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ABSTRACT

Polyether polyols are often used in formulated systems, but their complete characterization is challenging,
because of simultaneous heterogeneities in chemical composition, molecular weight and functional-
ity. One-dimensional liquid chromatography-mass spectrometry is commonly used to characterize
polyether polyols. However, the separation power of this technique is not sufficient to resolve the
complexity of such samples entirely.

In this study, comprehensive two-dimensional liquid chromatography hyphenated with high-
resolution mass spectrometry (LC x LC-HRMS) was used for the characterization of (i) castor oil
ethoxylates (COEs) reacted with different mole equivalents of ethylene oxide and (ii) a blended formula-
tion consisting of glycerol ethoxylate, glycerol propoxylate and glycerol ethoxylate-random-propoxylate
copolymers. Retention in the first (hydrophilic-interaction-chromatography) dimension was mainly gov-
erned by degree of ethoxylation, while the second reversed-phase dimension resolved the samples based
on degree of propoxylation (blended formulation) or alkyl chain length (COEs). For different COE samples,
we observed the separation of isomer distributions of various di-, tri- and tetra-esters, and such positional
isomers were studied by tandem mass spectrometry (LC-MS/MS). This revealed characteristic fragmen-
tation patterns, which allowed discrimination of the isomers based on terminal or internal positioning

of the fatty-acid moieties and provided insight in the LC x LC retention behavior of such species.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Polyether polyols are key components in the production of
polyurethane products. Other application fields include coatings,
adhesives, sealants, synthetic lubricants and functional fluids [1].
They are produced by reacting compounds containing one or more
active hydrogens (e.g. water, glycerol, alkyl alcohols, fatty acids,
etc.) with organic oxides, such as ethylene oxide (EO) or propy-
lene oxide (PO), in the presence of a base catalyst [2]. The resulting
polyether polyols can have a high degree of complexity due to
distributions with regard to functionality type (FTD), molecular
weight (MWD), chemical composition (CCD), monomer sequence
(MSD) and other factors, such as homopolymer/copolymer content.
Furthermore, those polyether polyols are often used in formu-

* Corresponding author.
E-mail address: G.Groeneveld@uva.nl (G. Groeneveld).
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lated systems, increasing the complexity of such samples. Complex
formulations may include mixtures of different homopolymers,
copolymers (random and/or block-copolymers), or both homo- and
copolymers. In addition, a complex formulation can be formed
by using a starter feed containing multiple initiators varying in
functionality. A unique feedstock for biobased polyols is castor oil
(derived from the castor plant), since it contains a high amount of
ricinoleic acid (12-hydroxyoleic acid), which contains an additional
hydroxyl group in comparison with other fatty acids [1,2]. Through
hydrolysis, various free fatty acids, water and glycerol are obtained
from the raw material. This ultimately results in a very complex
sample when reacted with EO.

Because of the heterogeneity of the sample, data from mul-
tiple analytical techniques are often combined and used to
characterize polyether polyol formulations. Nuclear-magnetic-
resonance (NMR) spectroscopy [3] and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) [4] have
been shown to provide details on the initiators used and/or the

0021-9673/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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chemical composition. However, liquid chromatography (LC) and
LC hyphenated with mass spectrometry (LC—MS) [5] are the most
frequently used techniques to acquire the necessary compositional
information, due to the high sensitivity and the vast array of modes
of operation that provide different types of chemical information.
In particular, size-exclusion chromatography (SEC) [6] is often used
to obtain the molecular-weight distribution, while the separation
in liquid adsorption chromatography (LAC) depends on the FTD and
CCD [7,8]. In addition, LC at critical conditions (LCCC) [5,9,10] is a
powerful technique to determine the FTD by effectively ‘switching
off’ the effect of molecular weight on the separation. Although the
listed techniques are extremely useful, it is difficult to fully resolve
the heterogeneity of a sample with a single one-dimensional sepa-
ration technique. Furthermore, it can be difficult to relate different
distributions (such as MWD and FID) that are determined using
diverse techniques.

By combining two separation modes, multidimensional char-
acterization of molecular distributions can be achieved within a
single analysis [11]. Two-dimensional LC techniques are effective
for the characterization of complex mixtures in an industrial setting
[12,13]. Such mixtures can be resolved by the appropriate selection
of two very different (“orthogonal”) separation dimensions, modu-
lated via loop-based interfaces. The modulator collects fractions of
the first-dimension (D) effluent and subsequently transfers these
to the second-dimension (2D) column. The separation is called
comprehensive (LC x LC) if a constant fraction of the 'D effluent
is subjected to a 2D separation and if the first-dimension separa-
tion is essentially preserved. Usually, the 2D analysis time is equal
to the modulation time.

Back in 1998, normal-phase (NP) LC x reversed-phase (RP) LC
was performed for the separation of alkyl-alcohol ethoxylates [14].
The analytes were separated based on the number of polar EO
groups under what are now known as hydrophilic-interaction-
chromatography (HILIC) conditions. RPLC was used to separate
different initiators based on their alkyl chain length. Nowadays,
fast LC x LC separations with high peak capacities can be obtained
by employing active modulation, as shown by Gargano et al. [15].
Moreover, appropriate selection of the HILIC and RPLC conditions
allows for group-type separation of fatty-alcohol derivatives, while
still providing separation based on EO content and alkyl chain
length [16,17].

Although HILIC x RPLC has been reported numerous times for
the separation of ethoxylates as discussed in the paragraph above,
the complexity of the samples analyzed has remained relatively
modest, with examples limited to alkyl alcohols or fatty acids
ranging in alkyl chain-length from Cg to Cyg. Biobased initia-
tor feedstocks, which are more sustainable than the common
petroleum-derived initiators, are now being used for the produc-
tion of polyether polyols. Due to the increased complexity of the
initiator feedstock, such products demand LC x LC separations with
higher resolution. An example is castor oil ethoxylates, which
may contain ethoxylated fatty acids, such as linoleic (C18:2), oleic
(C18:1), stearic (C18:0), and ricinoleic acid (C18:1-OH), as well as
the mono-, di-, tri- and tetra-esters of these fatty acids [18]. The
sample complexity includes (i) the degree of ethoxylation, (ii) the
degree of saturation of Cyg fatty acids, (iii) the formation of up
to penta-esters resulting in structures with high carbon numbers
and (iv) the presence of various positional isomers. Therefore, very
efficient LC x LC separations are required to resolve such chemical
features.

