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ABSTRACT
Polyethylene furanoate polymer is intended to be used as a food contact material. A PEF
polymer sample was investigated for its oligomer composition by solvent extraction and
using HRLC-MS. The 20 oligomers found were divided into four groups: group I contains cyclic
oligomers consisting of furandicarboxylic acid and monoethylene glycol units, group II
comprises cyclic oligomers consisting of furandicarboxylic acid, monoethylene glycol units
and one diethylene glycol unit, group III are cyclic oligomers were two monoethylene glycol
units are substituted by diethylene glycol units and group IV are linear oligomers consisting of
furandicarboxylic acid and monoethylene glycol units. Oligomers of group I account for around
87% of the total oligomer content, group II oligomers 12% and group III oligomers 1%. The
contribution of group IV oligomers is very small: less than 0.05%. MS-MS experiments showed
similar fragmentation patterns for all oligomers. The results of this study demonstrate that
oligomers are abundant in the PEF material and are potential migrants to foods that are in
contact with the polymer. Oligomers of group I and group II have the same absorption maxima
in UV detection which was used to develop a quantification approach for these oligomers using
dimethyl 2,5-furandicarboxylate as external standard.
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Introduction

Polyethylene furanoate (PEF) is a polyester analogue
to polyethylene terephthalate (PET). The diacidic
component 2,5-furandicarboxylic acid (FDCA),
which replaces the petroleum-based terephthalic
acid, can be produced from renewable sources like
polysaccharides or sugars which makes PEF, in con-
trast to PET, a potentially 100% bio-based polyester
(Gandini et al. 2009). PEF is suitable for food contact
material applications (Avantium 2018). Compared
to PET it has higher barrier properties against oxy-
gen (Burgess et al. 2014a), carbon dioxide (Burgess
et al. 2015) and water (Burgess et al. 2014c) as well as
a better thermal stability (Burgess et al. 2014b). As a
food contact material, it is primarily planned to be
used as bottles for soft drinks, water, alcoholic bev-
erages and fruit juices.

The acid component of PEF, furandicarboxylic
acid, was evaluated in a scientific opinion by the
European Food Safety Authority (EFSA) (2014) to

be used as monomer in combination with mono-
ethyleneglycol. It was concluded ‘that the substance
(furandicarboxylic acid) does not raise a safety con-
cern for the consumer when used as a monomer in
the production of polyethylene furanoate polymers
and the migration of the substance itself does not
exceed 5 mg/kg food and migration of the oligo-
mers less than 1000 Da does not exceed 50 µg kg−1

food (expressed as FDCA)’ (EFSA 2014). This opi-
nion was adopted by the European Union (EU) in
the sixth amendment of the Regulation (EU) 10/
2011 (EC 2016). Furthermore, it is requested there
that a well-described method to determine the oli-
gomer migration from the final polymer material
or articles made from PEF which are placed on the
market should be provided by the producer or be
publicly available. The analytical method to moni-
tor the migration of PEF oligomers into food will
need a low limit of detection to meet the migration
limit demanded by EFSA and the EU. Taking into
account an unequal distribution of the oligomer
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pattern and assuming that the oligomer with the
lowest contribution will comprise 2% of the actual
migration, this corresponds to a migration of 1 µg
kg−1 food of the least contributing oligomer. This
requires a limit of quantification of 1 ng mL−1 in
the sample probe. Such low LODs are usually only
achievable using LC-MS or a concentration step if
possible. An additional challenge is to find an ade-
quate standard to quantify all the oligomers since
standards for each single oligomer are seldom if at
all available.

