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We investigate the degradation behaviour of a triblock-copolymer surfactant made from polyethylene
oxide (PEO) and polypropylene oxide (PPO) (PEO-PPO-PEO), highlighting how the aggregation behaviour
of this polymer in water alters with ageing. Samples aged at room temperature were compared to sam-
ples degraded using accelerated ageing at elevated temperatures. We find that large mass losses occurred
to the polymer surfactant which resulted in a change in the aggregation behaviour, with larger, rod-like
or planar aggregates forming at longer degradation times. We look at how this change in aggregation
behaviour changes the formulation stability of these polymers, specifically, the interaction of the polymer
surfactant with poly(N-isopropylacrylamide) microgels. It is known that these species associate and form
gels at elevated temperatures. This paper highlights how commonly used polymeric surfactants can
degrade over time, resulting in dramatic changes to aggregation behaviour and therefore, formulation
properties.
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1. Introduction cially aged polymer, degraded with temperature will be referred
Poloxamer surfactants are a type of triblock-copolymer made
from polyethylene oxide (PEO) and polypropylene oxide (PPO)
(PEO-PPO-PEO), and are commonly found in many industrial prod-
ucts such as cosmetics, cleaning products and lubricants. They
have several trade names including Pluronic and Synperonic sur-
factant. Their broad application range is due to the ability to opti-
mise the polymer properties by controlling the ratio of the PPO:
PEO blocks and the molecular weight. It is known that polymers
degrade over time, both by thermal and oxidative degradation
[1,2]. This degradation normally results in the loss of molecular
weight from the polymer, either due to monomer units breaking
off the end of the chain or chain scission [3]. Any changes to the
molecular weight or ratio of PPO: PEO in these polymer systems
is likely to influence the behaviour of these polymers. In this work,
we investigate the thermal and room temperature degradation of a
polymeric surfactant.

Formulation stability is of great importance in industrial chem-
istry, in sectors such as pharmaceuticals [4], agriculture [5] and
applications such as engine oil additives [6]. Chemical formula-
tions are often complex mixtures containing a wide variety of com-
ponents. Any small changes to the chemical nature or composition
of the formulation can alter the phase behaviour of the overall mix-
ture, leading to instability. Colloidal flocculation is often a concern
in formulations [7], as colloids are relatively large particles in the
formulation that are prone to sediment or to form a gel under cer-
tain conditions [8]. If this happens post processing, it can signifi-
cantly limit the shelf life of products. In solution, changes to the
structure of polymers such as the molecular weight leads to
changes in viscosity, solubility and the self assembly properties.
In order to ensure product quality over the desired shelf life the
degradation and resultant phase behaviour of these formulations
needs to be understood.

The degradation of both PEO and PPO has been investigated in
the literature [9–12]. These studies have identified the mechanism
for oxidative thermal degradation in these polymers, where chain
scission is the dominant degradation mechanism [13]. Both the
products lost during the degradation process and the structure of
the residual chain, have been investigated [14]. For high tempera-
ture degradation of PEO, the main products observed are formalde-
hyde and ethanol. However, differences are observed between the
degradation of PEO and PPO, where the main degradation products
of PPO through pyrolysis are acetaldehyde and acetone [14].

Here, we investigate how the properties of a poloxamer (PEO-
PPO-PEO) change, through both room temperature and elevated
temperature degradation. We show how degradation alters the
molecular weight and therefore the aggregation behaviour of these
aged polymers.We also highlight how the degradation of a triblock-
copolymer surfactant can drastically alter the properties of formu-
lations, due to the changes in aggregation behaviour and oxidation
of the polymer chain. We use a formulation with a known phase
behaviour to test this, by mixing the triblock-copolymer surfactant
with poly(N-isopropylacrylamide) (pNIPAM) microgels. This for-
mulation is known to form temperature responsive gels [15], how-
ever in the presence of degradation products, these gels form at
considerably lower concentrations. This is important because pNI-
PAM microgels have become increasingly popular in polymeric
applications, where undesired gelation could have a drastic impact
on the processing and the application of these samples. Such gela-
tion is particularly important for biomedical applications, where
both of these species are extensively used [16,17].