In addition to the separation of ethoxylates from a blended
initiator feedstock, EO/PO triblock copolymers have been studied
using LC x LC to determine their CCD. Jandera et al.[19] reported on
an RPLC x HILIC separation of such polymers, while Malik et al. [20]
coupled two LCCC interaction methods online for the separation of
EO/PO copolymers. Although the principle of selective separations

of EO/PO polymers has been demonstrated, only partial resolu-
tion was achieved in these studies. The LC x LC method described
by Malik et al. demands a highly complicated setup, incorporat-
ing multiple trapping stages involving short RPLC columns during
the modulation process. This yielded a 2D LCCC separation time of
12 min, resulting in a long total analysis time.

In this work, we report on the development of an LC x LC method
using ultra-high-pressure LC (UHPLC) technology and its appli-
cation to highly complex polyether polyol samples. HILIC x RPLC
methods have been developed for the separation of castor oil,
reacted with different stoichiometric equivalents of EO. Hyphen-
ation with high-resolution mass spectrometry (HRMS) allowed
for a comprehensive characterization of various ethoxylated fatty
acids, as well as the mono-, di-, tri-, tetra-, and penta-esters of
various fatty acids, including positional isomers. These isomers
were ultimately distinguished with the aid of MS/MS experiments.
In addition, the LC x LC separation of a blended formulation is
shown, featuring the group-type separation of glycerol ethoxylate,
glycerol propoxylate, and glycerol ethoxylate-random-propoxylate
copolymer, and allowing the CCD and MWD to be concurrently
determined.

2. Experimental
2.1. Chemicals and samples

To study the separation of blended polyether polyols, glycerol
ethoxylate (Gly-EO), glycerol propoxylate (Gly-PO), and glyc-
erol ethoxylate-random-propoxylate copolymer (Gly-EO/PO) were
used. Artificial formulations were created by mixing the afore-
mentioned samples in different ratios. In addition, castor oil
reacted with 20 mole equivalents ethylene oxide (COE-20) and
with 40 mole equivalents (COE-40) were used. The samples were
kindly supplied by Dow Benelux B.V. (Terneuzen, The Netherlands).
Aqueous solutions were prepared using Milli-Q grade water
(18.2m¢2). The solvents used included acetonitrile (ACN, LC-MS
grade) and methanol (MeOH, ULC/MS grade) obtained from Bio-
solve (Valkenswaard, The Netherlands). Ammonium formate and
formic acid (reagent grade, >95%) were purchased from Sigma-
Aldrich (Darmstadt, Germany). All materials were used as received,
mobile phases were not filtered prior to use.

2.2. Instrumentation and analytical conditions

For one-dimensional LC method development, experiments
were carried out by use of a Waters Acquity UPLC system (Waters,
Milford, MA, USA). The system comprised of an Acquity UPLC
binary solvent manager, sample manager, column manager and
evaporative light-scattering detector (ELSD). To protect the first-
dimension column, an Acquity UPLC in-line filter (Waters, 0.2 um
frit) was installed in front of the analytical column. Reversed-phase
separations were carried out using a Zorbax RRHD Eclipse Plus
C18 (50 mm x 2.1 mm LD, 1.8 wm particle size) or an Acquity BEH
Phenyl (50 mm x 2.1 mm L.D., 1.7 wm particle size) analytical col-
umn. HILIC experiments were performed using a Kinetex HILIC
core-shell column (150 mm x 2.1 mm LD., 2.6 wm particle size).
Analytical conditions are supplied in Table 1.

LC x LC-HRMS experiments were performed using an Agilent
1290 infinity 2D-LC system (Agilent Technologies, Waldbronn,
Germany). In the first dimension, a quaternary pump was installed,
while the second dimension was equipped with a binary pump.
Other modules included an autosampler, two thermostatted col-
umn compartments, the comprehensive 2D-LC option employing a
2-position/4-port duo valve, and an Agilent G6540B Q-TOF mass
spectrometer. The valve was equipped with two 40-uL loops
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Table 1
Analytical conditions used for one-dimensional LC method development.

Blended polyether polyols

Castor oil ethoxylates (COE-20 & COE-40)

RPLC HILIC

RPLC HILIC

Injection volume
Sample concentration

5.0 pL
1 mg/mL in MeOH

2.0 uL

Gly-EO and Gly-EO/PO:

5.0 L
1mg/mL in MeOH

2.0 uL
5mg/mL in ACN

10mg/mL in ACN
Gly-PO: 1 mg/mLin

ACN

Column Zorbax RRHD Eclipse

Plus C18 (50 x 2.1 mm,

1.8 wm) 2.6 um)
Column Temp 23°C 10°C
Flow Rate 0.5mL/min 0.1 mL/min

Deionized Water
(100%)
MeOH (100%)

Mobile Phase A ACN (100%)

Mobile Phase B

Mobile Phase Gradient Time (min): % B
0.0-0.5: 20%
0.5-3.0: 20-100%
3.0-6.0:100%
6.01-8.0: 20%
ELSD Conditions

Phenomenex Kinetex
HILIC (150 x 2.1 mm,

10 mM ammonium

formate, pH 3.2

Time (min): % B

0.0-2.0: 10%

2.0-75.0: 10-35%

75.0-80.0: 35%

80.01-90.0: 10%

ELSD: Waters Acquity UPLC Evaporative Light-Scattering Detector

Phenomenex Kinetex
HILIC (150 x 2.1 mm,

Acquity UPLC BEH
Phenyl (50 x 2.1 mm,

1.7 pm) 2.6 um)
23°C 10°C
0.5mL/min 0.4 mL/min

Deionized Water
(100%)
ACN (100%)

ACN (100%)

10 mM ammonium
formate, pH 3.2
Time (min): % B
0.0-3.0: 5%
3.0-40.0: 5-50%
40.0-42.0: 50%
42.01-48.0: 5%