Low molecular weight oligomers have been
demonstrated to be present in PET and other
polyester materials (Paseiro-Cerrato et al. 2016;
Brenz et al. 2017; Ubeda et al. 2018). Their identi-
fication and analysis was recently the topic of a
review publication (Hoppe et al. 2016). Those
oligomers are inevitably formed during polymer-
isation as by-products or as degradation products
formed during storage. Low molecular weight oli-
gomers of PET represent 0.5–2% of the polymer
weight (Besnoin and Choi 1989; Holland and Hay
2002; Lim et al. 2003; Hoppe et al. 2017). The
majority of the PET oligomers are cyclic consist-
ing of terephthalic acid and ethylene glycol. The
cyclic trimer is, due to the absence of ring tension,
the predominant oligomer of the total oligomer
content (60–80%) (Besnoin and Choi 1989).
Oligomers of a ‘second series’ which contain one
diethylene glycol unit instead of ethylene glycol
(Barnes et al. 1995) and linear oligomers (Kim
and Lee 2012a) have also been identified. PET
oligomers are shown to migrate into corn oil
after microwave heating and fatty foods (Begley
and Hollifield 1990; Castle et al. 1989; Begley et al.
1990; López-Cervantes et al. 2003). Qualitative
and quantitative analysis is done with LC-MS
and LC-UV. Mostly the PET cyclic trimer is used
as external standard to quantify all PET oligomers
(Kim and Lee 2012b; Hoppe et al. 2017). As the
PEF and PET polymers only differ structurally in
the diacidic component, from chemical considera-
tion it is expected that oligomers arising from the
PEF monomers will be present in PEF at similar
patterns, too. However, neither qualitative nor
quantitative data about the oligomer pattern in
PEF are publicly available up to date.

The aim of this work was to identify possible
oligomers in PEF polymer using high resolution

MS. Additionally an approach to quantify the oli-
gomers based on MS-UV-response ratios is devel-
oped. These results will help to better
quantitatively assess their migration potential. To
the best of our knowledge, this is the first report
about PEF oligomers.

Materials and methods

Samples, chemicals and reagents

PEF granulate was provided by Corbion (Gorinchem,
the Netherlands). The polymer had an intrinsic visc-
osity of 0.85 dL/g (in phenol/o-dichlorobenzene (50/
50) at 25°C). Acetonitrile (ACN) UPLC-MS grade,
methanol LC-MS grade, ethanol absolute, dichloro-
methane per analysis and formic acid per analysis
were purchased from Th. Geyer (Renningen,
Germany). Dichloromethane (DCM) was distilled
before use. Highly purified water from a TKA
GenPure water purification system from Wasserau-
fbereitungssysteme GmbH (Niederelbert, Germany)
was used in all procedures. 2,5-Furandicarboxylic acid
(CAS 3238-40-2) was obtained by Sigma Aldrich
(Taufkirchen, Germany). Dimethylfuran-2,5-dicar-
boxylate (CAS 4282-32-0) was purchased from Santa
Cruz Biotechnology (Heidelberg, Germany).

Sample preparation

About 1 g of PEF granulate was extracted (a) with
10 mL of acetonitrile at 40°C for 24 h and (b) with
10 mL of dichloromethane at room temperature
for 24 h. The extracts were filtered using a 0.45 µm
PTFE syringe filter and the solvent gently evapo-
rated under a nitrogen steam. The residues were
weighted and re-dissolved in DCM to obtain a
1 mg mL−1 solution of the residue which was
diluted with an acetonitrile:water (2:8, v:v) mix-
ture to 10 µg mL−1 and 1 µg mL−1 for the LC-UV/
MS analysis.

Chromatographic conditions

A reversed phase Acquity CSH Fluoro-Phenyl col-
umn (particle size 1.7 µm, 2.1 × 75 mm) with a
Security Guard Ultra system from Waters
(Manchester, UK) was used for LC-MS measure-
ments to analyse if oligomers were present in
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polymer extracts. The mobile phase consisted of
methanol with 0.1% formic acid (A) and water
with 0.1% formic acid (B). The gradient started
at 20% A and was raised to 100% A over 8 min,
held at 100% A for 2 min and re-equilibrated at
20% A for 3 min. The total runtime of the gradient
programme was 13 min. The flow rate was
0.35 mL min−1, the column temperature was 40°C.

For LC-UV measurements a Luna PFP (2) col-
umn (particle size 5 µm, 3.00 × 150 mm) and a
security guard cartridge from Phenomenex
(Aschaffenburg, Germany) were used. The mobile
phase consisted of ethanol (A) and water (B). The
gradient started at 20% A and was raised to 100% A
in 15 min, held at 100% for 5 min and re-equili-
brated at 20% A for 5 min. The total runtime of the
gradient programme was 25 min. The flow rate was
0.5 mL min−1, the column temperature was 45°C.
For quantification of the oligomer content in the
sample the wavelength 259 nm was used.