Throughout this manuscript, the older polymer sample
(10 years) will be referred to as the aged polymer, and the artifi-
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to as the degraded polymer.
This paper is organised as follows: we highlight the change in

aggregation behaviour as a function of degradation using both
imaging and scattering techniques in Section 3.1. This is followed
by chemical analysis of the degraded polymer, including mass
spectrometry and NMR in Sections 3.2 and 3.3 respectively. In
3.4 we compare the properties of the degraded and aged polymer.
Finally we look at the change in phase behaviour of the aged poly-
mer in the presence of pNIPAM microgels in Section 3.5.
2. Methods

2.1. Materials

N,N’-Methylenebis(acrylamide) (99% Sigma Aldrich), N-
isopropylacrylamide (99% Acros Organics), potassium persulfate
(>99% Sigma Aldrich), and sodium dodecylbenzenesulfonate (tech-
nical grade Sigma Aldrich) were used for the microgel synthesis. All
chemicals were used as received without further purification.

The triblock-copolymer used for the artificial ageing studies
was Synperonic PE/105 (PEO37-PPO56-PEO37), supplied by Croda.
The nominal molecular weight is 6500 g/mol. The polymer is 50
wt% PEO and 50 wt% PPO. To artificially degrade the triblock-
copolymer surfactant, samples were weighed into an aluminium
pan then placed in an oven, at either 75 �C or 80 �C At this temper-
ature the polymer is a melt, the pour point is 35 �C.[18] Each sam-
ple was left at this temperature for a specific amount of time and
the difference in mass of the triblock-copolymer was recorded.
The samples were then decanted into sealed vials and stored at
room temperature for further analysis.

The naturally aged polymer had been left in a container, opened
a decade ago and stored at room temperature. The sample had
been opened and resealed multiple times over the course of its life-
time. Both the aged and degraded polymer had a similar consis-
tency, a soft deformable wax rather than the hard solid phase
observed for the unaged polymer batch. The aged Synperonic PE/
P105 was supplied by ICI surfactants.

2.2. Microgel synthesis

The pNIPAM microgels were synthesised using precipitation
polymerisation, adapted from the methods reported by McPhee
et al. 12.5 g of N-isopropylacrylamide, 1.0 g of N,N’-methylenebis
(acrylamide) and 0.5 g of sodium dodecyl benzenesulfonate were
added to a 1 L round bottom flask along with 475 mL of deionised
water, fitted with an overhead stirrer and under an argon atmo-
sphere. The solution was then heated to 70 �C. 0.5 g of potassium
persulfate was added to the mixture as a 2 wt% solution. The
microgels were then dialysed against deionised water for two
weeks with daily water changes.

2.3. Scattering techniques

All dynamic light scattering (DLS) and static light scattering
(SLS) data for the triblock-copolymer surfactant samples were
characterised using a Malvern Autosizer 4800, with a 532 nm laser.
For DLS, the samples were all run at multiple scattering angles,
ranging from 30 to 130� in 10� intervals. For SLS, the intensity
was measured at angles varying from 30 to 140� and 40 measure-
ments were taken between each of these angles. Samples were
diluted to 2.5 wt% using deionised water and the scattering
recorded to see whether there was evidence of micelles present



Fig. 1. Figure showing the mass lost from the triblock-copolymer undergoing
degradation (Synperonic PE/P105) at 80 �C, as a function of time kept at
temperature. The mass loss is reported as a percentage of the original mass of the
sample. The pink and purple data points indicate samples that at room temperature,
are a liquid and wax respectively, and the grey data points represent samples that
remain a hard solid.
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in the samples. The critical micelle concentration (CMC) of Synper-
onic PE/105 is 0.3 wt% at 25 �C [15].

The larger triblock-copolymer surfactant aggregates took a long
time to equilibrate, therefore the samples were prepared six days
prior to analysis using DLS, where the size appeared to no longer
alter with time.