Time (min): % B
0.0-0.5: 20%
0.5-3.0: 20-100%
3.0-6.0: 100%
6.01-8.0: 20%

Nebulizer Temperature: Cooling; Drift Tube Temperature: 50 °C; Nebulizer Gas Pressure (Nitrogen): 40 psi; Gain: 500,

20 data points per second

attached to two distinct multiple heart-cutting valves, which can
be used for both multiple heart-cutting and comprehensive 2D-LC
experiments. For negative ionization LC x LC-HRMS, 0.03 mL/min
of 12.5% aqueous ammonium-hydroxide solution was added post
column using a tee-connection via an Agilent 1260 series isocratic
pump to enhance [M—H]~ ion formation. The LC x LC system was
controlled by OpenLAB CDS Chemstation version C01.07 SR2 [255],
and the Q-TOF was controlled by MassHunter Acquisition software
version B.05.01 Build 5.01.5125 (Agilent Technologies). Full method
details of the different LC x LC-HRMS methods are shown in Table 2.

Exact mass LC-MS/MS spectra were acquired at collision ener-
gies of 20 eV and 35 eV after separation of COE-20 by the described
one-dimensional HILIC method. Both targeted and non-targeted
(auto) MS/MS experiments were performed with anisolation width
of about 4 m/z units. In targeted MS/MS mode, the [M + 2NH,4]%* ions
were specified as target masses.

2.3. Data treatment and compound identification

The one-dimensional LC-ELSD data were exported as space-
separated files and processed using MatLab 2013a (Mathworks,
Woodshole, MA, USA). LC x LC-HRMS data processing and analysis
were performed using GC Image LC x LC-HRMS Edition Software
(GCImage, Lincoln, NE, USA) and MassHunter Qualitative Analysis
software [B.07.00] (Agilent Technologies). To identify compounds
in the LC x LC-HRMS representations, the measured accurate mass
and the isotope distribution of a given solute were compared to
the theoretically expected values of the corresponding adduct. In
addition, compounds were identified via the predicted chemical
formula using the ‘Find by Formula’ data mining algorithm in the
MassHunter Qualitative Analysis software.

3. Results and discussion
3.1. Method development for HILIC and RPLC separations

3.1.1. Blended polyether polyols

Fig. 1a shows an overlay of the HILIC separations obtained for
Gly-EO, Gly-PO and Gly-EO/PO using a linear gradient from ACN
to buffer (10 mM ammonium formate, pH 3.2). The retention was
driven by the chain length of EO, such that retention time increases

with degree of ethoxylation. The relatively hydrophobic Gly-PO has
little interaction with the stationary phase and eluted in one single
peak close to the unretained time, to, while Gly-EO and Gly-EO/PO
were retained and resolved according to their ethoxylate distri-
bution. For the Gly-EO polymer, isomer separation was observed,
which was more pronounced in the low molecular weight range
(see inset of Fig. 1a). Isomeric structures could be the result of
incorporation of the same number of EO monomers over the three
possible positions of the glycerol initiator. During the method opti-
mization, we observed that besides the gradient slope, temperature
played an important role in method optimization. In particular,
cooling the analytical column to 10°C (isothermal) was needed
to resolve the high-molecular-weight fraction of the Gly-EO/PO
according to the degree of ethoxylation (see Fig. S1 of Supporting
information).

The same sample set was subjected to RPLC separations using
fast gradients and short columns (L =50 mm), developing methods
compatible with LC x LC cycle times. As can be seen from Fig. 1(a
and b), the selectivity of this separation is different from that of
HILIC. In particular, Gly-PO was differentiated by the degree of
propoxylation. The same was observed for the Gly-EO/PO sample,
showing an additional distribution compared to the HILIC sep-
aration. Furthermore, the degree of ethoxylation for Gly-EO can
be partially resolved under the given RP conditions according to
carbon chain-length. However, such distributions can be easily sup-
pressed by starting the gradient with a higher percentage of organic
modifier or by choosing a stronger solvent (ACN instead of MeOH,
data not shown).

Although powerful, the two methods were not capable (by
themselves) of characterizing the interdependence of degree
of propoxylation and ethoxylation. Moreover, when considering
a blended formulation of the three samples, no single one-
dimensional separation will be able to provide MWD and CCD
information of all three polymers simultaneously.

3.1.2. Castor oil ethoxylates

Fig. 2a shows the chromatograms obtained for castor oil reacted
with 20 and 40 mole equivalents EO under HILIC conditions. Sim-
ilar chromatographic profiles were obtained for the COE-20 and
COE-40 samples, although the latter elutes at higher retention
times, showing predominant separation according to the degree
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Table 2
Method parameters for LC x LC-HRMS separations.
LC x LC parameters Blended polyether polyol COE-20 COE-40
Injection
Injection volume 1pl 1pl 1pl

Sample concentration

First Dimension
Column

Oven temperature
Solvent A

Solvent B
Flow rate
Gradient

Modulation
Switching valve
Loop size
Modulation volume
Modulation time

Second Dimension
Column

Oven temperature
Solvent A
Solvent B

Flow rate
Gradient

Detection MS
Model

Ion source

lon polarity
Drying gas
Nebulizer
Sheath gas
Capillary voltage
Nozzle voltage
Scan range
Scan rate

A-1, A-2: 0.1 mg/mL
A-3: 0.5 mg/mL in ACN

Phenomenex Kinetex HILIC
(150 x 2.1, 2.6 um)

10°C

10 mM ammonium formate,
buffered to pH 3 with formic acid
Acetonitrile

0.027 mL/min

0.0-4.0 min. 10% A
4.0-140min. 10-35% A
140.0-160.0 min. 35% A
160.01-200.0 min. 10% A

2 position/4 port duo valve
40 pL

21.6 pL

0.8 min

Zorbax RRHD Eclipse Plus Cig
(50 x 2.1, 1.8 wm)

