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a b s t r a c t
As a result of the synthesis protocol polyoxyethylene sorbitan monooleate (polysorbate 80, PS80) is a
highly complex mixture of compounds. PS80 was therefore separated into its main constituents, e.g.
polyoxyethylene isosorbide esters and polyoxyethylene esters, as well as mono- di- and polyesters using
preparative high-performance liquid chromatography. In this comprehensive study the individual components and their ethoxylation level were verified by matrix assisted laser desorption/ionization time-offlight and their thermotropic behavior was analyzed using differential scanning calorimetry and X-ray
diffraction. A distinct correlation was found between the average length of the ethylene oxide (EO) chains
in the headgroup and the individual compounds’ ability to crystallize. Importantly, a critical number of
EO units required for crystallization of the headgroup was determined (6 EO units per chain or 24 per
molecule). The investigation also revealed that the hydrocarbon tails only crystallize for polyoxyethylene
sorbitan esters if saturated. PS80 is synthesized by reacting with approximately 20 mol of EO per mole of
sorbitol, however, the number of EO units in the sorbitan ester in commercial PS80 products is higher
than the expected 20 (5 EO units per chain). The complex behavior of all tested compounds revealed that
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if the amount of several of the linear by-products is reduced, the number of EO units in the chains will
stay below the critical number and the product will not be able to crystallize by the EO chains.
Ó 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

oretically accommodate one to four fatty acid tails, and POE isosorbide esters (Fig. 1 (VII)) up to two, according to the number of
active sites per molecule.
As a consequence of the myriad of different compounds in
polysorbates and frequent applications, several different techniques have been used to screen the content and possible degradation products in PS [1–3,11–18]. One commonly used technique is
mass spectroscopy in combination with other methods to overcome the problem of isobaric/isomeric compounds in PS products,
e.g. saponification to remove fatty acids [9], rapid hydrogen/deuterium exchange [3] or in combination with a separation technique
such as high performance liquid chromatography (HPLC)[19].
Among these studies, several other important findings were also
made. Frison-Norrie et al. [9] did not only show in 2001 that commercial PS80 products contain more than 20 EO units, on average,
per sorbitan monoester. They also showed that the products contained a large amount of non-esterified species (free ethoxylated
headgroups). Dang et al. [8] studied the molecular variation in
two samples of PS60 and revealed that the EO units were evenly
distributed over the four sites of the sorbitan headgroup and on
the two sites of the isosorbide species.
Another important issue with polysorbates is potential degradation products [1,2,13,16,20]. One recurring problem in formulations containing polysorbate has been particle formation [21–24],
rendering the formulations unusable and possibly unsafe. These
particles have been suggested to be composed of free fatty acids,
which could be both a degradation product as well as a byproduct from the synthesis. The amount of material constituting
these particles is very limited, due to the low concentration of
polysorbate in e.g. monoclonal antibody formulations (0.001% to
0.1% (w/v)) [1], making accurate and conclusive analysis difficult.
This leaves the question of whether it is free fatty acids that cause
particle formation, another compound or a combination of several
compounds. So how do the different compounds in the polysorbate
products behave? A first step would be to test the thermotropic
behavior of the individual compounds, to see whether it would
be possible to rule them out as possible culprits to particle formation or to find new suspects.
In the present study we used preparative high-performance liquid chromatography (prep-HPLC) with UV detection and fraction
collection to separate PS80 into its constituents in the milligram
range, enough for carrying out further analysis with matrix
assisted laser desorption/ionization time-of-flight (MALDI-TOF),
13
C nuclear magnetic resonance (13C NMR) spectroscopy, differential scanning calorimetry (DSC), and small- and wide-angle X-ray
diffraction (SWAXD). MALDI-TOF and 13C NMR spectroscopy
allowed for differentiation between the compounds and confirmation of a successful separation process, whereas DSC allowed for
probing the thermotropic properties (e.g. melting temperatures
and enthalpies). Additionally, structural information of several
selected compounds was gained by SWAXD experiments, which
revealed information about crystallization and organization, and
how closely related the structures of the individual compounds
are in comparison to PS80 as a whole. In our previous study PS80
was shown to only crystallize by the EO chains in the headgroup,
in contrast to PS20/40/60 (laurate/palmitate/stearate), which in
combination with EO chain crystallization also displayed a packing
of the carbon tails into an orthorhombic structure [25]. In this
study we show how the degree of ethoxylation affects the ther-

1. Introduction
Polyoxyethylene (POE) sorbitan monoesters, known as polysorbates (PS), are extensively used non-ionic surfactants. Polysorbate
80 (PS80, marketed e.g. as Tween 80 from Croda), is esterified with
oleic acid and thus contains a monounsaturated hydrocarbon tail
with 18 carbon atoms (C18:1) whereas polysorbate 20 (PS20, marketed e.g. as Tween 20 from Croda) is esterified with lauric acid
(C12:0). Due to their superior ability to enhance drug solubility
and protein stability, PS80 and PS20 are among the most commonly used biotherapeutic excipients [1–4]. The synthesis of
polysorbates dates back to a patent (GB573789) from 1943 belonging to Atlas Powder Company, and already two years later publications emerged within the life science field [5,6]. Polysorbates are
typically synthesized in two steps, starting with chemical dehydration of sorbitol whereby sorbitol monoanhydride (sorbitan), as
well as some sorbitol dianhydride (isosorbide), is formed. The mixture of sorbitol mono- and dianhydrides are esterified with the
fatty acid, and the anhydride esters are formed. The sorbitan
monoester, also a non-ionic surfactant (marketed as e.g. SPAN from
Croda), is commonly used as an emulsifier in combination with
polysorbate [7]. According to the US pharmacopeia (USP35) and
European pharmacopeia (Ph. Eur. 9.0) the sorbitol anhydride esters
are ethoxylated by reacting with approximately 20 mol of ethylene
oxide (EO) per mole of sorbitol and sorbitol anhydrides to produce
polysorbate (Fig. 1). An ethoxylated sorbitan monoester, with 20
EO units, is then the target molecule, but it is well-known that
commercially available polysorbate products contain substantial
amounts of by-products. In addition to the sorbitol dianhydrides,
di- and polyesters, POE esters, free EO oligomers (PEG), unreacted
free fatty acids, etc. are also present in the finished product [4]. A
PS80 product can also contain traces of e.g. palmitate (C16:0), stearate (C18:0) and linoleate (C18:2) esters, depending on the purity
of the oleic acid starting material. The pharmacopeia stipulates
the allowed variation of fatty acids in each type of polysorbate product (Table S1 in the Supplementary Information (SI)), and for PS80
a minimum amount of 58% of oleic acid is required. Furthermore,
the number of EO units per molecule will vary due to the random
polymerization process and thus create an even more diverse population of molecules. As a consequence, PS80 products are typically
diverse mixtures and even though they predominantly consist of
the primary ethoxylated sorbitan monooleate, the products contain a large number of related compounds. In fact 355 individual
compounds have previously been identified in one commercial
PS80 product [4]. The overall performance of PS80 is determined
by the composition of molecular compounds present in the mixture and the surfactant properties of each related compound are
governed by factors such as structure of the headgroup, degree of
ethoxylation, nature of the tail, and level of esterification.
With four reactive hydroxyl groups the sorbitan ring structure
is tetrafunctional, (Fig. 1(II)), and during PS syntheses the sorbitan
ring is ethoxylated on all four sites [8]. Interestingly, the number of
EO units in an ethoxylated sorbitan ester molecule in commercial
PS80 products is higher than the stipulated value of 20 [9–10]. This
is because POE isosorbide esters are linear, bifunctional molecules,
which can accommodate two rather than four EO chains (Fig. 1
(VIII)). The result is that during synthesis 20 mol of EO will produce
polyoxyethylene sorbitan esters with more than 5 EO units on
average at each active site. POE sorbitan esters (Fig. 1 (VI)) can the469
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Fig. 1. Schematic illustration showing a conventional synthesis route of polysorbate 80, where sorbitol (I) is dehydrated into sorbitan (II), and an additional (undesirable)
dehydration step leads to formation of isosorbide (III) molecules. The two sorbitol anhydrides are then esterified into sorbitan oleate (IV) and isosorbide oleate (V). These
esters have four, respectively, two active sites (marked as red circles). The molecules can accommodate as many ester tails as there are active sites, and consequently, di- and
polyesters will form (only the monooleate species are illustrated). During the ethoxylation step polysorbate (VI) and its isosorbide equivalent (VII) are formed, alongside a
linear molecule, i.e. fatty acid esterified PEG, called POE monooleate (VIII). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