The small angle neutron scattering (SANS) data was collected
using the ZOOM beam line at the ISIS pulsed neutron source. The
samples were run at one contrast, a 80:20 D2O:H2O mixture by
mass and in 2 mm quartz cuvettes (Hell-ma, UK). Samples were
prepared using H-Synperonic PE/P 105, one freshly opened and
one that has been ageing for approximately a decade. The concen-
tration of the samples was 0.75 wt%. Samples were run at 25 �C.
The scattering data was collected for 20–40 lamp-hours (30–
60 min). Separate transmission measurements were run for 6 l-
amp-hours (9 min). The wavelength range used was 1.75–15 Å
with a sample-detector distance of 8 m. The SANS data were pro-
cessed using the Mantid framework (version 5.0.1, https://
www.matidproject.org) and then fit to several particle shape mod-
els including a homogeneous sphere model, available through Sas-
View 5.0.3 (https://www.sasview.org). q is the scattering vector
(q ¼ ð4pg=kÞsinh), the neutron refractive index (g) of these samples
is approximated to be 1.

2.4. Microscopy

For confocal microscopy, all images were taken using a Leica
(SP-5) confocal microscope. All samples were labelled with a Nile
red dye, and a 543 nm HeNe laser was used to excite the dye. A
1 M Nile red solution was prepared in methanol, 10 lL of this
was then added to a 2 mL, 2.5 wt% polymer solution dissolved in
water. These samples were left stirring overnight to ensure equili-
bration. The microscopy samples were all prepared by adding a
drop of sample to the centre of a doughnut shaped sticker attached
to a microscope slide, with a cover slip over the sample.

2.5. Chemical characterisation

MALDI mass spectrometry was conducted using a UltrafleX-
treme ABI4700 (Bruker). The samples were dissolved in chloroform
at a concentration of 1 mg/mL prior to injection. All NMR spectra
were recorded with a 400 MHz Jeol ECS400. Each sample was dis-
solved in D2O and then 1H and 13C spectra were collected. The con-
centration of each sample run was 100 mg/mL. Each spectrum was
analysed using MNova (Mestrelab Research) software (v 1.0).

2.6. Phase behaviour

The phase behaviour of each sample was determined by weigh-
ing 0.5 g of each sample concentration measured into 1.75 mL
sealed vials. The samples were then placed into a heated water
bath at approximately 70 �C, left at this temperature for approxi-
mately 10 min, then the phase behaviour was visually determined
and recorded.
Fig. 2. Figure showing SLS data for both the artificially degraded and aged triblock-
copolymer samples. The degraded samples were artificially degraded at 80 �C. The
scattering data was collected at 25 �C. The lines are the power law fits to the SLS
data. The q dependence calculated from the gradient is included next to each fit. The
figure shows triblock-copolymer degraded for 36 h (purple) and for 48 h (navy),
both at 80 �C. The light blue data is the aged polymer. The concentration is 2.5 wt%
triblock-copolymer for all samples.
3. Results and discussion

The mass loss over time during degradation is plotted in Fig. 1
along with the corresponding phase of the sample after cooling.
During the first 48 h of degradation, minimal mass loss was
observed (<2%). In the subsequent 90 h, there is a significant
increase in mass loss of up to 90%.

As degradation times increase the phase/state of the copolymer
progressively changes from a hard ’solid’ to a more a deformable
wax (up to 48 h, purple) and then at the longest times becomes
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a liquid (longer than 48 h, pink), evidence that the molecular
weight is decreasing with increased heating times [19]. This is
common for heated polymers, where at elevated temperatures
polymers undergo random chain scission [20].
3.1. Aggregation behaviour

We investigated the aggregation behaviour of the degraded
polymers using light scattering techniques (Fig. 2). An interesting
observation was that the aggregation behaviour of the triblock-
copolymers appeared to change with degradation time. The angu-
lar dependence of the scattering from objects gives an indication of

https://www.matidproject.org
https://www.matidproject.org
https://www.sasview.org


Fig. 3. Apparent size dependence of the triblock-copolymer micelles as a function
of the artificial ageing time when degraded at 80 �C. The predicted shape of the
aggregates deduced from SLS has been included to highlight how the aggregation
behaviour changes with ageing. All the DLS data were taken at 25 �C and at 90�
detector angle. The grey data represents spherical or ellipsoidal micelles, the purple
data elongated objects (1D) and the blue data planar objects (2D).