50°C

0.1% ammonium formate in H,O
0.1 % ammonium formate in
methanol

1.0 mL/min

0.0-0.05 min: 50%B

0.06-0.65 min: 70-90%B
0.66-0.80 min. 50% B

Agilent MS Q-TOF G6540B

0.5 mg/mL in ACN

Phenomenex Kinetex HILIC
(150 x 2.1, 2.6 um)

10°C

10 mM ammonium formate,
buffered to pH 3 with formic acid
Acetonitrile

0.020 mL/min

0.0-10.0min. 5% A
10.0-100 min. 5-25% A
100.0-160.0 min. 25-50% A
160.01-300.0 min. 50% A
300.0-320.0min. 5% A

2 position/4 port duo valve

0.5 mg/mL in ACN

Phenomenex Kinetex HILIC
(150 x 2.1, 2.6 um)

10°C

10 mM ammonium formate,
buffered to pH 3 with formic acid
Acetonitrile

0.020 mL/min

0.0-10.0min. 5% A
10.0-100 min. 5-25% A
100.0-160.0 min. 25-50% A
160.01-500.0 min. 50% A
500.0-520.0min. 5% A

2 position/4 port duo valve

40 pL 40pL

22 L 22 pl

1.1 min 1.1 min

Acquity UPLC BEH Phenyl Acquity UPLC BEH Phenyl
(50 x 2.1 mm, 1.7 pm) (50 x 2.1 mm, 1.7 pm)
50°C 50°C

0.1% ammonium formate in H,O
Acetonitrile

1.2 mL/min

0.0-0.01 min: 50-70% B
0.01-0.75 min: 70-100% B
0.75-0.85 min: 100% B
0.86-1.1min. 50% B

Dual Jet Stream Electrospray lonization (AJS ESI)

Positive

325°C, 13 L/min
0.4 MPa

400°C, 12L/min
3500V

1000 V
100-3000 m/z
2.00 spectra/s

0.1% ammonium formate in H,O
Acetonitrile

1.2 mL/min

0.0-0.01 min: 50-70% B
0.01-0.75 min: 70-100% B
0.75-0.85 min: 100% B
0.86-1.1 min. 50% B

Reference masses pos. ESI

Negative ionization
lon polarity Negative
Post column make-up flow
Reference masses

m/z 121.050873, (C5H5N4)+, m/z 922.009798, (C13H1905N3P3F24)+

0.03 mL/min, 12.5% aqueous ammonium hydroxide to enhance (M-H)~ ion formation
m/z 119.036320, (CsH3N4)~, m/z 966.000725, (C19H190gN3P3F24)~

of ethoxylation. A high number of features corresponding to
ethoxylated distributions were eluted throughout the entire chro-
matogram, while the unreacted free fatty acids eluted at the
beginning of the chromatogram (confirmed by HILIC-HRMS and
discussed further in Section 3.2.2). Base-line separation for the
studied samples was not achieved due to the high sample complex-
ity, which may be explained by a certain degree of selectivity for
variations in the carbon chain length of the various esters present,
as well as the presence of isomeric distributions.

To obtain an orthogonal separation mechanism, RPLC separa-
tions using a C;g column were initially investigated. While many
features could be separated using this method, a portion of the
solutes was too strongly retained and eluted isocratically at 100%
organic modifier using either ACN or MeOH (data not shown). For
LC x LC methods, it is preferred to elute the analytes within the
gradient to avoid wrap-around between runs [21,22]. Therefore,
alternative column chemistries for RPLC with lower lipophilicity

were evaluated, and the resulting chromatograms using a phenyl-
hexyl column employing fast gradients are given in Fig. 2b. The
elution of the hydrophilic PEG and Gly-EO (tg 0-1.5min) differs
between the two samples due to variation in molecular weights
(increased MW for COE-40). For COE-20 and COE-40, the separa-
tion profiles of the ethoxylated fatty acids, mono-, di-, tri-, tetra-
and penta-esters (tg 1.5-3.5 min) showed great similarity, indepen-
dent of degree of ethoxylation, indicating so-called “pseudocritical
conditions” [23,24].

3.2. LCx LC-HRMS

Based on the one-dimensional method development for both
the formulated polyether polyol and castor oil ethoxylates, HILIC
was coupled to the corresponding RPLC methods in the LC x LC
experiments. To identify all the separated species and to provide
information on the MWD and CCD, the separation was coupled to
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Fig. 1. HILIC-ELSD (a) and RPLC-ELSD (b) separations of glycerol ethoxylate (Gly-EO, red line), glycerol propoxylate (Gly-PO, black) and glycerol ethoxylate-random-
propoxylate copolymer (Gly-EO/PO, blue). HILIC separation was according to degree of ethoxylation while the RPLC separation yielded distributions according to carbon
chain-length (Gly-EO) and degree of propoxylation. For the Gly-EO polymer, isomer separation was observed as shown in the inset (a). For detailed chromatographic con-
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Fig. 2. HILIC-ELSD (a) and RPLC-ELSD (b) separations of castor oil ethoxylates reacted with 20 (COE-20, red lines) and 40 (COE-40, blue lines) mole equivalents of EO monomers.
The HILIC separation was mainly governed by the degree of ethoxylation, while the RPLC separation was according to carbon chain length and degree of saturation of various
ethoxylated (polymerized) free fatty acids. For detailed chromatographic conditions, see the Experimental Section and Table 1. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

high-resolution mass spectrometry. Due to the use of 2D columns
with a 2.1 mm LD, flow rates were maintained relatively low (max-
imum of 1.2 mL/min) compared to more commonly used 4.6 mm
1.D. columns. This allowed for the direct coupling of the 2D effluent
to the MS without splitting the flow to waste. The latter is a com-
mon practice in LC x LC—MS. Compounds were identified based on
their accurate masses and isotope distributions (measured versus
theoretical).