For the quantification of the oligomer content
using LC-MS, the above described LC method was
adjusted to be able to obtain a good chromato-
graphic signal of the external standard. In the altered
method a reversed phase Acquity UPLC BEH C18
column (particle size 1.7 µm, 2.1 × 50 mm) with a
Security Guard Ultra system from Waters
(Manchester, UK) was used. The mobile phase con-
sisted of methanol with 0.1% formic acid (A) and
water with 0.1% formic acid (B). The gradient
started at 5% A and was raised to 100% A in
8 min, held at 100% A for 2 min and re-equilibrated
at 5% A for 3 min. The total time of the gradient
programme was 13 min. The flow rate was 0.35 mL
min−1, the column temperature was 40°C.

For LC-MS and LC-UV quantification,
dimethylfuran-2,5-dicarboxylate was used as exter-
nal standard. The stock solution was prepared in
acetonitrile, dilutions were prepared in a mixture of
acetonitrile and water (2:8, v:v). The limit of detec-
tion using UV was 35 ng mL−1 (S/N 3) and the
limit of quantification was 120 ng mL−1 (S/N 10).
Using MS detection, these values were 0.3 ng mL−1

(S/N 3) and 0.8 ng mL−1 (S/N 10), respectively.

Instrumentation

LC-MS measurements were carried out using an
Acquity UPLC binary solvent manager I class and

a FTN sample manager from Waters (Manchester,
UK). The UPLC was connected to the electrospray
ionisation (ESI) probe of a Synapt G2Si Q-TOF
mass spectrometer from Waters (Manchester,
UK), operating in positive or negative ionisation
mode. Instrumental parameters were as follows:
resolution mode, capillary at 2.5 kV (neg) or
3.5 kV (pos), sampling cone at 40 V, source offset
at 80 V, source temperature at 120°C, desolvation
temperature at 450°C and desolvation gas flow at
1000 L h−1. MSE mode was used for acquisition, as
it allows both low and high collision energies (CE)
in the collision cell during the same run. In this
way, two kinds of mass spectra of the detected
compounds are recorded. The low energy (CE at
4 V) spectra provide information about the pre-
cursor ion while the high energy (CE ramp: from
15 to 40 V) spectra provide information about
fragment ions. Data were recorded and evaluated
using the MassLynx v4.1 software and the tool
elemental composition. MS-MS experiments were
acquired in the enhanced resolution mode (reso-
lution approximately 20,000) with direct injection
of the sample solution into the ESI source. For all
measurements, leucine encephalin (supplied by
Waters) was used as lock mass (pos mode m/z
278.1141 and 556.2771, neg mode 236.1035 and
554.2615).

LC-UV measurements were carried out using a
Surveyor MS pump and Surveyor autosampler
coupled in line to a Finnigan Surveyor PDA Plus
detector and a Finnigan LTQ mass spectrometer
all from Thermo Scientific (Waltham, USA).
Electrospray ionisation was used with the follow-
ing parameters: capillary voltage 4.5 kV, tube lens
120 V, vaporiser temperature 450°C, sheath gas
flow 40 arb, aux gas flow 10 arb, sweep gas flow
5 arb. Absorption was measured from 200 to
400 nm.

For UV-scans, a Lambda35 UV/VIS spectrometer
from Perkin Elmer (Waltham, USA) was used.

Identification of the oligomers

Identification of the oligomers was carried out using
the following methodology: at first, masses and sum
formulas of possible oligomers (linear, cyclic, mono-
mers: FDCA, monoethylene glycol MEG, diethylene
glycol DEG) were calculated. Those masses were
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extracted from the chromatogram with a mass win-
dow of 0.5 Da. The detected signal with the respec-
tive mass was corrected with the lock mass. The
mass and isotopic pattern was compared to the
sum formula of the suspected oligomer using ele-
mental composition. If the fit confidence was high
(>90%) and the mass tolerance was low (<5ppm),
the fragmentation spectra of the investigated signal
were evaluated. If the detected fragments could be
explained to originate from the suggested oligomer,
the oligomer was considered to be identified. No
standards for the individual oligomers were avail-
able; therefore, confirmation measurements with
standards could not be made.