carbon–carbon double bond present in the alkene ester tail absorbs
light at kmax = 195 nm with a molar absorptivity of e ~ 11,000 and is
the predominant contribution to UV absorption. Other molecular
bonds that absorb light in the UV region are the alkyl ester group
(kmax = 195–210 nm, e ~ 40–100), and the POE chains (kmax = 180–
185 nm, e ~ 3000) [27]. All or some of these bonds are present in
the POE sorbitan esters, POE isosorbide species, POE esters and free
POE. Separation of the molecular species was thus carried out with
UV detection at 195 nm. ACN was used for the separation due to its
low UV absorption at 195 nm as compared to other frequently used
HPLC solvents such as methanol. A PS80 sample was diluted to
300 mg/ml in ACN. 300 ll of this solution was injected (Waters
sample manager 2700) and loaded onto a C18 column (Xterra Prep
MS C18 OBD, 5 lm, 19x100 mm, Waters). The polysorbate species
were separated using an ACN:H2O gradient starting at 45% ACN
and increasing to 100% in 30 min with a flow rate at 10 ml/min
and a column temperature of 50 °C (Thermostatted column compartment TCC-100, Dionex). The separation continued at 100%
ACN until reaching 120 min and no more species could be detected.
The molecular species were detected with a UV detector (Waters
2487 dual absorbance detector). As a consequence of stoichiometry, species containing more than one ester tail gives a proportionally higher UV signal than monoesters and non-esterified
ethoxylated species. Species with a saturated hydrocarbon tail
are weakly detected due to the lack of the alkene ester bond and
the lower absorptivity of ethylene oxide as compared to the C@C.
The MassLynx V4.0 software was used for data acquisition. 10 ml
fractions were manually collected in 20 ml glass tubes, and the
whole sample was separated into a total of 100 fractions. From
each tube 10 ll was taken out for MALDI-TOF analysis prior to
evaporation until dryness under vacuum (GeneVac centrifugal
evaporator EZ-2, SP Scientific). The fractions were collected, starting from time zero (t = 0), corresponding to when the sample was
injected. As to shift the content of the samples, separations were
also performed where fractions were collected starting at t = 25 s
and t = 35 s after injection.

motropic behavior of polyoxyethylene sorbitan monooleate, how
the presence of saturated tails (palmitate) affects the crystalline
structure, and how the structure of the headgroup and number
of hydrocarbon tails change the thermotropic behavior. In order
to probe as many different aspects of the PS80 mixture as possible,
a product from our previous study on polysorbates was chosen, as
it is known to contain all of the related compounds discussed
above.
2. Materials and methods
2.1. Materials
Polyethylene oxide sorbitan monooleate (PS80, or Tween 80),
with a High Performance (HP) purity grade from Croda International plc (batch number 1176143) was used for this study. PEG
400, polyethylene glycol with a number average molecular weight
(Mn) of 400 g/mol, was purchased form Sigma Aldrich. Poly(ethylene glycol) monooleate (Mw = 860 and 460 g/mol) was purchased
from Sigma Aldric. Acetonitrile (ACN), HiPERSolv CHROMANORM
gradient grade for HPLC, was purchased from VWR. Super-DHB
matrix (consisting of a 9:1 mixture of 2,5-Dihydroxybenzoic acid
and 2-hydroxy-5-methoxybenzoic acid) and NaCl were purchased
from Sigma Aldrich and dissolved in 99% ethanol purchased from
VWR. Ultra-pure water, 18.2 MX cm, Milli-Q water was used. Polyethylene oxide isosorbide monooleate, with an average of 14 EO
units per molecule and more than 99% oleate tails, and polyethylene oxide sorbitan monooleate with varying EO content, was synthesized and provided by Lonza AG for this study. The PS80
samples with varying amounts of EO, which synthesizied by stopping the polymerization process at different conversions of the EO
polymerization.
2.2. Preparative HPLC with UV detection
It is generally accepted that UV detection of polysorbate species
is problematic due to the lack of strong chromophores apart from
the apparent high UV absorption (at 235 nm) coming from impurities inherently present in most polysorbate products (except in
PS80 from NOF) [26,27]. POE (20) sorbitan monooleate has, in theory, only one p-bond, which absorbs light in the UV spectrum. The

2.3. Mass chromatogram
The UV signal (black curve in Fig. 2) is non-quantitative regarding the amount of each species present in the product, and in order
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Fig. 2. UV (black curve, left axis) and mass chromatogram (dotted-solid red curve, right axis) of PS80. The molecules elute mainly by the number of ester tails present. The
boxes marked mono-, di-, and polyester indicate the timeframe in which these elute. Each cluster of compounds elute by the headgroup: POE sorbitan esters (blue, cf. Table 1)
followed by coelution of POE isosorbide esters and POE esters (turquoise, cf. Table 1). In summary: POE sorbitan monoesters (SM), POE isosorbide monoesters and POE
monoesters (IPM), POE sorbitan diesters (SD, purple cf. Table 1), POE isosorbide diesters and POE diesters (IPD, green cf. Table 1). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

to gain more information on the relative amounts of the polysorbate subspecies a mass chromatogram (blue curve in Fig. 2) was
constructed. This was accomplished by weighing the individual
test tubes before the fractionation process and after evaporation
of the eluent (leaving only the dry sample at the bottom of the test
tube). The mass difference of the test tubes, before and after, was
then plotted against the corresponding elution time. The mass
chromatogram showed a strong correlation to the UV chromatogram but also showcased the fact that the UV signal of the
di- and polyesters was proportionately higher as compared to the
actual amount.

and crystallize on the plate before MALDI-TOF measurements were
performed. Positive ion MALDI-TOF mass spectrometry was carried
out on an Ultraflex TOF/TOF, Bruker Daltonics instrument equipped
with a 337 nm N2 laser operated at a frequency of 50 Hz in reflection mode. Spectra were recorded at an accelerating voltage of
25 kV and with matrix suppression until 450 Da with 1000
summed acquisitions per measurement. The laser power was kept
slightly above the threshold for detection (usually approx. 40%) in
order to get optimal peak resolution. All mass spectra were
acquired with FlexControl 3.4 and analyzed with the FlexAnalysis
3.4 software.

2.4. Retrieval of fractions/samples from preparative HPLC

2.6. Estimation of the average EO content

The evaporated samples from the preparative HPLC separation
were extracted from the 20 ml test tubes by dissolving in acetone
and careful transfer (with at least three washes) to 1.5 ml glass
vials equipped with 0.1 ml micro-inserts. To achieve sufficient
sample amounts for SWAXD experiments, several prep-HPLC runs
were carried out and fractions were combined into the same glass
micro-inserts. The samples were then evaporated to dryness under
vacuum (GeneVac centrifugal evaporator EZ-2, SP Scientific). All
samples were afterwards thoroughly dried overnight in a vacuum
pistol, using 3 Å molecular sieves. The dried fractions were used
for further experiments.

In a MALDI-TOF mass spectrum all ethoxylated distributions are
separated by 44 Da, which is equal to one EO unit. Due to the random polymerization process, MALDI-TOF mass spectra of ethoxylated species show bell-shaped distributions. In order to calculate
the average EO content of a mass distribution the mass peak list
was exported and fitted to a Gaussian distribution function:


f ðxÞ ¼ he

ðxpÞ2
2s2

where h is the height of the Gaussian distribution function, p is the
position of the Gaussian distribution function center. The p value
thus indicates the mass of the molecule present in the mixture,
which gives the highest peak. The value s can be used to calculate
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the full width half max (FWHM = 2s 2lnð2Þ). The FWHM is then
divided by 44 to get an estimate of the EO spread or dispersity
around the center mass.

2.5. Matrix assisted laser desorption/ionization – Time of flight
(MALDI-TOF)
2.5-Dihydroxybenzoic acid (super-DHB greater than 99.0%,
Sigma Aldrich) was used as the matrix for MALDI-TOF experiments
and prepared as a 5 mg/ml solution in EtOH with 10 mM NaCl
added in order to exclusively detect sodiated adducts. Prior to
use, the matrix was bath sonicated for 10 min in order to properly
dissolve. Non-fractionated samples were prepared as 5 mg/ml
solutions in EtOH and for the HPLC fractions the 10 ll samples
were used without further preparation. All samples were mixed
1:1 (vol:vol) with the matrix solution and vortexed before spotting
1 ml of each sample onto a target plate (MPT 384 polished steel,
Bruker) in triplicates. All sample spots were allowed to air dry