3.2.1. LC x LC-HRMS polyether polyol formulation

Fig. 3 shows the LC x LC-HRMS total-ion chromatogram (TIC) of
a synthetic formulation containing Gly-EO, Gly-PO and Gly-EO/PO.
The three different glycerol-based polyols were clearly clustered in
different regions of the LC x LC separation space, showing a clear
group-type separation, whilst allowing speciation based on degree
of ethoxylation and /or propoxylation. Gly-PO eluted with little
to no interaction from the HILIC column, but was separated into
individual peaks in the 2D RPLC dimension. As indicated in the

LC x LC plot, partial breakthrough of the low molecular weight por-
tion (npg =5-9) of the polymer was observed in the 2D [25]. This is
explained by the relatively large amount of strong solvent (ACN)
present in the collected fractions that were subsequently injected
onto the 2D in combination with the relatively large volume frac-
tions (21.6 wL) injected (approximately 20% of the 2D column void).
While these factors increase the chance of breakthrough, the major-
ity of the Gly-PO was effectively trapped at the head of the column
and eluted as a function of the applied gradient. Therefore, the
higher MW portion of Gly-PO (npg = 10-15) was not present in the
breakthrough peak. Along the x-axis of the LC x LC plot, Gly-EO con-
stituents were separated based on the degree of ethoxylation in the
HILIC dimension. Again, partial breakthrough in the 2D for Gly-EO
was observed since high volume fractions of ACN were transferred
to the 2D. As the ACN fraction of the D effluent decreases with
increasing retention time due to the gradient applied in the D,
the retention of the retained peak increased. This was confirmed
by an additional injection study showing the partial breakthrough
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Fig. 3. HILIC x RPLC-(+)HRMS total-ion chromatogram (TIC) of a formulation consisting of glycerol-initiated ethoxylate (Gly-EO), propoxylate (Gly-PO) and ethoxylate-
random-propoxylate copolymer (Gly-EO/PO). Group-type separation between the different polymer classes was obtained, whilst allowing for the molecular weight and
chemical composition distribution to be determined. Monomer sequences of each polymer were identified using the MS data which are shown in the figure. For detailed

chromatographic conditions, see the Experimental Section and Table 2.

effect as function of the initial percentage of organic modifier used
for the 2D RPLC separation and the fraction of ACN present in the
injection solvent (see Fig. S2 of the Supplementary information).
Furthermore, these injection studies showed that even with low
injection volumes (2 pL) breakthrough still occurred, so lowering
the 1D flow rate would not be an effective measure. In addition,
changing the initial modifier concentration led to an increase in
the retained signals for Gly-EO. However, the breakthrough issues
(Fig. S2) could not be fully overcome. Recent work on active sol-
vent modulation to improve solvent compatibility [26,27] could
be an interesting strategy, but this was found to be out of scope
of this current study. This could be addressed in upcoming work.
The majority of the separation space was occupied by the specia-
tion of the Gly-EO/PO random copolymer. While the polymer was
resolved according to the degree of ethoxylation under HILIC con-
ditions, an additional distribution in propoxylation was achieved
for every given EO number. Effective focusing of the Gly-EO/PO
solutes was achieved under the applied 2D gradient conditions,
starting from 50% B to 70% B in 0.01 min, while the PO distribu-
tion was resolved under linear gradient conditions (70-90% MeOH
in 0.60 min). Therefore, the large-volume fractions injected did not
cause distortion of the 2D separation, and a clear representation of
the apparent composition of the random copolymer was obtained.
The composition of each peak is indicated in the LC x LC plot.

A straightforward HILIC x RPLC method was achieved with high
orthogonality and a moderate peak capacity of roughly 550, as cal-
culated for Gly-EOg/POg. An approximate value of the peak capacity
is provided. In a specific LC x LC separation this peak capacity may
not be used to full, due to limited coverage of the separation space.
The separation exhibits a high degree of orthogonality (degree of
ethoxylation resolved independently of degree of propoxylation)
and most of the separation space is efficiently used to resolve the
complexity of the sample.

Tt
20 & 1n .20 ~ 1G
1.7 -lwy 5y

The molecular weight of the analyzed samples was up to
2000 Da. However, higher EO numbers could be resolved in a simi-
lar system by applying a gradient to higher percentages of aqueous
buffer, while conversely, higher PO numbers could be resolved
using a stronger solvent (such as ACN) as the organic modifier for
the 2D RPLC separations.

3.2.2. LC x LC-HRMS of castor oil ethoxylates

Fig. 4 depicts the TIC plot of a HILIC x RPLC-HRMS separation of
COE-20 using positive-mode ESI. For each distribution present in
the LC x LC chromatogram, HRMS was used to elucidate the chem-
ical composition and degree of ethoxylation. Identifications were
made by comparing the measured accurate mass and isotope dis-
tribution to the theoretical values for a given compound.

The major compounds observed are in agreement with
Nasioudis et al. [18] and were identified as poly(ethylene gly-
col) (PEG), glycerol ethoxylate, ethoxylated series of ricinoleic,
linoleic, oleic and stearic acids (Ric/Lin/Ole/Ste-nEQ), and glycerol
ethoxylate mono-, di-, tri-, tetra, and penta-esters of Ric/Lin/Ole/Ste
(Gly-Ricy, [Liny/Oley/Stez-nEO) where W, X, Y, Z=0,1,2,3,4 or 5
and W+X+Y+Z=5. The identifications of these ethoxylated series
in the two-dimensional separation space are listed in Fig. 4.

The complexity of the COE-20 sample is clearly presented by
the two-dimensional separation. As observed previously, the sep-
aration in the 'D HILIC dimension was predominantly governed by
degree of ethoxylation, whilst the 2D RPLC dimension separated the
solutes according to the hydrophobicity of the fatty acids incorpo-
rated in the various series. Hence, the hydrophilic PEG and glycerol
ethoxylates were eluted first in the 2D, followed by the mono-
, di-, tri-, tetra-, and penta-esters as function of increasing RPLC
retention. Within such ester-classes, the fatty acids were further
separated according to equivalent carbon number (ECN), result-
ing in the separation of ricinoleate, linoate, oleate, and stearate