Concerning the identification status, we fol-
lowed the system established by Schymanski
et al. (2014) who introduced a five-level system
to standardise the compound identification con-
fidence. These levels are supposed to facilitate the
discussion about the identification status of sub-
stances in HR-MS analysis. The five levels of
identification confidence are as follows:

Level 5 – substance of interest where exact mass
was determined using HRMS

Level 4 – substance where unequivocal molecu-
lar formula was allocated based on the MS isotope
pattern and adducts formation

Level 3 – tentative candidate substances where
substituent, class and structure of the molecule of
interest are suggested by MS, MS-MS and other
experimental data

Level 2 – suggests a structure which is probable
based on identification by MS and MS-MS experi-
ments and either by (a) library spectrum match or
(b) diagnostic evidence

Level 1 – structure and retention time in LC
confirmed by a reference standard.

Results and discussion

Identification of oligomers via their accurate
mass

The MS total ion current (TIC, ESI positive) and
UV (258–260 nm) chromatograms from the acet-
onitrile extract of the PEF sample are shown in
Figure 1 and Figure 2. As the LC methods and
columns for both experiments were different, the
chromatograms are also slightly different. The
masses of the most intense signals in the MS-
chromatogram were examined and all of them
corresponded to cyclic PEF oligomers with an
identification confidence level 2 as suggested by
Schymanski et al. (2014).

Figure 1. LC-MS (ESI pos, TIC) chromatogram of an acetonitrile extract of the PEF granulate sample.
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The calculated compositions corresponded all
well with a good mass accuracy (below 5 ppm)
and a high isotope pattern fit and matched with
theoretical combinations of the acid and dialco-
hol monomer units. In the extracts of the PEF
material, 20 different oligomers below 1200 m/z
were identified via their accurate mass. All PEF
oligomers identified were detected in the positive
ionisation mode and no oligomers were detected
in the negative mode. There was no qualitative
difference concerning the oligomer pattern
between the DCM and ACN extracts. The used
nomenclature is as follows: an ‘oligomer-mono-
mer’ comprises the two monomer units furandi-
carboxylic acid and dialcohol, a dimer contains
two ‘oligomer-monomer’ units and consists of
two furandicarboxylic acid and two dialcohol
units, etc. The oligomers identified were the
dimer, trimer, tetramer, pentamer and the hex-
amer of different compositions and constitutions
which were divided into four groups. Figure 3

depicts examples of the molecular structure for
each group. Group I consists of cyclic oligomers
containing furandicarboxylic acid and mono-
ethylene glycol as monomer units with the com-
position c[FDCA]m[MEG]n with m = n, the
second group consists of cyclic oligomers con-
taining one diethyleneglycol unit instead of a
monoethylene glycol unit with the composition
c[FDCA]m[MEG]n[DEG] with n = m − 1.
Oligomers with diethylene glycol units have
also been observed for PET (Barnes et al.
1995), so it was expected to detect such kinds
of oligomers in PEF extracts as well. The pre-
sence of these types of oligomers can be attrib-
uted to diethylene glycol which is formed as side
product during the ethylene glycol production or
directly during the polymerisation process due to
the high temperatures. Additionally, cyclic oligo-
mers with two diethylene glycol units instead of
monoethylene glycol units with the composition
c[FDCA]m[MEG]n[DEG]2 with n = m − 2 were