2.7. Differential scanning calorimetry (DSC)
All samples were transferred from the vacuum pistol to DSC
crucibles (40 ll, aluminum crucibles with pins, Mettler Toledo)
and sealed in a vacuum bag at controlled humidity (7% or lower)
to avoid uptake of moisture from the atmosphere. The samples
were measured over two temperature cycles (Cycle 1: 25 °C to 80 °C, hold 5 min, -80 °C to 80 °C, hold 5 min. Cycle 2: 80 °C to 80 °C, hold 5 min, 80 °C to 80 °C, hold 5 min, 80 °C back to
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25 °C. All at a rate of 10 °C/min) over a nitrogen gas flow of 1 ml/
min. Multiple measurements were carried out for each sample,
confirming the reproducibility of the DSC experiments and separation process. The melting peak temperature, Tmp, (defined as the
minimum in the heating segments in the DSC curves) and the
enthalpy of melting, DHm, (defined as the integrated endothermic
peak) was calculated for each sample (Tables S3-S9 and Figs. S2S4 in the SI). The DSC data was evaluated and integrated using
the STARe software (version 16).
2.8. Proton decoupled

of the Bragg peaks in the WAXD region. The scripts were written
and executed in MATLAB R2019a.
3. Results and discussion
3.1. Separation of PS80 into its different compounds
Prep-HPLC was used for separation and collection of fractions
of different compounds in the chosen PS80 sample. The molecules
were identified by the presence of the double bond in their ester
tail, with UV detection at 195 nm, and quantified by weight (UV
and mass chromatogram in Fig. 2). The PS80 sample was separated into 100 fractions. All fractions were individually analyzed
by MALDI-TOF to confirm each fraction’s mass distribution and
purity. Several fractions from each main molecular group were
chosen for further analysis by 13C NMR, DSC, and SWAXD. As separation was achieved by reverse phase chromatography, all species were separated by polarity. Therefore, non-esterified
compounds eluted first, followed by compounds containing
increasing numbers of hydrocarbon tails (mono-, di- and polyesters, as indicated in Fig. 2). Within the monoester and the diester
groups different compounds also eluted by polarity in relation to
their headgroup, i.e. POE sorbitan esters (blue boxes, Fig. 2) followed by POE isosorbide esters (turquoise boxes, Fig. 2). PS80 also
contains compounds lacking the sorbitol derivative headgroup,
i.e. the linear POE esters (VII in Fig. 1). Even though these compounds are slightly less polar than the POE isosorbide esters, they
partially coeluted during the separation. When POE sorbitan triesters and tetraesters (transparent box, ‘‘polyesters”, Fig. 2)
eluted, no POE isosorbide esters or POE esters were present, as
they can only accommodate two ester tails in contrast to the sorbitan related molecules, which have four active sites (Fig. 1(II)).
Fractions eluting in between the boxed areas were mixtures of
several different related compounds and were not subjected to
extensive analysis. All investigated compounds fractionated from
PS80 and other materials, along with their abbreviations are
listed in Table 1.
The ethoxylated sorbitan monoester molecules (SM) were the
first compounds eluting (SM in Fig. 2) and were by weight the most
abundant compounds in the mixture, which is to be expected as
these are the target compounds. The SMs were followed by the
ethoxylated sorbitan diesters (SD in Fig. 2), which has previously
been shown in literature [3,14]. The third most abundant compounds were the ethoxylated isosorbide monoesters and the
ethoxylated monoesters (IPM, Fig. 2), but due to the coelution of
these molecules it was difficult to quantify their abundance by
weight any further.
The separation process of the POE sorbitan monoesters was
verified by 13C NMR spectroscopy (Fig. 3 and S1 in the SI, peak
assignments in Table 2 and S2 in the SI). The 90–60 ppm range
displays the chemical shifts from the carbon atoms in headgroups, and a distinct difference was observed within this
region when comparing the non-fractionated PS80 to the isolated POE sorbitan monoesters (SM) and synthesized POE isosorbide esters.
13
C NMR spectroscopy provides a quick way to confirm the
molecular nature of the headgroup of the investigated products,
and consequently the success of the separation process. 1H and
13
C NMR spectroscopy investigations have so far been sparse
due to the complexity of polysorbate products, making accurate
peak assignment a challenge [8,14,28]. However, in a recent
study by Wang et al. it was shown that there are several characteristic signals, identified by 1H and 13C NMR spectroscopy,
originating from the POE sorbitan and POE isosorbide related
compounds, respectively [14]. Here, fractionated POE sorbitan
monoester (SM) and POE isosorbide esters (synthesized material,

13

C NMR spectroscopy

The samples were dissolved in deuterated chloroform prior to
the measurements to allow the spectrometer to find a lock signal.
Approximately 30–35 mg of material was mixed with 550 ml of d1chloroform (CDCl3). The 13C{1H}-NMR spectroscopy was performed
with proton decoupling and nuclear Overhauser effect (NOE). The
measurements were carried out at 25 °C, on a Varian Mercury
400 MHz spectrometer at a resonance frequency of 100.61 MHz
using a 5 mm Varian 400 ASW 1H/13C/31P/15 N/4NUC PFG 40–
162 MHz (SN40P5A910) probe. Optimal signal-to-noise for peak
positioning was accomplished by 12,288 scans which were
acquired using a pulse length of 14.5 ms (90 °), a 20 Hz spin, an
acquisition time of 1.301 s, and a relaxation delay of 5 s. Each spectrum required about 21 h of measurement time. 32,768 complex
data points were collected, using a spectral width of 25,189 Hz
(250 ppm). All spectra were Fourier transformed using MestReNova (version 14.0.0) with a line broadening of 1 Hz and zero filling to 128 k data points. The spectra were phase and baseline
corrected, and the chloroform peak was used as the reference peak,
positioned at 77.2 ppm relative to TMS (0 ppm).
2.9. Small- and wide-angle X-ray diffraction (SWAXD)
Small- and wide-angle X-ray diffraction (SWAXD) measurements were performed at Diamond light source (Rutherford Appleton Laboratories, Didcot, UK), at the I22 beamline with a beam
energy E = 12.4 keV. The data were collected using two Pilatus
detectors (for SAXD: P3-2M and WAXD: P3-2MDLSL) probing
the Q-range of 0.005–5.9 Å1, where Q is the scattering vector
(jQ j ¼ 2p sin h=k). The Q-scale was calibrated using silver behenate.
A 0.5 mm aluminum attenuator was used to prevent oversaturation
of the detectors. Each sample was measured with an acquisition
time of 300 ms and a wait time of 200 ms. One measurement was
collected every 6 s, so that one measurement was collected at every
degree Celsius, as samples were heated/cooled at 10 °C/min. The
samples were loaded into polycarbonate (PC) capillaries with an
external diameter of 2.0 mm. A Linkam temperature holder, for
2 mm capillaries, was connected to a LNP96 liquid nitrogen pump
and a T96 controller to allow for accurate temperature control
between 25 °C to -80 °C. The desired temperature gradient was
set to match the temperature cycle in the DSC (ranging from 25 to
80 °C, at 10 °C/min, hold for 5 min, and then from 80 to
25 °C, at 10 °C/min, hold, with some variations in hold times and
heating rate). Precise temperature profiles for each measurement
can be found in the supplementary information. The WAXD data
was subjected to a fitting procedure in order to establish the Bragg
peak positions over the entire temperature range. First the WAXD
data was fitted to a double Gaussian in order to remove the broad
background peak. A fit was rejected if the goodness of fit (R2) was
smaller than 0.99, and then automatically set to zero. The Bragg
peaks were then left to be identified. The EO crystallization peaks
were allowed to be detected, as the highest point between 1.4451.515 and 1.66–1.707 Å1 and the hydrocarbon tail packing
between 1.31-1.36 and 1.53–1.67 Å1. This allowed for detection
472
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Table 1
Abbreviations of all molecular components fractionated from commercial PS80, synthesized POE isosorbide esters and
commercial POE monoesters are listed below.

3.2. Mass and thermal analysis of individual fractions

see materials section for more information) were measured and
compared to the non-fractionated PS80. It became clear from the
analysis that the PS80 sample contained large fractions of both
sorbitan and isosorbide esters, and more importantly that the
separation procedure allowed for an effective fractionation
(Fig. 3 and S1 in the SI).
The 13C NMR spectroscopy also revealed the presence of multiple double peaks at approx. 130 ppm, close to the two main peaks
originating from the carbon–carbon double bond in the oleate tail
(Fig. S1 in the SI). These doublets, found in the non-fractionated
PS80, originate from conjugated linoleic acid [29], which is an
allowed component in PS80 (Table S1 in the SI). 13C NMR spectroscopy thus provides quick and alternative ways of testing for
the presence of different compounds in a polysorbate mixture, or
as in this case to confirm the successful separation process of
PS80 into its compounds.

The main limitation for testing PS80 with MALDI-TOF is the
inability to distinguish between molecules of identical mass i.e.
isobaric or isomeric compounds. The intensity of a given mass peak
is simply a sum of all possible molecules of that particular molecular mass. PS80 is a problematic mixture in this sense, because one
oleate tail (264 Da) is isobaric with six EO units (6  44 Da). The
mass of POE (20) sorbitan monooleate is thus identical to POE
(14) sorbitan dioleate, POE (8) sorbitan trioleate and to the nonesterified POE (26) sorbitan. However, after fractionation this is
no longer a critical issue as the product has already been separated
into its main constituents. MALDI-TOF spectra of all fractions were
dominated by Gaussian shaped mass distributions with peaks
spaced 44 Da apart (equivalent to one EO unit). The mass distributions of each individual fraction were fitted to Gaussian functions
473

T.K. Lind, E.J. Nilsson, B. Wyler et al.