Fig. 4. Figure showing the mass ranges of the triblock-copolymer polymer obtained
at different degradation times using MALDI mass spectrometry. All samples were
degraded at 80 �C. The top panel (light blue) shows the mass ranges observed for
the aged sample.
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the structure. This dependence varies with q�d, where d is related
to the fractal dimension of the scattering object. For the sample
that has been aged for 36 h, the SLS intensity varies with a q�1

dependence, which is consistent with the presence of elongated
objects such as cylindrical micelles. For samples that have been
aged for 48 h, the q dependence observed was q�2, which suggests
that planar (2D) aggregates are present in solution. This could
reflect aggregated cylindrical micelles, more ellipsoidal micelles
or planar objects such as rafts or sheets. Poorly-solvated polymer
chains can also present a q�2 dependence, but the presence of these
is incompatible with the DLS and SANS data which points to some
degree of self-assembly.

The DLS diameter of the triblock-copolymer micelles was found
to increase with increasing degradation time, to sizes much larger
than is typical of spherical triblock-copolymer micelles (c.a. 20 nm
[15]). The diameter increased to 180 nm, for samples that had been
left at 80 �C for 48 h. Samples that had been left for longer degra-
dation times (>120 h) gave an unclear DLS reading, but the corre-
lation function indicated that the objects were less ordered and
polydisperse.

DLS is routinely used to study spherical particles, where there
is only one contribution to the translational diffusion coefficient,
therefore the diffusion coefficient directly gives the hydrody-
namic radius of the particle [21]. The SLS indicated that the
objects were non-spherical and as a result, interpretation of the
DLS data is less straightforward. DLS gave an angle dependent
hydrodynamic diameter for the micelles, which also suggests
the objects are no longer spherical, but instead have multiple
contributions to the diffusion coefficient [22]. This angular depen-
dence was only observed when an increase in the hydrodynamic
radius was also observed at 90�. The results are summarised in
the ESI (Fig. S3. ESI). Visual observations of macroscopic samples
were consistent with the light scattering data. The unaged sam-
ples were clear; DLS and SLS indicated that spherical micelles
were present. For the samples aged longer than 36 h, there was
an indication of larger scattering objects as the opacity of the
sample increased. For the longest aged samples (>120 h), where
DLS indicated that no scattering objects were present, these sam-
ples again became clear.

We imaged the degraded triblock-copolymer samples using
confocal microscopy to see if we could obtain further information
about the size and shape of the aggregates formed. The results
complemented the DLS data (Fig. S10 ESI). When the unaged sam-
ple was imaged, there was no obvious sign of aggregates, due to
the small size of the spherical triblock-copolymer micelles. A sim-
ilar micrograph was obtained for the sample that has been aged for
36 h. This is as expected as the light scattering data indicates the
aggregates are 1D objects of order 200 nm, which again would
not be resolvable on a standard confocal microscope. For the sam-
ple that was aged for 48 h, there was evidence of larger aggregates,
where the average size was 600 nm in diameter. The size of the
aggregates at 36 and 48 h were similar in diameter whenmeasured
on the DLS, this indicates that the difference in shape is likely to be
the cause of whether the samples can be resolved using confocal
microscopy, as 1D objects will be less resolvable than 2D objects
using confocal microscopy. This supports the hypothesis that the
shape of the aggregates obtained changes with degradation time.
Samples degraded for 120 h did not show evidence of aggregates
using confocal microscopy, consistent with the DLS data. This is
likely due to these polymers being heavily degraded and therefore
are no longer acting as surfactants.