Figure 2. HPLC-UV (258–260 nm) chromatogram of an acetonitrile extract of the PEF granulate sample, with enlargement of
retention time 8–13 min.
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detected in the extracts (group III). Linear oli-
gomers consisting of furandicarboxylic acid and
monoethylene glycol with the composition l
[FDCA]m[MEG]n with n = m + 1 were identified
as well (group IV). The identification confidence
of these oligomers is level 3 since it could also be
possible that they have the composition l[FDCA]
m[MEG]n[DEG] with n = m − 1. However, it was
assumed that linear oligomers would only con-
tain MEG since this is more plausible from a
statistical point of view since monoethylene gly-
col is the main dialcohol component. Oligomers
from groups III and IV were less abundant in
the extracts and did not cause a signal in the
TIC. These oligomers have been calculated the-
oretically and the masses were directly extracted
from the mass chromatograms. Other possible
oligomers (linear with the formula l[FDCA]m

[MEG]n m = n, linear consisting of furandicar-
boxylic acid, monoethylene glycol and two
diethylene glycol units instead of monoethylene
glycol, cyclic oligomers having three diethylene
glycol units instead of monoethylene glycol
units) were not detected in the extracts.

The identified oligomers of all groups with their
accurate masses, sum formulas and retention times
are shown in Table 1. In each group, the dimer elutes
first. The retention time increases with increasing
mass of the oligomer in the respective group. For

oligomers with the same number of monomer units,
the elution order is as follows: group IV, group III,
group II and group I. Only for the PEF trimer, the
elution order is different: group IV, group I, group III,
and group II. A similar elution order in separation
with reversed phase columns was observed for PET
oligomers (Kim and Lee 2012a). The oligomers iden-
tified, together with their ionisation and chromato-
gra-phic behaviour, confirm the suspected similarity
between PEF and PET oligomers. In-house compar-
ison measurements of PEF and PET oligomers
showed earlier retention times of PEF oligomers
than respective PET oligomers when using the same
LC parameters. The retention times will probably shift
more due to the higher number of carbon atoms of
PET oligomers. Corresponding PEF and PET oligo-
mers differ in the sense of one (ether-like) oxygen
atom instead of two carbon atoms which makes PEF
oligomers more polar compared to PET oligomers.

MS/MS-experiments

For all masses assigned to PEF oligomers, the MSE

experiments were examined to compare the measured
fragments to the suggested structures. The obtained
fragmentation spectra are very similar for all oligo-
mers and correspond to their structures. Fragment
masses of all oligomers are listed in Table 1. As an
example, the fragmentation pattern with the

Figure 3. Examples of structures of different PEF oligomer groups.
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suggested fragments of the PEF cyclic dimer is shown
in Figure 4. Characteristic fragments for all PEF oli-
gomers are 277, 249 and 183 m/z. In MS-MS spectra
of the higher molecular oligomers, the subsequent loss
of monomer units consisting of FDCA-MEG to the
positively charged lower oligomeric structures is
observed. Fragment spectra of each oligomer show a
fragment which represents a mass loss of 44 m/z from
the precursor mass. This could be attributed to the
loss of CO2 or C2H4O. Using the enhanced resolution
mode, it can be shown that for the group I dimer both
fragmentation routes are possible since it shows two
signals at 321 m/z (321.0256 and 321.0616 m/z), which
is shown in Figure 4 in detail. The other oligomers are
only showing the loss of C2H4O. Zhu and Kelly
observed the loss of C2H4O from m/z 193 (terephtha-
lic acid with CHCH3 at one ester oxygen) as preferred
reaction for PET after irradiation with 172 nm UV
light and which supports our observation (Zhu and
Kelley 2004).

The first fragment of all linear oligomers is m/z
([M + H+ – 18]+) which represents the loss of water
and supports the suggested linear constitution of the
oligomers.

Detection with UV

Using UV detection, oligomers of the first and
second group have been determined and their
identity was confirmed by coupling of the UVD
to a mass spectrometer. The concentrations of the
oligomers of the other two groups were too low in
the extracts to give a response in the UV detector.
The respective chromatograms are depicted in
Figure 2. All oligomers had their absorption max-
ima at the same wavelength (259 nm) which was
also confirmed by a photometer scan measure-
ment of the PEF extraction solutions (see
Figure 5). In the dichloromethane extract of the
polymer, the cyclic dimer is the most abundant
oligomer with 50% of the total oligomer content
(relative area proportions of the total UV-signal),
followed by the cyclic trimer with 21%. This is
different compared to PET oligomers where the
PET cyclic trimer is the most abundant oligomer
(contributing between 60 and 80% of total
response), which is attributed to the thermodyna-
mically favourable conformation of the ring with
three monomeric units (Vermylen et al. 2000)
which apparently does not apply for the PEF