Journal of Colloid and Interface Science 592 (2021) 468–484

Fig. 3. 13C NMR spectra displaying chemical shifts from 60 to 90 ppm for: PS80
(black, bottom), synthesized POE isosorbide esters (turquoise, middle), and
fractionated POE sorbitan monoesters, SM, (blue, top). This range verifies the
fractionation process and provides a way of identifying the different compounds in
the commercial mixture as several peaks from the sorbitan/isosorbide compounds
are isolated, blue circles versus turquoise diamonds respectively. The whole spectra
(0–240 ppm) can be found in the SI Fig. S1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
C{1H}-NMR chemical shift assignments for the headgroup.

13

Carbon atom

Fractionated POE
sorbitan monoester
(SM F1-F8)

PS80

POE isosorbide
ester

HO-CH2-CH2-Otail-O-CH2-CH2-Otail-O-CH2-CH2-O-O-CH2-CH2-OHO-CH2-CH2-OIsosorbide structure
Sorbitan structure
chloroform
chloroform
chloroform
Sorbitan structure
Isosorbide structure
Isosorbide structure
Sorbitan structure
Sorbitan structure
Isosorbide structure
Isosorbide structure

61.77
63.47
69.31
70.11–70.99
72.53
—
76.59
76.88
77.20
77.52
79.05
—
—
82.00
82.61
—
—

61.84
63.47
69.33
69.99–70.74
72.67
73.51
76.61
76.88
77.20
77.52
79.08
80.34
80.86
81.46
82.71
85.03
86.41

61.86
63.49
69.34
70.01–70.81
72.67
73.52
—
76.88
77.20
77.52
—
80.35
80.88
—
—
85.04
86.42

Fig. 4. MALDI-TOF mass distributions (left) of eight POE sorbitan monoester
fractions (SM F1-F8) and fitted Gaussians. The major distribution in each panel
corresponds to POE sorbitan monooleate, whereas the minor distribution in F1-F6
corresponds to POE sorbitan monopalmitate. DSC thermograms (right) of the
respective fractions (only the first thermal cycle is displayed: 25 °C to 80 °C
to +80 °C, if nothing else is stated the first and second thermal cycle produced the
same thermogram). A table with Gaussian fit parameters, Tmp and DHm of all
fractions is given in Table S1 in the SI.

monooleate distribution ranged from 7.4 to 6.0 EO units/chain
going from F1-F8, this assuming an equal distribution of EO units
over the four chains around the sorbitan core.
The eight fractions were subsequently subjected to DSC analysis. The DSC data revealed a significant trend in the thermotropic
behavior of the individual fractions (Fig. 4 right panel). All fractions
displayed a glass transition at approximately 64 °C, indicating
that below this temperature a glassy material is present in all samples. However, the first three fractions (SM F1-F3) all displayed one
exothermic crystallization peak (Fig. 4 right panel) during the cooling segment. This reveals that the material in these fractions is partially crystalline and partially glassy in the solid state. The first
exothermic peak was not present in F4-F8 indicating that the
material for these fractions is in a glassy solid state only. A second
exothermic crystallization event occurred during the heating segment from -80 °C to + 80 °C. This crystallization peak gradually
decreased in size and moved towards higher temperatures as the
EO content decreased. Consequently, the melting peak temperature (Tmp) and enthalpy of melting (DHm) all decreased as the average number of EO units decreased in the fractions (Table S2 in the
SI). The DHm ranged from approx. 50 kJ/g to 6.5 kJ/g, as the EO con-

to obtain a center position and a full width half max (FWHM) (see
Methods section for description of the calculations). This provides
an estimate of the average degree of ethoxylation as well as the
spread of the EO content in each fraction.
3.2.1. POE sorbitan monoesters (SM)
The POE sorbitan monoester (SM) peak in the UV chromatogram (blue box, SM, in Fig. 2), was separated into eight fractions (SM F1-F8) and analyzed with MALDI-TOF to identify the
molecules present in each fraction. The MALDI-TOF mass distributions from fractions F1-F8 can be found in Fig. 4 left panel. The
analysis revealed several mass distributions identified as POE sorbitan monoesters of different tail composition, all eluting according to polarity. The main distribution in all fractions correspond
to POE sorbitan monooleate, where fractions F1-F6 also contain a
smaller distribution of POE sorbitan monopalmitate. The molecules
also eluted according to the number of EO units in the headgroup,
going from longer to shorter EO chains due to decreased polarity.
Consequently, the average number of EO units per chain for the
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tent decreased from 7.4 to 6.0 EO units/chain. Comparing the DHm
to PEG 400, having an average of 9–10 EO units per chain and a
DHm of 110 J/g [25], it shows that only a partial crystallisation of
the material occurs. This, in combination with the noticeable
decrease in DHm, as the EO content decreases, indicates that POE
sorbitan monooleate might not crystallise at all if the degree of
ethoxylation becomes too low.
3.2.2. POE sorbitan diesters (SD)
The POE sorbitan diester (SD) peak in the chromatogram (purple box, SD, in Fig. 2) was separated into six fractions (SD F1-F6).
The MALDI-TOF analysis (see Fig. S2A in the SI) showed that F1
contained a mixture of POE sorbitan oleate-linoleate, oleatepalmitate and dioleate (the latter being the major distribution),
whereas SD F2-F6 contained the main distribution of dioleate
and a distribution of oleate-palmitate but no oleate-linoleate compounds. The diesters displayed a thermotropic behavior similar to
the POE sorbitan monoesters of similar ethoxylation level and tail
distribution (Fig. S2B in the SI). All fractions displayed a glass transition in the same temperature range as for the SM, however, all
fractions displayed two exothermic crystallization peaks similar
to the first three SM fractions. Hence, all SD fractions are semicrystalline in their solid state. The Tmp and DHm all decreased (Table S4
in the SI) with decreasing EO content, displaying the same trend as
the SM fractions. The EO content of the SD fractions ranged from
7.2 to 5.8 EO units/chain, similar to the monoesters (7.4–6.0 EO
units/chain). However, the DHm ranged from approx. 40–20 kJ/g,
which reveals a smaller decrease in enthalpy per EO unit compared
to the SM samples (50–6.5 kJ/g and 7.4–6.0 EO units/chain). This
could be a consequence of the constant presence of POE sorbitan
oleate-palmitate, as polysorbate products with saturated tails have
been shown to also crystallize by the tail [25]. The enthalpy of
melting for palmitic acid is approx. 190–210 kJ/g, [30–32] which
could explain the slightly elevated DHm values for the SD as compared to the SM fractions. Tail crystallization would add to the
total DHm and cause an increase compared to the fractions without
hydrocarbon tail crystallization as in the case for many of the SM
samples.

Fig. 5. MALDI-TOF mass distributions (left) of ten POE isosorbide monoester/POE
monoester fractions (IPM F1-F10) and Gaussian fits (thin lines: POE isosorbide
monoesters, thick lines: POE monoesters). The major distribution for each main
compound corresponds to the monooleate distribution and the smaller distribution
to monopalmitate. DSC thermograms (right) of the respective fractions (only first
thermal cycle is shown: 25 °C to -80 °C to +80 °C). A table with Gaussian fit
parameters, Tmp and DHm of all fractions is given in Table S5 in the SI.

3.2.3. POE isosorbide monoesters and POE monoesters (IPM)
The peak in the chromatogram where POE isosorbide monoesters and POE monoesters (IPM) coelute (turquoise box, IPM, in
Fig. 2) was separated into 10 fractions (IPM F1-F10). From the
MALDI-TOF mass spectra (Fig. 5 left panel) it was clear that the
fractions contained several different distributions of POE isosorbide monoesters and POE monoesters. The Gaussian distributions
of the two main compounds, POE isosorbide monoesters (thin
lines in Fig. 5 left panel) and POE monoesters (thick lines in
Fig. 5 left panel) were identified as POE isosorbide monooleate
and monopalmitate, as well as POE monooleate and monopalmitate. The MALDI-TOF analysis also revealed that the POE isosorbide
species eluted earlier and consequently are slightly more polar as
compared to the POE monoesters. Accordingly, POE isosorbide
monooleate is the major distribution (with respect to intensity)
in the first two fractions (IPM F1-F2), as compared to IPM F3F10 where POE monooleate is the major distribution. Both these
compounds are bifunctional (Fig. 1), but interestingly, the POE
monoesters contain one EO chain of approximately twice the
length of the EO chains of the POE isosorbide esters. This is a result
of the random polymerization process, where a free PEG grows
from both ends whereas the EO chains polymerizing from the
isosorbide structure only can grow from one end. As a consequence, the EO chain for the linear ester will on average become
twice as long compared to the EO chains on the isosorbide
(or sorbitan) that only grow from the active sites. The POE
monooleate distributions thus ranged on average from 1710 EO

units/chain, whereas the POE isosorbide monooleate distributions
ranged from 7.24.7 EO units/chain going from F1 to F10 (see
Table S5 in the SI).
The DSC data for IPM F1-F10 displayed a much more intricate
thermotropic behavior compared to the POE sorbitan ester fractions (both SM and SD), see Fig. 5 right panel. All IPM fractions displayed at least one (for some fractions several) exothermic
crystallization peak during cooling with no clear trend related to
the EO content or tail distribution in the fractions. Due to the complexity of the composition, it was difficult to detect any clear
trends relating either the DHm or Tmp (Table S5 in the SI) to the
EO content or the tails, in the individual fractions. As the IPM fractions all contained contributions from two different molecular
compounds, different tails and a varying EO content, a complete
deconvolution of the contributions for the two species was not
straightforward. Therefore, POE isosorbide esters (a product synthesized for this purpose) and POE esters (a commercial product)
were subjected to the same prep-HPLC separation process in order
to resolve the behavior of the different compounds. This allowed
for isolated POE isosorbide monooleate and POE monooleate samples to be investigated, see Sections 3.2.5 and 3.2.7.
475

T.K. Lind, E.J. Nilsson, B. Wyler et al.

