and, to a greater extent, 2-nitrotoluene
from the hydrophobic diluent immobilized on the stationary phase
(functioning as a — temporary - liquid stationary phase) to the mo-
bile phase, assuming the analytes are retained by the hydrophobic
diluent. Another explanation could be a dual-partitioning effect of
the analytes between the stationary phase and the mobile phase
and between the immobilized hydrophobic diluent and the mobile
phase.

The location of the elution zone of the retained diluent with
respect to the elution-zone of the analytes is an important indica-
tor for successful LVI under extreme-solvent-mismatch conditions.
If the diluent eluted at ty and was a sufficiently strong solvent for
the analytes, breakthrough was observed. On the other hand, if the
diluent eluted after the analytes, successful chromatographic sepa-

rations were obtained without interference of the sample diluent.
When the diluent was retained at the initial mobile-phase com-
position but eluted before or during the elution window of the
analytes, non-optimal results were obtained, as observed for the
propoxylates. Since the UV/Vis absorbance of DCM and CHCl3 ob-
scured the signal of the standard mixture, the effect of diluent elu-
tion on the analyte chromatograms could not be studied.

3.2. Importance of organic modifier for chlorinated diluents

To deconvolute the diluent signals of DCM and CHCl3 and the
signals of analytes with small retention factors, the experiments
with DCM and CHCl; were repeated using a more hydrophilic
class of polymers, viz. ethoxylates. The greater hydrophilicity of the
sample results in shorter elution times during the RPLC run (1.0-
1.5 min), similar to those of the small-molecule standards. In com-
parison with those standards, the ethoxylates did not provided a
UV-Vis response, whilst clear signals in ELSD could be obtained,
successfully deconvoluting sample and diluent signals. Moreover,
the greater hydrophilicity of the sample allowed separations to be
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Fig. 2. separation of a standard mixture (consisting of benzylalcohol, benzaldehyde and 2-nitrotoluene) under (a) reference conditions (with programmed gradient shown in
blue) and LVI using (b) MeOH, (c) ACN, (d) IPA, (e) THF, (f) DCM, (g) CHCls, (h) n-hexane, and (i) isooctane as organic diluent. For detailed chromatographic conditions, see

the Experimental Section.

performed both with ACN and MeOH as organic modifiers. Separa-
tions with MeOH were explored since the solubility of chlorinated
solvents in water-MeOH mixtures is known to be greater than in
water-ACN mixtures.

Using ACN as modifier, the ethoxylates eluted as a single
sharp peak at the onset of the elution of either DCM or CHCl;
(Figs. 3b and 3c, respectively). The peak was much sharper than
that obtained under reference conditions (Fig. 3a). Surprisingly,
the use of MeOH for gradient elution led to improved separa-
tions, as shown in Figs. 3e and 3f. A gradual elution of the dilu-
ents was observed when using MeOH as modifier, which could
be explained by the increasing solubility of chlorinated solvents
in ternary systems with decreasing amounts of water and in-
creasing amounts of MeOH during the gradient. This resulted
in good separation of the ethoxylates with comparable Wys5 to
the reference conditions (Table S3 of the Supplementary Infor-
mation) up until the end of the elution window of the dilu-
ent, at which point the higher-MW ethoxylates were compressed
into a single peak. At the end of the diluent elution, the con-
centration of the chlorinated solvent may be high enough to
promote desorption of the remaining analytes, which could ex-
plain the observed chromatograms. An alternative explanation may
be that the chlorinated solvent acts as a dynamic stationary

phase, increasing the retention of the ethoxylates as long as it is
present.