Figure 4. MS-MS (ESI pos) spectrum of PEF group I dimer with suggested fragments.
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oligomers. Calculating the abundance of the dif-
ferent oligomer groups from the UV-signal at
258–260 nm, the first group represents 88.5% of
the total oligomer content and oligomers of the
second group 11.5%. As oligomers of the third and
fourth group are not detectable in the extract with
UVD, they are suspected to contribute <1% of the
total oligomer content present in the PEF material.
The PEF oligomer group distribution determined
with UVD was compared to the oligomer group
distribution determined with MSD. The relative
area proportions calculated from the MS response
(of the [M + H+]+-m/z extracted ion chromato-
grams) resulted in the following oligomer distri-
bution: group I 87.30%, group II 11.78%, group III
0.88% and group IV 0.04%. Results from UV and
MS measurements were in agreement with each
other. However, the relative portion of the oligo-
mers is different between UV and MS detection
which cancels each other out when considering
the oligomer content of each group. The differ-
ence between the MS and UV response can be
seen in the LC-UV LC-MS response ratio which
is explained in the next section.

LC-UV LC-MS response ratio

As the ionisation behaviour of substances and
hence their response in a mass detector can be
very different, to properly quantify a molecule
would require the availability of the correspond-
ing standard; however, no standards for the PEF
oligomers are available. Therefore, a standard
analogue has to be found and an approach for

quantification or semi quantification has to be
developed. Due to the aromatic moiety of the
furan unit, we considered to base the quantifica-
tion on UV detection. As an external standard,
the monomer FDCA and its dimethyl ester
dimethylfuran-2,5-dicarboxylate were investi-
gated. Both have an absorption maximum
around 264–266 nm. The absorption maximum
of the PEF oligomers is moved to a slightly
lower wavelength and can be found at 259 nm.
Both of the chosen substances would be accep-
table to be used as standard for the semi-quan-
titative determination of PEF oligomers using
UV detection at 259 nm (see Figure 5). Due to
the different polarity of FDCA and the cyclic
esters, it is difficult to find an adequate column
material or develop a LC method in which acid
and oligomers can be separated sufficiently in
one chromatographic run. Additionally, FDCA
is only ionised in the negative mode in contrast
to the oligomers which are ionised in the posi-
tive mode. This is one of the major problems if
the acid is intended to be used for MS detection.
2,5-Dimethylfurandicarboxylate (2,5-DMFC) as
the corresponding methyl ester of the acid has
a similar polarity as the oligomers and therefore
a similar retention behaviour on reversed phase
column material. Due to the ester groups, it
produces positively charged ions like the cyclic
oligomers.

To investigate the LC-UV LC-MS response
ratio of PEF oligomers compared to 2,5-DMFC
for the equipment available in our laboratory, a
solvent extract containing PEF oligomers was

Figure 5. UV-absorption scan of PEF extract solution, 10 µg mL-1 furandicarboxylic acid and 10 µg mL-1 2,5-dimethylfurandicarboxylate.
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analysed using HPLC-UV with 2,5-dimethylfuran-
dicarboxylate as external standard. All oligomers
and the standard were assumed to have the same
UV-detector response. We see support of our
assumption by the publication of Schaefer et al.
(2004). They investigated the UV response of the
PET cyclic trimer compared to bis(2-hydro-
xyethyl) terephthalate (BHET) (which is a similar
case to the PEF oligomers and 2,5-DMFC, since
the PET trimer has a cyclic structure and BHET is
linear) and found that BHET had a smaller
response than the PET cyclic trimer. They attrib-
uted this to a difference in UV-active parts and the
quotient Mw/n = molecular weight/number of
phenyl moieties per molecule which is 254 for
BHET and 192 for the PET cyclic trimer. It
could be shown that the UV-response of BHET
and the PET cyclic trimer is equal when consider-
ing their chromophore concentrations. In the case
of the PEF oligomers and 2,5-DMFC, the chromo-
phore quotients are very similar (184 for 2,5-
DMFC, 182 for group I dimer, trimer, tetramer
and pentamer, 204 for group II dimer and 197 for
group II trimer); therefore, we assume a UV
response factor of 1 for the PEF oligomers com-
pared to 2,5-DMFC. There is of course still an
uncertainty which should be further investigated
when pure standards of the oligomers are
available.