Journal of Colloid and Interface Science 592 (2021) 468–484

identified in all fractions, within the same temperature range as
the SM, DM and IM species. In accordance with the IM equivalents,
all crystallization events occurred during the heating segments.
However, unlike the IM fractions, ID F1-F3 had two distinctly different exothermic crystallization events. F1 also displayed two different endothermic melting peaks, whereas the other four fractions
only had one. The Tmp and DHm all decreased with decreasing EO
content, as for the SM, DM, and IM compounds. This shows that
both the Tmp and the DHm are linked to the EO content, but that
the POE isosorbide dioleates might display a more complex crystallization behavior compared to the monoester equivalents.

3.2.4. POE isosorbide diesters and POE diesters (IPD).
POE isosorbide diesters and POE diesters from PS80 coeluted
during the fourth peak in the chromatogram (green box, IPD, in
Fig. 2). They were separated into six fractions (IPD F1-F6) and verified with MALDI-TOF (data not shown). The amount of collected
material was below 1 mg in each fraction. It is noted that they
are present in the PS80 product, but these fractions were not subjected to further analysis due to the coelution and small sample
amount. As for the IPM samples, POE isosorbide dioleates and
POE dioleates were instead isolated from alternative sources (from
POE isosorbide esters (synthesized product) and POE esters (commercial product)) in order to investigate their behavior, see Sections 3.2.6 and 3.2.8.

3.2.7. POE monoesters (PM)
In order to gain further information on the thermal properties of
the POE monoesters two commercially available POE monooleate
samples (with the ethylene oxide chains having average molecular
weights of 860 and 460 g/mol, respectively) were subjected to the
same chromatographic separation procedure as for the PS80. This
provided six fractions which were analyzed with MALDI-TOF
(Fig. 7 left panel), three POE monooleate fractions (PM F1-F3) from
commercial POE 860 monooleate and three fractions (PM F4-F6)
from POE 460 monooleate. The EO content ranged, on average,
from 1712 EO units/chain (F1-F3) and 6–4 EO units/chain (F4F6). The thermal analysis (Fig. 7 right panel and Table S8 in the
SI) revealed that all fractions had an exothermic crystallization
peak in the cooling segments and a complex shaped endothermic
melting peak in the heating segment. The analysis also revealed
that the PM fractions displayed higher Tmp compared to the SM
or IM fractions, closely resembling the high melting peaks detected
in the coeluted IPM fractions with similar EO content (Fig. 5). As
well as for SM, SD, IM and ID the Tmp and DHm decreased with
decreasing EO content. The DHm was found to be approximately
twice as large as for the SM and IM fractions (ranging from 103
to 70 kJ/g), which could be explained by the fact that the average
EO chain is about twice as long. The higher DHm values also suggest
that a larger amount of the material is crystallizing in comparison
to the previously discussed compounds.

3.2.5. POE isosorbide monoesters (IM)
Since POE isosorbide oleate is not commercially available, a
sample was synthesized using 12 mol of EO per isosorbide molecule and separated in a way analogous to PS80. This gave rise to
three POE isosorbide monooleate fractions (IM F1-F3, Fig. 6).
MALDI-TOF analysis revealed an average EO content ranging from
6.74.4 EO units/chain (Fig. 6 left panel, and Table S6 in the SI). The
thermal analysis showed that a glass transition occurred at approx.
-80 to -60 °C, similar to the behavior of SM and SD compounds. F1
showed a distinct exothermic crystallization peak closely followed
by an endothermic melting peak (Tmp: -18 °C and DHm: 38 kJ/g),
upon heating, whereas no crystallization or melting was observed
for the fractions with shorter EO chains (Fig. 6 right panel and
Table S6 in the SI). The IM species appear to behave similar to
the SM species, i.e. the EO content governs the crystallization. This
also corroborates the idea that compounds having an EO chain
length shorter than a certain critical number will not crystallize.
3.2.6. POE isosorbide diesters (ID)
As for the POE sorbitan esters, a small amount of diesters was
also formed during the synthesis of POE isosorbide monoesters.
This made it possible to isolate five POE isosorbide dioleate fractions (ID F1-F5). The MALDI-TOF mass distributions, corresponding
Gaussian parameters and the thermal analysis (Fig. S3 and Table S7
in the SI) displayed a more complex behavior as compared to the
monoester equivalents. The five fractions displayed an EO content
ranging from 6.6 to 5.0 EO units/chain and a glass transition was

3.2.8. POE diesters (PD)
POE diesters (from POE 460 monooleate), were separated into 6
fractions (PD F1-F6) and analyzed with MALDI-TOF (Fig. S4 and

Fig. 6. MALDI-TOF mass distributions (left) of four POE isosorbide monoester fractions (IM F1-F3) and Gaussian fits. DSC thermograms (right) of the respective fractions
displayed in A (only first thermal segment is shown: 25 °C to -80 °C to +80 °C). A table with Gaussian fit parameters, Tmp and DHm of all fractions is given in Table S6 in the SI.
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Fig. 7. A: MALDI-TOF mass distributions of three POE 860 (PM F1-F3) and four POE 460 (PM F4-F6) monooleate fractions with fitted Gaussians. B: DSC thermograms of the
respective fractions displayed in A (only the first thermal cycle is shown: 25 °C to -80 °C to 80 °C). A table with Gaussian fit parameters, Tmp and DHm of all fractions is given in
Table S8 in the SI.

chain crystallization [25]. Would the presence of two exothermic
events in the SM F1-F3 be equivalent to different parts crystallizing? For example, crystallization of the hydrocarbon tail and subsequently the EO chains, as these fractions have a small contribution
from palmitate monoesters. Or is one of the events a solid–solid
phase transformation? To distinguish between the different
exothermic crystallization events, selected compounds were subjected to time-resolved SWAXD experiments with a temperature
cycle mimicking the first temperature cycle in the DSC experiments (Fig. 8, Table 2).
The SWAXD and DSC data showed remarkable agreement for all
compounds and the different compounds displayed a broad array
of thermotropic behavior. The POE sorbitan esters (both monoand diesters) and POE isosorbide esters (both mono- and diesters)
were generally less prone to crystallize, and displayed less longrange order, as compared to the POE monooleate and the coeluted
IPM (see Fig. 8).

Table S9). However, the amount of collected material was very
small for each fraction and for the longer EO chain contributions,
from POE 860 monooleate, the sample volumes were even smaller.
Hence, the PD compounds were not subjected to further analysis.
3.3. The thermotropic behavior as determined by SWAXD
The thermotropic behavior of the above isolated compounds is
noticeably different from the PS80 mixture as a whole. Nonfractionated PS80 has previously been shown to crystallize only
by the headgroup, i.e. by the EO chains, whereas nonfractionated polysorbate 60 (C18:0), polysorbate 40 (C16:0) and
polysorbate 20 (C12:0), all having saturated tails, crystallized by
both the hydrocarbon tails and by the EO chains [25]. SM, the main
compound in PS80, displayed two separate exothermic crystallization events for SM F1-F3 (Fig. 4), whereas non-fractionated PS80
displayed only one main exothermic crystallization event, i.e. EO
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SM

IPM

IM

PM

Fig. 8. X-ray diffraction data as a function of temperature for four different samples. The plots to the left display the SAXD data and the plots to the right give the WAXD data.
The samples displayed are A-B) SM F3, C-D) IPM F3-F7, E-F) IM F1-F2 and G-H) PM F1-F3. The samples were subjected to a temperature cycle similar to the first thermal cycle
in the DSC experiments (from 25 °C to -80 °C, with an equilibration time at the lowest temperature, after which it was heated to 25 °C, at a rate of 10 °C/min). Temperature
profiles for all individual samples can be found in SI Figs. S6-S29.