3.3. Retention of organic diluents under volume-overloading
conditions

As became apparent in the gradient-elution experiments, or-
ganic diluents were retained to different extents on the station-
ary phase under highly aqueous conditions, after which desorp-
tion was achieved using the applied gradient. The relatively po-
lar, water-miscible solvents showed little or no retention on the
stationary phase, and, hence, often led to breakthrough of the an-
alytes studied. The hydrophobic solvents, which were not misci-
ble with water, provided interesting opportunities as injection sol-
vents depending on the relative elution times of the analytes and
the diluent. The retention behavior of organic diluents at various
mobile-phase compositions was studied under isocratic conditions
using small-volume injections (1 pL). As is apparent from Fig. 4,
THF showed very little retention at 2% ACN (k ~ 1), with retention
quickly diminishing to k ~ 0 with increasing ACN content. The re-
tention factor of DCM in highly aqueous mobile phases was higher
than that of THF. Up to about 10% ACN k was about 5, after which
it decreased with increasing ACN concentration. An exponential in-
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Fig. 3. separation of ethoxylates using (a-c) ACN as organic modifier or (d-f) MeOH as organic modifier (% B, programmed gradient shown in blue) when using LVI of DCM

and CHCl3. For detailed chromatographic conditions, see the Experimental Section.
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Fig. 4. Measured retention factor versus organic-modifier concentration (isocratic
conditions) for THF (black), DCM (green), n-hexane (blue), and isooctane (red). For
detailed chromatographic conditions, see the Experimental Section.

crease in retention factors was observed when moving from high
to low percentages of ACN for both n-hexane and isooctane, with
isooctane being more strongly retained. Clearly, these hydrophobic
solvents were fully retained under the highly aqueous conditions
typically encountered at the start of aqueous RPLC gradients. The
retention curves shown in Fig. 4 allows us to establish ranges for
the initial and final percentages of modifier in the mobile phase
that allow retention and elution of the diluent, respectively.

To study the volume-overloading behavior of the studied dilu-
ents under highly aqueous mobile-phase conditions, the injection
volume was increased from 20 pL up to 100 pL. According to the
theory of total pore blocking [35], the hydrophobic diluent replaces
the bulk mobile phase present in the intra-particle pores upon in-
jection and remains inside the pores due to hydrophobic interac-
tions with the stationary phase layer and the immiscibility with

the surrounding hydrophilic mobile phase. If this theory is true,
the column could retain hydrophobic diluents up to the pore vol-
ume of the column; if the injection volume exceeds the pore vol-
ume, the excess diluent that remains in the interstitial volume is
believed to be displaced by the flowing mobile phase and accom-
panying hydrodynamic force from the pump and should appear
as ‘breakthrough’ in the chromatograms. To verify this theory, the
pore volume of the column was estimated and a set of organic
diluents were used at injection volumes below, equal and larger
than the pore volume.

From the elution times of a ty marker and a fully excluded poly-
mer sample column characteristics were determined. A total col-
umn volume of 104 pL and a pore volume of 49.5 pL were de-
termined (interstitial volume 54.5 pL; ratio of pore volume to col-
umn volume 48%). To study the retention when approaching or ex-
ceeding the total pore volume, LVI of 20, 50, 75, and 100 pL of
organic diluent were performed. Isocratic conditions were main-
tained at 5% ACN for 5 min to evaluate the ‘breakthrough’ of dilu-
ent under solvent overloading conditions, followed by a step gra-
dient to 95% ACN and another isocratic hold for 2 min to com-
pletely elute the diluent from the column. As can be seen in Fig. 5a
for the water-soluble THF, the diluent elutes at ty for all injec-
tion volumes. For DCM with LVI of 20 pL as shown in Fig. 5b,
hardly any breakthrough was observed during the isocratic hold
at 5% ACN. The ‘breakthrough’ increased with increasing injection
volume, with most of the diluent continuously eluting during the
isocratic hold at 5% ACN. DCM was found to not be fully retained
under LVI conditions, possibly due to the low but significant solu-
bility of DCM in water. These results may explain the poor results
described for DCM in previous section(s). For both n-hexane and
isooctane, however (Fig. 5¢ and 5d), it can be seen that both 20 puL
and 50 pL injections lead to full retention during the 5% ACN iso-
cratic hold, with the diluent only being eluted from the column
during the step gradient to 95% ACN. The LVI of 50 pL roughly
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conditions, see the Experimental Section.

equals the pore volume of the column. When increasing the LVI to
75 or 100 pL, volumes that exceeded the estimated pore volume,
‘breakthrough’ of the non-miscible diluent was observed with con-
tinuous elution during the isocratic hold. Such results are helpful
to establish the upper boundaries in LC x LC with respect to injec-
tion volume versus breakthrough.