The concentration of each oligomer in the
solvent extract was determined with the HPLC-
UV method, using the external calibration of the
chosen standard substance. Subsequently, the
extract was also measured by LC-MS using 2,5-
dimethylfurandicarboxylate as external standard.
As 2,5-dimethylfurandicarboxylate showed high
in-source-fragmentation the fragment ion
153 m/z was used as quantification trace. For
the oligomers, the respective [M + H+]+-ion was
taken to determine their concentration in the
extract. The limit of detection which is achiev-
able using LC-MS was around 120 times lower
than the limit of detection achievable by HPLC-
UV. To determine the LC-UV LC-MS response
ratio, the concentration of an oligomer deter-
mined using HPLC-UV was divided by the con-
centration of the respective oligomer obtained
using LC-MS. This was possible for the six
most abundant PEF oligomers. Employing this

procedure, in the future these oligomers can be
quantified using LC-MS which makes it possible
to meet the low analytical quantification limits
to verify the 50 µg kg−1 food migration restric-
tion for PEF oligomers demanded by the EU
regulation. The concentrations thus measured
can be multiplied by the corresponding LC-UV
LC-MS response ratio to correct for the different
ionisation behaviour of the substances compared
to the standard 2,5-DMFC. The LC-UV LC-MS
response ratios for the PEF oligomers deter-
mined in this study are listed in Table 1. A
response ratio lower than 1 would result in an
overestimation of the concentration of the
respective oligomer when determined with LC-
MS only, a response ratio higher than 1 would
lead to an underestimation. The response ratios
increase with increasing mass and vary between
0.79 and 2.98. Higher molecular mass molecules
show generally less response in LC-MS using
electrospray ionisation compared to lower mole-
cular mass molecules. Furthermore the higher
molecular mass oligomers might show more
fragmentation during the ionisation process
due to their size and therefore produce less
response when analysed with MS. The response
ratios show a quadratic correlation to the mole-
cular masses of the oligomers which is shown in
Figure 6. From this equation, it would be possi-
ble to determine the response ratios for the
lower concentrated oligomers as well. However,
these response ratios might change when oligo-
mers are measured in food simulant solutions
and also when a different mass spectrometer is
used or method details are changed; therefore,
they have to be determined for each matrix and
experimental set-up.

Conclusion

Four groups of oligomers were identified in PEF
polymer via solvent extraction using acetonitrile
and dichloromethane: cyclic oligomers consist-
ing of FDCA and MEG, cyclic oligomers con-
sisting of FDCA and MEG, where one MEG unit
is exchanged by a DEG unit, cyclic oligomers
consisting of FDCA and MEG, where two MEG
units are exchanged by two DEG units and
linear oligomers consisting of FDCA and MEG.
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The molecular masses detected were within a 5
ppm window of accuracy from the theoretical
calculated mass of those oligomers. MS frag-
mentation experiments of the oligomers showed
similar fragmentation patterns and support the
suggested structures. Cyclic oligomers were the
most abundant oligomer groups present in the
PEF polymer. Liquid chromatography with
reversed phase column material provided good
separation of the oligomers which allows the
determination of their concentrations in extracts
and food simulant solutions. As a semi-quanti-
tative approach, the LC-UV LC-MS response
ratios of the oligomers relative to 2,5-dimethyl-
furandicarboxylate as external standard were
derived. Using this connection, it appears to be
possible to meet the low limits of detection for
PEF oligomer migration as demanded by the EU
and EFSA. It has to be noted that those factors
depend on the mass spectrometer used, and
conditions, and additionally may vary from
matrix to matrix. Therefore, the factors should
be determined in each laboratory where they are
intended to be used.
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