heating segment (Tmp: 11.2 °C and DHm: 110 kJ/g), indicating crystallization upon cooling and melting as it gets reheated to 25 °C
[25]. The thermotropic behavior of PEG 200 (Mn = 200 g/mol, on
average 4.5 EO units per chain) was also probed with DSC, but displayed no signs of crystallization or melting within the tested temperature range of 80 °C to 80 °C (data not shown).
In 1973 Takahashi et al. stated that PEO/PEG crystallizes according to a primitive monoclinic structure, P21/a-C52h (a = 8.05 Å, b =

3.3.1. Polyethylene oxide polymers/oligomers (PEO/PEG)
PEG is a fundamental reference molecule for this study, but literature mainly focuses on long chain PEG, normally referred to as
PEO. In order to compare free PEG chains to the short EO chains in
the headgroup, PEG 400 was chosen as a reference (Mn = 400 g/
mol, on average 9–10 EO units/chain). PEG 400 has previously been
subjected to DSC analysis revealing one main exothermic event
during the cooling cycle and one endothermic event during the
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13.04 Å, c = 19.48 Å and b = 125.4°) [33]. The EO chains were suggested to form 7/2 helical turns per unit cell, i.e. seven EO units
turn twice per repeat along the fiber axis (c-axis). In the present
study, PEG 400 demonstrated a distinct long-range order on the
sub-nanometer length scale (Fig. 9C), correlating well to the suggested primitive monoclinic structure upon cooling as expected
from DSC. This in spite of the fact that the EO chains are much
shorter compared to the original study (with Polyox WSR-301,
Mw = 4 000 000 g/mol, approx. 90 000 EO units per chain). The
main Bragg peaks observed here (Fig. 9C) from the EO chains in
their crystalline form were at Q-positions of 1.38 and 1.66 Å1
(the 120 and 032 reflections), as also found previously in literature
for e.g. PEG homopolymers, PEG grafted polymers, and POE cholesterol ethers [34–36]. No lamellar ordering was detected for PEG
400 in contrast to long chain PEG [37–38]. This is not surprising
as the EO chains in this study are much shorter compared to the
previous studies, where crystalline PEO chains would have the
ability to fold and form lamellar regions.

lization of the hydrocarbon tails occurred upon cooling, corresponding to the first exothermic event in the DSC data (Fig. 4).
As only SM F3, of the three tested samples, contained traces of
palmitate tails, this could be an explanation to why tail crystallization only occurred in SM F3 and not in SM F5 or F8. This
supports our earlier findings revealing that polysorbate products
with saturated tails (PS20/40/60) crystallize both by the EO
chains and by the hydrocarbon tails [25]. For sample SM F3
and F5 Bragg peaks were detected corresponding to the two
main reflections from crystalline PEG. The EO chain crystallization (Fig. 9C, 10B) was observed only during a short temperature
interval upon heating (Table 2). The SM F8 sample displayed no
Bragg peaks in the WAXD region, at any temperatures, indicating
that only little order was present in the sample. The SD samples
displayed a similar behavior to the SM samples. However, all SD
samples contained traces of oleate-palmitate diesters and all displayed an orthorhombic packing of hydrocarbon tails (Table 3).
Crystallized EO chains were also detected, during a short temperature interval upon heating, in the fractions with the longest
EO chains (SD F1, F2, and F4). All Bragg peaks in the WAXD
region were small in comparison to the correlation peak for disordered material (broad background peak in Fig. 9C), revealing a
lack of long-range order in the samples. When comparing the
intensity of the correlation peak for SM and SD in their liquid
state to the background peak, it also becomes apparent that only
a small fraction of the material is crystallizing, in accordance

3.3.2. POE sorbitan monoesters (SM) and POE sorbitan diesters (SD)
Three different samples of SM (equivalent to F3, F5 and F8 in
Fig. 4, Figs. S6-S11 in SI) and four SD samples (equivalent to F1,
F2, F4 and F6 in Figs. S2, and S12-S19 in the SI), were subjected
to SWAXD investigations. For the SM samples only the F3 sample displayed an orthorhombic packing of the hydrocarbon tails
(Fig. 10B, Bragg peaks at Q = 1.5 and 1.7 Å1) [31]. The crystal-

Fig. 9. SWAXD data of seven samples at different temperatures. A: SAXD data displaying samples SM F3, SD F2, IM F1-F2 and ID F1-F3 at three different temperatures,
showing their three different states: 1. disordered liquid at 25 °C (dashed line), 2. semicrystalline material with crystallized hydrocarbon domains at -80 °C (dot-dashed line)
and 3. semicrystalline material with crystallized POE and hydrocarbon domains (solid line), see Table 3 for temperature range of this state. PEG 400 is shown as a reference. B:
SAXD data displaying PM F1-F3 and IPM F3-F7, in comparison to the IM F1-F2, at three temperatures corresponding to the three states for the SM, SD, IM and SD samples. The
Bragg peaks from the different lamellar structures in the same sample are indexed I, II and III. The PM F1-F3 does not become a completely disordered isotropic liquid at 25 °C
(lamellar structure A is still present). C: WAXD data at two different temperatures (at state 1. disordered liquid (dashed line) and 3. semicrystalline material with crystallized
POE and hydrocarbon domains (solid line)) corresponding to the temperatures in A-B).
479

T.K. Lind, E.J. Nilsson, B. Wyler et al.

Journal of Colloid and Interface Science 592 (2021) 468–484

Table 3
MALDI-TOF and X-ray data for individual fractions and compounds. The column labelled ‘‘fraction equivalent” states the closest fraction from the MALDI-TOF and DSC coupled
experiments. The tail composition and average degree of EO units per chain and molecule is based on MALDI-TOF data (Fig. S5 in the SI). The temperature range columns indicate
between which temperatures Bragg peaks can be found in the WAXD region of the X-ray data, see methods section for more information. An asterisk (*) in the temperature ranges
indicates that the Bragg peaks are only detected during heating of the sample from -80 to 25 °C. For the SAXD structure ‘‘discrete domains”, the real space correlation of dg refers
to the shortest repeat distance at a temperature below the glass transition temperature and dP to the shortest repeat distance when the material is displaying EO crystallization.
Fraction
equivalent

Compound
name of
headgroup

Hydrocarbon
tail

Impurity
tail(s)

Avg.
EO/
chain

EO
crystallization

Temp. range EO
crystallization [°C]

Tail crystallization

Temp range tail
crystallization [°C]

SAXD
structure

Real space
distance, d
[Å]

SM F3

POE Sorbitan

Oleate

Palmitate

7.2

yes

–36.5 to –10.5 *

orthorhombic

–40 to –80 to 9.6

SM F5

POE Sorbitan

Oleate

—

6.6

yes

–27.6 to –13.7 *

—

—

SM F8

POE Sorbitan

Oleate

—

6.0

no

—

—

—

dg
dP
dg
dP
dg

IPM F3-F7

Oleate

5.5 (I)
13 (P)
7.6

orthorhombic

yes

–27.5 to –80 to
14.2
24.8 to 10.7 *

SD F2

POE Sorbitan

Di-oleate

(POE)
Palmitate
Linoleate/
Palmitate
Palmitate

yes

SD F1

POE Isosorbide
(I) / POE (P)
POE Sorbitan

6.9

yes

30.9 to 14.2 *

orthorhombic

SD F4

POE Sorbitan

Di-oleate

Palmitate

6.4

yes

24.3 to 18.0 *

orthorhombic

SD F6

POE Sorbitan

Di-oleate

Palmitate

5.9

no

—

orthorhombic

POE Isosorbide

Oleate

—

6.7

yes

41.8 to 19.9 *

orthorhombic

IM F3-F4

POE Isosorbide

Oleate

—

4.9

no

—

—

—

ID F1-F3

POE Isosorbide

—

6.6

yes

–33.5 to –17.3 *

—

—

PM F1-F3

POE

DiOleate
Oleate

—

14.4

yes

+25.0 to –80 to
25.0

—

—

discrete
domains
discrete
domains
discrete
domains
discrete
domains
discrete
domains
discrete
domains
discrete
domains
lamellar

dg
dP
dg
dP
dg
dP
dg

IM F1-F2

–32.7 to 80 to –
15.8
–15.6 to 80 to
5.6
–19.0 to 80 to
16.3
27.8 to –80 to
14.8
–22.8 to 80 to
9.7
56.4 to 39.2 *

discrete
domains
discrete
domains
discrete
domains
lamellar

PEG

PEG 400

n. a.

n. a.