2t 136
+1) - (a1 ~ (_
) <1.7 2Wo s ) 1716
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Fig. 4. HILIC x RPLC-(+)HRMS separation of the castor oil ethoxylate (COE-20). The 'D HILIC dimension (horizontal) indicates the degree of ethoxylation, while the 2D RPLC
column (vertical) separates the ethoxylated species according to hydrophobicity. Various ethoxylated fatty acids, as well as glycerol ethoxylated mono-, di-, tri-, tetra- and
penta-esters were identified using the obtained accurate mass and isotope distributions. These species are indicated in the figure, as well as their degree of ethoxylation. For

detailed chromatographic conditions, see the Experimental Section and Table 2.
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Fig.5. LC x LC-(+)HRMS selected-ion chromatogram (SIC) of the doubly charged ammonia adducts of glycerol ethoxylate triricinoleate [Gly-RicRicRic-nEO + 2NH,4]?* showing
three different isomer distributions (white dotted ellipses). The highlighted peaks in the chromatogram (red ellipses) all have the same degree of ethoxylation (EO =20) with
the same accurate mass and isotope distribution, confirming them as isomers. These isomers were subjected to LC-MS/MS experiments to elucidate the structural differences,
shown in Fig. 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

species with increasing retention time. For example, this can be
clearly observed for glycerol ethoxylate mono-Ric/Lin/Ole/Ste with
similar EO numbers, which stacked on top of each other in the sep-
aration space (Fig. 4). Although hydrophilic Gly-EO and PEG are
present in this LC x LC separation, these do not show breakthrough
as observed in Fig. 3 for the blended polyether polyol sample.
Important differences exist between the two methods, specifically
in the experimental conditions for the second dimension. For the

separation of COE-20 a phenyl column is used while the organic
modifier is ACN (stronger solvent) compared to a C;g stationary
phase with MeOH as organic modifier for the blended polyether
polyol sample. Under the applied conditions, Gly-EO and PEG are
not retained at all on the RP column and eluted at the dead time
of the 2D separation. However, the desired information is obtained
(separation of degree of ethoxylation in HILIC dimensions) and the
peaks provided clean mass spectra (no other breakthrough signals
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Table 3

Identified compounds in LC x LC-HRMS analysis of castor oil ethoxylated with 20 and 40 mole equivalents of EO.

Series Name

20 EO mole equivalent

40 EO mole equivalent

Degree of ethoxylation Mass range (MW)

Degree of ethoxylation Mass range (MW)

1 Polyethylene glycol 5-14
2 Glycerol ethoxylate 9-26
3 Monoricinoleate ethoxylate 7-16
4 Monolinoleate ethoxylate 7-15
5 Monooleate ethoxylate 7-13
6 Monostearate ethoxylate 7-13
7 Glycerol ethoxylate monoricinoleate 10-33
8 Glycerol ethoxylate monolinoleate 10-31
9 Glycerol ethoxylate monooleate 11-31
10 Glycerol ethoxylate monostearate 13-30
11 Diricinoleate ethoxylate 0-15
12 Monoricinoleate-monolinoleate 0

13 Monoricinoleate-monooleate 0

14 Monoricinoleate-monostearate 0
15-16 Glycerol ethoxylate diricinoleate +isomer 10-37
17-18 Glycerol ethoxylate monoricinoleate-monolinoleate +isomer 14-32
19-20 Glycerol ethoxylate monoricinoleate-monooleate +isomer 14-32
21-22 Glycerol ethoxylate monoricinoleate-monostearate +isomers 14-29
23 Triricinoleate ethoxylate 0-4
24 Diricinoleate-monolinoleate 0

25 Diricinoleate-monooleate 0

26 Diricinoleate-monostearate 0
27-29 Glycerol ethoxylate triricinoleate +isomer I +isomer II 14-31
30-32 Glycerol ethoxylate diricinoleate-monolinoleate +isomer I +isomer I 14-28
33-35 Glycerol ethoxylate diricinoleate-monooleate +isomer I +isomer Il 14-28
36-38 Glycerol ethoxylate diricinoleate-monostearate +isomer [ +isomer I 14-28
39-41 Glycerol ethoxylate tetraricinoleate +isomer [ & Isomer II 15-30
42-43  Glycerol ethoxylate triricinoleate-monolinoleate +isomer 26-36
44-45 Glycerol ethoxylate triricinoleate-monooleate +isomer 26-36
46-47 Glycerol ethoxylate triricinoleate-monostearate +isomer 26-36
48 Glycerol ethoxylate pentaricinoleate 16-25

238.14-634.38 5-28 238.14-1250.74
488.28-1236.73 20-33 972.57- 154491
606.43-1002.67 5-25 518.38-1398.91
588.42-940.63 5-24 500.37-1336.87
590.44-854.60 5-25 502.39-1382.91
592.46-856.61 5-24 504.40-1340.90
812.55-1825.15 22-44 1358.90-2327.47
794.54-1719.09 17-42 1102.72-2203.38
840.58-1721.11 19-42 1192.79-2205.39
930.65-1679.09 19-42 1194.81-2207.41
578.49-1238.88 4-21 754.60-1503.04
560.48 - -

562.50 - -

564.51 - -
1092.79-2281.50 18-41 1445.00-2457.60
1250.88-2043.36  19-42 1471.02-2483.62
1252.90-2045.37 19-42 1473.03-2485.63
1254.92-1915.31 19-42 1475.05 - 2487.65
858.73-1034.84 - -

840.72 - -

842.74 - -

844.75 - -
1549.14-2297.58 20-40 1813.29 - 2693.82
1531.12-2147.49 20-40 1795.28-2675.81
1533.14 - 2149.51 20-40 1797.30 - 2677.82
1535.16-2151.52  20-40 1799.31-2679.84
1873.40-2533.79  20-40 2093.53-2974.06
2339.68-2779.94 25-41 2295.65-3000.07
2341.70-2781.96 25-41 2297.67-3002.09
2343.71-2783.97 25-41 2299.68-3004.10

2197.67-2593.90 - -

from different species were found to be present in these peaks).
Therefore, we found the use of these conditions acceptable.