A scheme summarising this change in aggregation with
increased degradation along with the DLS data carried out at 90�
has been included in Fig. 3, to highlight how the increase in size
correlates to the shape of the object identified from SLS.
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3.2. Mass spectrometry

In order to understand the chemistry underlying this change in
aggregation behaviour, samples of the degraded polymer were
characterised using MALDI mass spectrometry. The full MALDI
mass spectra are included in the ESI, including zoomed in regions
to highlight the peak spacing (Fig. S15-21). Mass spectrometry
indicated the molecular weight distribution in the polymer sam-
ples shifted to considerably lower masses with increased ageing,
even when there was minimal mass loss observed in the macro-
scopic sample (less than 48 h Fig. 1). The range of masses observed
are summarised in Fig. 4. For all samples, the mass spectra indi-
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cated that a block-copolymer was still present in the sample. In the
unaged polymer sample, the spacing was 14 mass units, consistent
with the difference in mass between a PPO and a PEO segment. No
other peak spacing was resolved in this spectra, likely due to the
high molecular weight of the polymer and the roughly equal mass
ratio of the two polymer blocks.

For samples aged for longer than 36 h, there was evidence of a
44 spacing, which is consistent with the PEO group, and a 58 spac-
ing, consistent with the PPO group along with 44 spacing. The
peaks with 44 spacing are at a higher intensity and the mass of
these polymer peaks indicated that the polymer was very close
to pure PEO. In the lower intensity peaks there is evidence of 58
spacing, consistent with PPO and 44 spacing. This could indicate
that there are a mixture of polymeric species in solution, one that
is nearly pure PEO and one/two that are a block-copolymer con-
taining both PEO and PPO, with a higher ratio of PPO. This would
result from the chain scission occurring primarily in the PEO region
of the polymer, leaving a PEO chain and a PPO block-copolymer
with a higher proportion of PPO than PEO.

3.3. Chemical analysis

The thermally degraded samples were also studied using NMR
spectroscopy, to identify the composition of the samples remaining
after degradation and further understand the changes to the aggre-
gation behaviour. Samples were studied using 13C and 1H NMR. In
the 13C spectra of the unaged sample, the expected NMR peaks are
present. There is a large peak at 69.7 ppm for the CH2 carbons in
the PEO chains, with further peaks at 75.3, 73.0, 17.32 ppm for
the CH, CH2 and CH3 respectively for the PPO carbons. There is also
a peak at 60.5 ppm which is likely the CH2 in the end group next to
the OH. This peak has a relatively small intensity, which is
expected for polymeric species with a reasonably high molecular
weight. The 13C spectra for a unaged triblock-copolymer sample
is included in Fig. 5 (blue).

The relative intensities of the end groups of the degraded poly-
mers were quantified using 13C NMR. All fractions are relative to
the signal from the PEO CH2 (69.7 ppm). It was observed that with
Fig. 5. (Right) figure showing the 13C NMR spectra for the degraded triblock-copolymer
80 �C in air. The blue spectra is of the unaged sample, the green spectra is of a sample age
with an asterisk above them are the end group peaks. (Left) figure showing the mass
degradation time. The blue curve is for the alcohol end group, at 60.43 ppm. The purple cu
end group, found at 71.8 ppm. Each fraction is compared to the PEO main chain CH2 pe

957
increasing degradation time there is an increase in the number of
end groups present, and there is an increase in the fraction of
end groups relative to the polymer back bone carbons. This is high-
lighted in Fig. 5, where the end group peaks are labelled with an
asterisk. All of the end groups appear to be the result of oxidative
chain scission. This shows how the molecular weight of the poly-
mer decreases with increasing degradation time, through random
chain scission. For PEO, the main degradation products are
hydroxy, methoxy and formate. For PPO acetate is also one of the
main degradation products that is not seen for the degradation of
PEO. The mechanism for oxidative chain scission is included in
the ESI (Fig. S24 ESI). Like MALDI, all of the NMR spectra showed
evidence that both PEO and PPO were present in the sample: the
main chain peaks remained present in the spectra, and the fraction
of each changed little (Fig. S25 ESI). These main chain peaks do
broaden with increasing degradation.