9

yes

–11.0 to 80 to
11.2

n. a.

not applicable

none

Di-oleate

with the observed low values for the enthalpy of melting for all
SM and SD fractions.
Upon cooling of the individual samples, the diffraction data
from the small-angle region, confirmed glass transitions at temperatures just below -60 °C (Figs. S7-S11), supported by the DSC data
(a glass transition at -64 °C was observed for all SM samples). The
samples are therefore partially crystalline and partially glassy in
their solid-state as an orthorhombic packing of the hydrocarbon
tails was detected already upon cooling, i.e. before the glass transition occurs, (Table 3). This is in contrast to the fractions which are
completely glassy as they only exhibit EO chain crystallization (as
the material start crystallizing first upon heating) or no crystallization at all.
From this it becomes apparent that the SM (and SD) samples
display three different organizational states during their temperature cycles (Fig. 9A, 10A). The first state is found at 25 °C, where the
absence of a strong correlation peak indicates that the samples are
disordered isotropic liquids. Most probably, these liquids are not
structured, although the presence of self-assembled micellar-like
aggregates cannot be completely excluded. The second state occurs
as the samples are cooled and the hydrocarbon tails crystallize. The
samples are semicrystalline with domains of crystallized hydrocarbon tails (Fig. 11A). The third state is found as the EO chains crystallize upon heating, during a small temperature interval. The
material remains semicrystalline but now with crystallized
domains of EO chains as well as hydrocarbon tails.
The level of organization in the first state remains uncertain as
only one vague correlation peak is detected in the small angle
region of the X-ray diffraction pattern. It is difficult to determine
if there is any driving force for self-assembly of hydrophobic tails
or EO chains. A lamellar structure would be plausible, separating
hydrocarbon tails from the EO chains. However, the observed correlation peak is broad, has a low intensity and corresponds to short

orthorhombic

=
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=
=
=

52
59
52
49
51

dA = 65
=
=
=
=
=
=
=

48
48
47
48
47
44
45

dg = 52
dP = 64
dg = 46
dg = 43
dP = 64
dA = 76
dB = 69
dC = 66
n.a.

Fig. 11. Schematic illustration of A: the SM fractions in their semicrystalline state
with crystallized hydrocarbon tail domains in blue (second state), B: Schematic
illustration of the suggested structure for the solid PM fractions, a lamellar structure
with crystallized interdigitated EO chains, in red, and disordered hydrocarbon tails.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

distances, i.e. 49–52 Å. The molecular volumes of the hydrocarbon
tail (tail length of 14–17 Å and cross-sectional area of approx. 35–
40 Å2 in the fluid form) [31,39,40] and the EO chains (length is
approx. 2 Å per EO unit and a cross-sectional area of approx. 30–
50 Å2) [36,41] makes it geometrically problematic for the SM to
pack into a lamellar phase with said repeat distance. The volume
difference between the head and tail differs by a factor of four.
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The ID fraction displayed two correlation peaks (Fig. 9A) at temperatures demonstrating crystallized domains of EO chains, but no
hydrocarbon tail crystallization was observed. As the material is
semicrystalline, it is possible that different regions are formed,
causing a second correlation peak to appear in the ID F1-F3
small-angle region compared to the IM samples.

This, in combination with the short repeat distance, indicates that
the SM fractions form discrete aggregates (‘‘micellar-like” structures) rather than a lamellar structure. In the absence of water,
the difference in properties between hydrocarbon tails and EO
chains is small, a possible driving force for a self-assembled structure could be hydrogen bonds. All non-esterified EO chains can
form a hydrogen bond. However, if this is the driving force for
self-assembly this would not be observed in samples as e.g. POE
isosorbide diesters (IPD). A weak correlation peak is noted in the
IPD sample, supporting instead the theory that no self-assembly
is observed in the first state, and that the question remains open
for further investigation.
The SD samples revealed a behavior at 25 °C almost identical to
the SM samples, i.e. a disordered liquid. The other two states were
also observed for the SD samples. One semicrystalline state with
domains of crystallized hydrocarbon tails (Fig. 11A), and one
semicrystalline state with domains of crystallized hydrocarbon
tails as well as domains of crystallized EO chains. All samples contained traces of oleate-palmitate compounds, which could explain
the observation that all SD samples displayed hydrocarbon tail
crystallization.
As for the SM samples, the SD samples with longer EO chains
also displayed the third state, semicrystalline with domains of
crystallized EO chains and hydrocarbon tails. This supports the
idea that only compounds with long enough EO chains will exhibit
crystalline EO regions.

3.3.4. POE monoesters (PM)
One PM sample, (equivalent to F1-F3 in Fig. 7, and Figs. S28-S29
in the SI) was investigated using SWAXD. The diffraction data from
the wide-angle region revealed that a part of the EO chains were
crystalline already at 25 °C (Fig. 9C). As the temperature decreased,
the two main reflections intensified and several other Bragg peaks
were detected, showing that the EO chains were forming a structure closely resembling the structure suggested by Takahashi
et al. [33], with a long-range order. No packing of the hydrocarbon
tails was detected throughout the duration of the temperature
scan. The WAXD pattern, of the material in its crystallized state,
revealed that a large part of the sample is indeed crystallizing.
Almost no correlation peak (background peak) was observed in
the wide-angle region (Fig. 9C). This is supported by a higher
DHm for the PM samples, as compared to the sugar derivative
headgroup (sorbitan and isosorbide) esters. As previously suggested, the length of the EO chains has a large impact on the crystallization behavior of the investigated compounds, which also
appears to be true for the PM sample. The EO chains are 14.4 EO
units/chain on average, which is about twice as long as for the
POE sorbitan and isosorbide related compounds. This should facilitate the crystallization behavior and explain the increased DHm
and melting temperature of the material. The observations are also
supported by comparing PEG 400 to PEG 600 (on average 9 EO
units/chain relative to 13–14 EO units/chain), where the latter is
a waxy solid at room temperature in comparison to the shortchain PEG, which is still fluid.
The PM sample displayed one distinct lamellar phase at 25 °C
(Fig. 9B), revealing a different structure compared to the SM and
IM compounds. This lamellar phase remained present throughout
the temperature scans, however, as the temperature decreased,
two additional lamellar structures appeared. The appearance of
the lamellar structures coincided with the appearance of several
Bragg peaks in the wide-angle region, corresponding to crystallization of the EO chains. As the longest chains are most likely crystalline, or partially crystalline, at 25 °C it is reasonable to think
that the material is separating according to the length of the EO
chains, forming three different lamellar structures as the material
crystallizes during cooling. The EO chain lengths follow a Gaussian
distribution with a full width half max of almost 9 EO units (according to MALDI-TOF data). Separation due to a difference in EO chain
length is a reasonable assumption since a too large mismatch in
the crystal structure would prevent crystals from forming. The longest lamellar structure has a repeat distance of 76 Å, longer than the
repeat distance for the SM and IM compounds. As the EO chains are
approx. 14 units long they would be about 39 Å long in their crystalline form. The fluid hydrocarbon tails are 14–17 Å, so the molecule
has to undergo either interdigitation or tilting. As the cross-sectional
area of a crystalline EO chain is much smaller than that of a fluid
hydrocarbon tail (21.4 vs 40 Å2), one plausible structure is interdigitated EO chains with fluid/disordered tails (Fig. 11B). This structure
would have a repeat distance of approx. 74 Å, which matches well
with the experimentally determined value of 76 Å (Table 3).

3.3.3. POE isosorbide monoesters (IM) and POE isosorbide diesters (ID)
Two IM samples (equivalent to F1-F2 and F3-F4 in Fig. 6,
Figs. S22-S25 in the SI) and one SD sample (equivalent to F1-F3 in
Figs. S3, and S26-S27 in the SI), were also subjected to SWAXD investigations. The samples displayed a behavior similar to the SM and SD
fractions, i.e. if the EO chains were long enough, crystallization of the
EO chains was detected (Fig. 9C). One major difference between the
IM and the SM is the packing of the oleate tails into an orthorhombic
structure for the IM F1-F2. For the SM samples, this behavior was
only observed when saturated hydrocarbon tails (palmitate) were
present in the sample. The Bragg peaks from the orthorhombic packing were observed at temperatures just below EO chain crystallization, which explains the presence of one single exothermic
crystallization in the DSC (Fig. 6). However, this was only observed
for IM F1-F2 and not for IM F3-F4, which did not crystallize at all. This
is similar to the SM sample with shorter EO chain length. The IM F1F2 transformed from a disordered liquid (similar to the first organizational state of the SM samples), into a disordered glassy state
below the glass transition temperature at approx. -60 °C, and eventually into a semicrystalline state with crystallized domains of
hydrocarbon tails and EO chains as the sample was heated (corresponding to the third state for the SM samples). The IM F3-F4 displayed no crystallization at all, neither of the hydrocarbon tails nor
of the EO chains. These findings support the mechanism of crystallization proposed for the SM, SD and IM fractions, where crystallization does not occur if the EO chains are too short. The ID sample
displayed no hydrocarbon tail packing but a crystallization of the
EO chains, in line with the SM and SD samples. Another similarity
to the SM and SD fractions was that only a part of the material was
crystallizing, a broad background correlation peak in the wideangle region was observed, and low-intensity Bragg peaks indicated
only marginal long-range order.
The IM and ID fractions displayed disordered liquids at 25 °C
(Fig. 9), and glass transitions as indicated by DSC. None of the fractions displayed any crystallization upon cooling, showing that neither of the samples transitioned into the second organizational
state that was observed for the SM samples. As for the SM and
SD fractions, only one correlation peak was detected in the
small-angle region and similar large-scale structures are expected.