3.4. NPLCXRPLC-UV/ELSD

As shown in the previous section, relatively high volumes of
n-hexane and isooctane can be retained upon injection at highly
aqueous conditions. The studied injection volumes with respect
to the total column volume closely resemble conditions encoun-
tered in LC x LC separations. Since propoxylates could be sep-
arated very well in RPLC using LVI of n-hexane and isooctane,
an one-dimensional NPLC method was established, capable of re-
solving propoxylate samples according to the number of terminal
hydroxyl groups, independent of oligomer chain-length. The lat-
ter could subsequently be determined using RPLC as the second-
dimension separation. The conditions for this NPLC x RPLC separa-
tion closely resemble the studied conditions as discussed above. A
gradient using high content of isooctane was used in the 'D NPLC

separation, from which fractions (modulation volumes) of 20.4 pL
were introduced onto the same RPLC column as used for the one-
dimensional experiments (50 x 2.1 mm, 1.7 pm) at highly-aqueous
initial mobile phase conditions (5% ACN).

As can be seen from the NPLC x RPLC-ELSD chromatogram
in Fig. 6a, three different propoxylate distributions, correspond-
ing with mono-ol, diol and triol species were separated in the
first dimension, with an increasing number of hydroxyl end-groups
resulting in longer 'D retention times. The different functional-
ities were separated in the 2D system according to increasing
oligomer chain-length with increasing elution times. No peak dis-
tortion or breakthrough was observed. From the NPLC x RPLC-
UV chromatogram shown in Fig. 6b, it was determined that the
THF eluted at tp, while the isooctane eluted later in the chro-
matogram (between about 58 and 70 s), after the elution window
of the analytes. The retention of the non-miscible diluent and sub-
sequent desorption during the 2D gradient is a highly repeatable
cycle, confirmed by both the ELSD and UV LC x LC chromatograms.
To confirm the composition of the diluent zones as indicated in
the NPLC x RPLC-UV chromatogram (Fig. 6b), fractions of 2D cy-
cles were collected off-line (as illustrated in Fig. 6¢) and analysed
using HS-GC/MS for the presence of THF and isooctane. The re-
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sults (Fig. 6d) confirmed that THF eluted early from the 2D column
(fraction 2), while isooctane eluted towards the end of the 2D gra-
dient (fractions 5-8), completely in line with the one-dimensional
RPLC experiments descibed in previous paragraphs.

3.5. General discussion and applicability of NPLC x RPLC

Although solvent-strength mismatch, immiscibility and viscous
fingering encountered in loop-based NPLC x RPLC were a concern
prior to the NPLC x RPLC method development, we have shown in
this study that the presence of such phenomena does not neces-
sarily result in poor chromatography. With proper LC x LC method
optimization, good results can be obtained irrespective of whether
viscous-fingering, solvent-strength mismatch or immiscibility oc-
cur. The NPLC x RPLC-UV separation showed repeatable retention
and elution of isooctane in each modulation, which resulted in suc-
cessful oligomer speciation in the 2D RPLC separation, as revealed
by the LC x LC-ELSD chromatogram. This is in accordance with
the one-dimensional RPLC LVI experiments, where n-hexane and
isooctane proved to be favorable diluents. In accordance with pre-
vious studies [26,27], reduced retention factors were observed for
LVI with n-hexane and isooctane diluents, as compared to injection
under reference conditions. This can be explained by a reduction in
the number of available adsorption sites or stationary-phase sur-
face area for the analyte molecules due to retention of the diluent
plug. This implies that the analyte molecules are extracted by the
mobile phase from the diluent upon injection onto the stationary
phase, as proposed by Lazar et al. [28]. The diluent plug may act as
a locally immobilized liquid stationary phase, which allows parti-
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tioning of the sample analytes. It’s difficult to fully understand the
observed injection phenomena from experimental data alone, be-
cause a ternary-phase system should be considered in the presence
of a stationary phase. Molecular-dynamics simulations may be ap-
plied to provide better insights in the discussed phenomena.