For glycerol ethoxylated di-esters, similar elution profiles were
observed as described above, resulting in the detection of glycerol
ethoxylate monoricinoleate-Ric/Lin/Ole/Ste. However, when ana-
lyzing the separated distributions, isomer distributions (same exact
mass and isotope distribution) became apparent for each glyc-
erol ethoxylate di-ester at each level of ethoxylation. These isomer
distributions were grouped together with both reduced 'D HILIC
and 2D RPLC retention compared to the main di-ester distribu-
tions (most abundant species). The same observations were made
when analyzing glycerol ethoxylate tri- and tetra-esters. Apart
from the main distributions of glycerol ethoxylate diricinoleate-
Ric/Lin/Ole/Ste, two isomer distributions were observed for each
species. Again, the isomer distributions were grouped and both
reduced and increased retention in the 'D HILIC and 2D RPLC
separation dimensions were observed with respect to the main
distribution. Fig. 5 presents the isomer distributions of glycerol
ethoxylate triricinoleate in a selected-ion LC x LC-HRMS plot. This
clearly shows the effect of HILIC x RPLC selectivity for the isomers.
The presence of such isomers may possibly be ascribed to the incor-
poration of the various fatty acids at different positions of the
glycerol initiator. To study this hypothesis, MS/MS experiments
were performed (see Section 3.3).

In addition to the HILIC x RPLC-(+)HRMS separation described
above, the same separation was repeated using negative-ion ESI in
order to detect additional species with low ionization efficiencies
in the positive-ion mode. In Fig. S3 (Supplementary material), a
selected-ion LC x LC-(-)HRMS plot is shown indicating the identi-
fied negatively charged ions. Esterified fatty acids were detected
with little or no degree of ethoxylation, resulting in unretained
elution from the HILIC dimension. However, these compounds
were resolved in the 2D (RPLC) according to hydrophobicity, as
previously discussed. Detected species include ricinoleic acid,

diricinoleate, monoricinoleate-monolinoleate, monoricinoleate-
monooleate, monoricinoleate-monostearate, triricinoleate,
diricinoleate-monolinoleate, diricinoleate-monooleate and
diricinoleate-monostearate.

Furthermore, HILIC x RPLC experiments were conducted on a
castor oil sample ethoxylated with 40 mole equivalent EO (COE-40)
to study the separation capabilities of the method using a sample
with a higher EO load, and thus increased hydrophilicity and higher
molecular weights. In the first dimension, a longer isocratic hold at
50% buffer was incorporated to ensure elution of the solutes with
increased polarity, while maintaining the same 2D conditions as
were used for COE-20. In doing so, the HILIC dimension was capable
of resolving species with a higher degree of ethoxylation, while
maintaining the speciation capabilities of the 2D RPLC dimension,
as shown in Fig. S4 (Supplementary material).

The findings from the above-discussed HILIC x RPLC separations
in both positive and negative ESI mode for COE-20 and COE-40 sam-
ples are summarized in Table 3. In total, 48 different ethoxylated
distributions were detected in a mass range of 238-3004 Da, with
the majority of these species having a degree of ethoxylation up to
20. An estimated peak capacity of around 900 was obtained for the
COE-20 separation, calculated based on the average width of the
three isomer peaks of Gly-RicRicRic-20EO.

Wy ~ln.2p ~ (1tg) . (%) ~ (150/3.167) . (0.75/0.040) ~ 900

Tw

This allowed for speciation of mono-, di-, tri-, tetra- and penta-
esters with varying fatty-acid compositions in combination with
the separation of various isomeric ethoxylated distributions. The
HILIC separation was also extended to accommodate the separa-
tion of castor oil ethoxylates with a higher degree of ethoxylation,
while the speciation capabilities of the 2D RPLC separation were
maintained.
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Fig. 6. MS/MS spectra of three different isomer precursor ions [Gly-RicRicRic-20EO + 2NH4]** showing distinct fragmentation patterns. Neutral losses (NL) and identified
fragment ions are shown in the corresponding spectra. Proposed fragmentation pattern of the three different isomers are shown in Fig. 7. For detailed conditions for MS/MS

measurements, see the Experimental Section.

When compared with conventional LC-MS analysis, the pre-
sented LC x LC methods were found to be crucial for the complete
characterization of complex COEs. Since the complexity of the sam-
ple was fully resolved in the chromatographic domain, clean and
easily interpretable mass spectra were obtained that were spe-
cific to a single compound. In contrast, one-dimensional LC-MS
provides overlapping charge distributions of multiple compounds,
which can result in extremely complicated mass-spectra and
compositional assignments. Furthermore, the LC x LC approach
minimizes discrimination effects in ionization efficiency, thus
increasing the accuracy of quantification and enhancing the
detectability of low-abundant species. Ultimately, the HILIC x RP
separations may be hyphenated with other detectors, such as an
ELSD or a charged-aerosol detector (CAD), for quality-control or
process-control analyses. Full characterization of the resulting data
can be performed by translating the LC x LC-HRMS chromatograms
with known identifications to LC x LC templates for peak-pattern
matching [28].

3.3. LC-MS/MS of castor oil ethoxylate isomers

As shown in Section 3.2.2, during the HILIC x RPLC-HRMS anal-
ysis, multiple distributions were identified as having the same
elemental composition. Such isomer distributions had signifi-
cantly different chromatographic properties when compared to
the main distributions, as shown in Fig. 5 for glycerol ethx-
oylate triricinoleate. The substantially different elution profiles
suggested the incorporation of the fatty acid moieties at dif-
ferent positions in the molecule, generating positional isomers.
To study the structural differences between the positional iso-
mers, accurate-mass LC—MS/MS experiments were performed.
Glycerol ethoxylate mono-, di- and tri-ricinoleate and their
isomer(s) with a fixed EO number of 20 were subjected to
MS/MS analysis to compare fragmentation patterns. In addi-
tion, the isomeric specie(s) of glycerol ethoxylate monolinoleate,