3.3.5. Co-eluted POE isosorbide monoesters and POE monoesters (IPM)
The coeluted IPM sample (equivalent to F1-F7 in Fig. 5, and
Figs. S20-S21 in the SI), displays features from all of the SM, IM
and PM compounds. A just-noticeable orthorhombic packing of
hydrocarbon tails is detected upon cooling, but POE monopalmi481
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samples were synthesized using varying amounts of EO. The resultant EO content of the samples was confirmed by MALDI-TOF, verifying distributions of 2, 4, 4.8, 6 and 8 EO units/chain for the
different samples (corresponding to 8, 16, 19, 24, and 32 EO units
on average per sorbitan). The calculations were based on the
knowledge of the average degree of ethoxylation gained from
MALDI-TOF measurements of fractionated products in combination with the assumption of similar ratios between the different
by-products and the actual product. The thermograms (Fig. 12)
confirmed that below a certain EO chain length no exothermic
crystallization event was observed (between an average value of
4.8–6.0 EO units/chain). This supports the idea that POE sorbitan
esters crystallize by the heads, but only if the EO chains are long
enough. If too short the product cannot crystallize at all, which is
in agreement with non-ethoxylated sorbitan oleate products previously analyzed as well as with the isolated SM fractions [25].
Further analysis of the DSC data of the individual fractions
revealed a linear dependence between the Tmp and the degree of
ethoxylation for both the SM (Fig. 13A) and SD compounds

tate is also present in the sample. This occurs as the EO chains start
to crystallize, also upon cooling. The intensities of the Bragg peaks
are not as high as for the PM sample, and a low-intensity broad
background is noticeable in the wide-angle region (Fig. 9C). This
shows that the material does not crystallize to the same extent
as the PM sample, but to a much higher extent than the SM and
IM compounds and with a more pronounced long-range order.
The IPM sample displayed one lamellar phase (Fig. 9B), appearing simultaneously to the crystallization of the hydrocarbon tails
and the EO chains (occurring around -30 °C, Table 3). The repeat distance of 65 Å indicates a structure similar to the one suggested for
the PM samples, where a combination of POE isosorbide monooleate and POE monooleate are co-crystallizing as their headgroups
are reasonably similar, both by cross-sectional area and by length.
If the tails crystallize in the same region it would be possible for
them to also interdigitate as their cross-sectional area would then
match up. This would form a lamellar structure with a repeat distance of approx. 65 Å. However, as this sample is a complex distribution of compounds, several alternative structures could form.
3.4. Determination of the critical EO number for crystallization
Both DSC and SWAXD data displayed a strong correlation
between the length of the EO chains in the headgroup and the crystalline and solid-state structures, regardless of the molecular compound. To confirm the impact of the EO chain length, a set of PS80

Fig. 13. The melting peak temperature (Tmp) and melting enthalpy (DHm) as a
function of the average length of one EO chain for A-B) POE sorbitan monoesters,
SM, C-D) POE sorbitan diesters, SD (First heating segment from the DSC in squares
and the second heating segment in circles.) and E-F) POE isosorbide monoesters, IM,
POE isosorbide diesters, ID, POE monoesters, PM, and PEG 400 samples. Filled
symbols display the temperatures at which the samples used for SWAXD
measurements no longer display any Bragg peaks in the wide-angle region. A
linear regression to all the SM and SD samples combined (black dashed line)
indicate that 6 EO units/chain is required for crystallization. The two PS80 lab
samples (green triangles in F) with average number of 6 and 8 EO units/chain follow
the same linear regression, i.e. an increasing DHm with increasing EO chain length.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 12. First heating cycles of laboratory synthesized samples of PS80 with
different average degrees of ethoxylation, ranging from 2 to 8 EO units/chain (data
is offset along the ordinate). This shows that there is also a minimum number of EO
units required for the non-fractionated PS80 products to crystallize. This breaking
point occur somewhere between an average of 4.8–6.0 EO units per chain.
482
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on average (6 EO units/chain) will not crystallize at any given temperature between 80 °C and -80 °C. Polysorbate 80 is per definition
considered having 20 EO units (5 EO units/chain), which would
effectively prevent the compound from crystallizing. However
due to the way it is synthesized, and due to the presence of a significant amount of linear, bifunctional molecules such as POE
isosorbide esters and POE esters, commercially available PS80
products have longer EO chains than expected. The amount of EO
units has a remarkable effect on the physical and thermotropic
properties of these much-used excipients, which might affect their
thermal stability in pharmaceutical formulations. However, as the
compounds have been investigated in their dry state an investigation into their individual and combined behavior in solution is
needed to pinpoint if any existing compound is a potential cause
of particle formation.
Fractionation and detailed analysis of the separated compounds
provided valuable insights into the complex molecular mixture of
polysorbate. From the knowledge gained, we can start to understand the product as a whole and the mass spectra obtained from
the raw material. The characterization of the individual main compounds raised several major concerns regarding the performance
and thermal stability of PS80 products. Subsequently, certain compounds might be beneficial to remove from the mixture alternatively adjust the manufacturing process in a way that the
formation of such compounds is avoided or reduced to a minimum.

(Fig. 13C). This was a trend shared with the IM and ID compounds,
as well as the PS80 samples with varying EO content (Fig. 13E).
However, the PM samples did not appear to follow the same linear
dependence as the SM/SD and IM/ID samples, or possibly a plateau
was reached as the EO chains became longer. The Tmp, as determined by the SWAXD (disappearance of Bragg peaks originating
from the EO chains), correlate well with DSC data, supporting the
theory of the crystalline structure being, to a large extent, determined by the EO content of the investigated compounds.
The enthalpy of melting for the SM fractions, DHm, displayed a
linear dependence to the EO chain length, as for the Tmp (Fig. 13B),
a behavior shared with the SD samples (Fig. 13D). This trend in
DHm was similar for all compounds except the PM samples, see
Fig. 13F. A linear regression to the DHm from the SM and SD samples revealed that the intercept (DHm = 0) was at approx. 6 EO
units/chain. Below this value – the critical EO number, the compounds will not crystallize by their chains. The critical EO number
is supported by the results from SWAXD data, and that of the PS80
samples with different degrees of ethoxylation (Fig. 12), which correlated well to the linear fit (green triangles in Fig. 13F). This
implies that the PS80 product, consisting of POE (20) sorbitan
monooleate, will not crystallize at any tested temperature
(from +80 °C to -80 °C). The lack of coherence to the linear regression for the PM samples supports the idea that they crystallize differently, or possibly to a higher degree compared to the other
tested species as indicated by the diffraction data.
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A PS80 sample was successfully separated and fractionated into
its main compounds, confirmed by 13C NMR spectroscopy. The
molecular purity and average EO content of each relevant fraction
were measured by MALDI-TOF. Prep-HPLC provides a useful tool to
separate complex mixtures in larger amounts to allow for further
characterization. The separation process also confirmed that the
SM compounds are the main constituents (by weight) followed
by the SD compounds, which has previously been suggested in
literature.
The thermotropic behavior of the individual main compounds
was investigated using DSC, while their crystalline structure was
determined by SWAXD. These results clearly demonstrate the
importance of the length of the EO chains, and the impact of the
different main compounds present in PS80. POE sorbitan and
isosorbide mono- and diesters display similar thermal behavior
and structures. SWAXD data confirmed that all compounds crystallize by the EO chains, if the chains are long enough, and to some
extent also by the hydrocarbon tail. For SM and SD fractions, the
level of saturation in the hydrocarbon tail has a profound impact
on possible hydrocarbon tail crystallization, i.e. tail crystallization
is detected only if saturated tails are present in the fraction. This
is in contrast to the IM samples, where orthorhombic hydrocarbon
tail crystallization was also detected in a sample containing only
oleate tails. The PM fractions display a thermotropic behavior,
which is significantly different from the SM and IM compounds.
They display higher melting peak temperatures (close to room
temperature) and much higher melting enthalpies compared to
the SM/SD and IM/ID compounds. The higher melting temperature
for the PM compounds could potentially pose a problem in pharmaceutical formulations as they might start to crystallize when
exposed to lower temperatures, i.e. if stored in the fridge. From this
aspect, the other compounds pose less of a risk from a precipitation
point as their melting temperatures are much lower (under the
assumption that the solubility limit is similar for all compounds).
More importantly, a critical EO number for crystallization was
established by systematic studies of pure fractions, showing that
POE sorbitan and isosorbide compounds with less than 24 EO units
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