In general, in NPLC x RPLC the content of the polar water-
miscible desorption-promoting solvent in the !D NPLC system
should be kept as low as possible, as such solvents are more likely
to cause breakthrough and peak distortions in the second dimen-
sion. Depending on the relative retention of the studied analytes
and the solvent-strength of the polar NPLC modifier, its volume
fraction in each modulation can be increased. On this basis the
modulation volume may be increased to allow faster LC x LC anal-
ysis. In the current study, the modulation volume was limited to
about 20 pL at 65/35% isooctane/THF (v/v), due to pressure restric-
tions in the 2D system. As the 2D separation was performed using
a narrow-bore column (2.1 mm ID) with sub-2 pm particles, oper-
ated at a high flow rate of 1.2 mL/min using 95% water as initial
conditions, relatively high back-pressures were observed. In addi-
tion, pressure spikes were typically observed upon injection of the
modulated fractions. These approached the pressure limit of the
2D pump (about 120 MPa). The spikes were thought to be caused
by the sudden introduction of a large amount of isooctane and
the accompanying interfacial tension of the isooctane-water sys-
tem. To avoid problems due to pressure-spikes, the operating 2D
back-pressure was decreased by lowering the flow-rate to 1.2 mL/
min. This was a limiting factor for the LC x LC method and might
be the case for NPLC x RPLC in general when water-immiscible
solvents are used.
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4. Conclusion

We have investigated solvent effects observed in the loop-based
comprehensive coupling of normal-phase LC (NPLC) and reversed-
phase LC (RPLC). Upon large-volume injection (LVI) of organic dilu-
ents at highly aqueous initial mobile phase conditions in the RPLC
separation, immiscible diluents were found to be retained on the
stationary phase and eluted from the column using the applied
gradient. Depending on the relative elution windows of the re-
tained diluent and the analytes, good chromatographic results were
achieved for n-hexane and isooctane - the strongest RPLC diluents
in this study. Large volumes of these diluents could be retained on
the column.

The process of diluent retention and subsequent elution using
fast gradient RPLC separations proved to be highly repeatable in an
LC x LC setting. Successful NPLC x RPLC separations of a mixture
of propoxylates could be achieved by separating the polymeric dis-
tributions based on the number of hydroxyl end-groups in the first
dimension and on oligomer chain length in the second dimension.
The NPLC x RPLC-UV chromatogram revealed distinct 2D RPLC elu-
tion zones of the THF and isooctane solvents applied in the first
dimension. The polar, water-miscible THF eluted close to the void
volume, while the hydrophobic water-immiscible n-hexane eluted
at the end of the gradient.

Although solvent-strength mismatch, immiscibility and/or vis-
cous fingering are encountered in loop-based NPLC x RPLC, this
does not mean that such LC x LC methods cannot be devel-
oped. Proper optimization of the NPLC x RPLC method may re-
sult in high-quality results. The key findings for successful loop-
based NPLC x RPLC found in this work are: i) analytes of inter-
est must be retained by the second dimension, ii) (a large por-
tion of) the diluent (first-dimension effluent) must be retained by
the second-dimension and iii) the retained diluent must elute af-
ter the analytes of interest from the second dimension. The devel-
oped NPLC x RPLC may be applied to a variety of samples, includ-
ing polymers and small-molecule analytes, in research or industrial
settings.
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