glycerol ethoxylate monolinoleate-monoricinoleate and glycerol
ethoxylate monolinoleate-diricinoleate were subjected to MS/MS
measurement to compare their fragmentation patterns with com-
pounds containing solely ricinoleate moieties. The MS/MS spectra
of the main and two isomer peaks of [ Gly-RicRicRic-20EO + 2NH,4 2*
(corresponding to series 27-29 in Table 3) are shown in Fig. 6.
The MS/MS spectra of [Gly-Lin-20EO +2NH4]?*, the main and
isomer peak of [Gly-RicLin-20EO + 2NH4]?*, and the main and two
isomer peaks of [Gly-RicRicLin-20EO + 2NH,4]%* (corresponding to
series 8, 17-18 and 30-32 in Table 3, respectively) are shown in
the Supplementary information, Fig. S5. The identification of the
observed neutral losses and fragment ions are depicted in the
corresponding MS/MS spectra. As can be seen in Fig. 6, distinct
spectra were obtained with different fragmentation patterns for
the three Gly-RicRicRic-20EQ isomers. The MS/MS spectrum of iso-
mer II (Fig. 6¢c) showed consecutive neutral losses of 298.2505,
280.2432 and 306.2550 Da, which were identified as ricinoleic acid,
(ricinoleic acid - H,0) and (ricinoleic acid +EO - 2H,0), respec-
tively. The observed neutral losses indicate that three ricinoleic
acid molecules were esterified and situated at the terminal posi-
tion of one of the ethoxylated glycerol arms. This is supported
by the work of Nasioudis et al. [18], who observed similar char-
acteristic neutrals losses of 298 and 280 for esterified ricinoleic
acids. The single EO unit on the most internal ricinoleic acid is
most likely positioned at the ester bond and not ethoxylated at
the secondary OH group. Support for this hypothesis is given by
the observation of a similar neutral loss of (linolenic acid+EO -
H,0) for Gly-Lin-20EO shown in Fig. S5a (Supplementary infor-
mation), which does not contain a secondary OH group on the
fatty-acid moiety. A different fragmentation pattern was observed
for the main peak of Gly-RicRicRic-20EO (Fig. 6b). Again, consec-
utive neutral losses of 298.2537 and 324.2658 Da were observed,
identified as ricinoleic acid and (ricinoleic acid + EO - H,0). In con-
trast with the MS/MS spectrum of isomer II, the subsequent loss
of a third ricinoleic acid moiety was not observed. The observed
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Fig. 7. Proposed fragmentation pattern of the observed isomers for Gly-RicRicRic-20EO based on the consecutive neutrals losses as shown in the MS/MS spectra of Fig. 6.
The nominal masses of the proposed consecutive neutral losses are included as well as their annotation. The position (specific arm of the glycerol initiator) of the internal
ricinoleic acid units is not known, but structures have been drawn for illustrative purposes.

neutral losses suggest that two ricinoleic acids were esterified and
positioned at the terminal position of an ethoxylated arm of the
glycerol initiator, while the third ricinoleic acid may be internally
positioned in the same glycerol arm or situated internally within
another arm of the ethoxylated glycerol initiator. The ion intensity
of isomer I (Fig. 6a) was at least one order of magnitude lower com-
pared to the other two MS/MS spectra. This is also observed in the
LC x LC plot, where the peak intensity was significantly lower. It is
not known at this stage whether the lower intensity is caused by
differences in reaction kinetics of the three isomers or by a lower
ionization efficiency. Nevertheless, valuable information could be
retrieved from the MS/MS spectra. It should, however, be noted
that the observed intensities were approaching the noise-level. A
neutral loss of 430.3357 Da was observed and identified as (rici-
noleic acid + 3 EO), which was also confirmed by the observation of
the fragment ion m/z 691.9917, characterized as Gly-RicRic-17EO.
Consecutive neutral losses of other ricinoleic acid units were not
observed, suggesting that for isomer I, a single ricinoleic acid was
externally positioned, while the other two fatty acid moieties were
situated internally. Proposed structures of the isomers are shown
in Fig. 7, including proposed fragmentation patterns that explain
the observed neutral losses.

The proposed structural differences between the main and
isomer peaks of Gly-RicRicRic-20EO explain the observed reten-
tion differences in the two-dimensional chromatograms. The three
esterified ricinoleic acid units at the external position, as suspected
for isomer II, may increase hydrophobic interaction in the 2D RPLC,
due to less steric hindrance of the hydrophilic ethoxylate part of
the molecule. At the same time, this may allow greater accessi-
bility of the hydrophilic ethoxylates to interact with the 1D HILIC
stationary phase. This behavior (both increased HILIC and RPLC
retention times) was observed for isomer Il compared to the main
peak, which was suspected to have only two esterified ricinoleic
acids situated at the external position. The internal fatty-acid unit
may cause steric hindrance of the ethoxylates, reducing hydrophilic
interaction in the 'D dimension and simultaneously reducing RPLC
interaction. The same trend was observed for isomer I, with further
reduction of the HILIC and RPLC retention, which may be explained

by the presence of just a single ricinoleic acid at the external posi-
tion.

4. Conclusion

In this paper the use of comprehensive two-dimensional liquid
chromatography for the separation of highly complex polyether
polyols was demonstrated. High orthogonality was achieved
between the first hydrophilic-interaction-chromatography dimen-
sion and the second reversed-phase dimension, separating species
based on the degree of ethoxylation and the degree of propoxy-
lation or alkyl chain-length, respectively. By using 2.1-mm I.D.
columns in the second dimension, the separation could be hyphen-
ated with high-resolution mass spectrometry without the need
for flow-splitting prior to introduction into the MS. For a blended
formulation, group-type separation between glycerol ethoxylate,
glycerol propoxylate and glycerol ethoxylate-random-propoxylate
copolymer was achieved, allowing for both the molecular-weight
and chemical-composition distributions to be obtained, revealing
the apparent composition of the formulation.

For castor oil reacted with different mole equivalents of ethy-
lene oxide, a highly efficient second dimension RPLC separation was
developed, capable of resolving various mono-, di-, tri-, tetra- and
penta-esters consisting of ricinoleate, oleate, linoleate, stearate,
and combinations of such fatty acids. The di-, tri- and tetra-ester
species showed the presence of isomer distributions with signif-
icant differences in LC x LC retention. LC—MS/MS analysis of such
isomers showed different fragmentation patterns with characteris-
tic neutral losses of the fatty acid moieties, indicating the terminal
or internal positioning of the alkyl chains. Such positional differ-
ences could explain the observed chromatographic behavior of the
isomers.
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