The fraction of end groups increased with increasing degrada-
tion time. Some example end group fractions obtained for the dif-
ferent masses are included in Fig. 5. This includes the hydroxy end
group -CH2OH found for PEO degradation (60.5 ppm), the formate
group that is found for both PEO and PPO degradation -COH
(166.5 ppm), and the acetate or formate beta carbon associated
with PPO degradation. We observed that there was a difference
in the relative amounts of each end group, and this was attributed
to the scission occurring preferentially in the PEO region of the
polymer. The highest concentration end group appears to be the
CH2OH hydroxy group, which is present in the polymer before
degradation and increases in concentration with continued degra-
dation. This end group is found in the PEO segment of the polymer
chain and is also formed from the oxidative degradation of PEO.
The second highest concentration end group appears to be the for-
mate group CHO, this group results from the oxidative degradation
of both PPO and PEO. There is also evidence of end groups that are
only associated with the degradation of PPO, which are acetate end
groups, however these are present at much lower concentrations
than the end groups associated with PEO. There is further evidence
of the acetate peak forming in the 1H NMR spectra of the degraded
polymers, where a peak for acetate CH3 hydrogens is present at
surfactant at different degradation times. The samples have been aged in an oven at
d for 48 h, and the red spectra is of a sample that has been aged for 120 h. The peaks
fraction of each end group identified in the triblock-copolymer as a function of
rve is for the formate end group, at 166.5 ppm, and the pink curve is for the methoxy
ak at 69.5 ppm.
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approximately 2 ppm (ESI Fig. S30). From this data it was con-
cluded that the scission preferentially occurs in the PEO segment
of the polymer, but there is evidence of this scission occurring in
both polymer regions.

The sample degraded for 120 h has the most extreme degrada-
tion when looking at the NMR spectra. This is highlighted in Fig. 5.
There are multiple back bone peaks present and the fraction of end
group carbons is comparable to the number of back bone carbons.
It appears from the NMR that only low molecular weight polymers
and oligomers remain after the longest degradation times. This is
consistent with the DLS data obtained for this sample, where the
scattering indicated that no aggregates were present.
Fig. 6. SANS data obtained from aged and unaged triblock-copolymer. The solvent
was 80% D2O by mass, and 20% H2O, the data was collected at 25 �C. The
concentration of triblock-copolymer is 0.75 wt%. The fits were obtained using a
homogeneous sphere model.
3.3.1. Comparisons of chemical degradation to the changes in
aggregation behaviour

The NMR data indicates that with increasing degradation time,
there is an increase in the number of end groups, highlighting that
the molecular weight of the polymer units is decreasing. As the
triblock-copolymer is a surfactant, any alterations to the structure
of the polymer is likely to alter the packing parameter of the sur-
factant [23]. If the polymer scission results in the loss of mass from
the PEO region of the polymer, then this would result in the area of
the head group decreasing with respect to the size of the surfactant
tail. This would result in the packing parameter increasing, an
effect known to promote the formation of cylindrical micelles.
The decrease in the amount of PEO in the polymer will also pro-
mote the formation of larger aggregates, as the increasingly
hydrophobic molecules will prefer to self-assemble into larger
objects to protect the structures from the water solvent. If the
polymer scission occurs in the PPO segment of the polymer, the
result would be the length and volume of the tail increasing com-
pared to the head group area, which leads to spherical micelles
being the preferred aggregate. However, if this was the scission
mechanism, this would likely result in low molecular weight PPO
species being present in solution which can cause micelles to swell.
It was shown that a spherical to worm-like to lamellar phase tran-
sition was induced in triblock-copolymer mixtures upon the addi-
tion of small water insoluble molecules, such as low molecular
weight diols [24]. Therefore scission in both segments of the poly-
mer will promote the formation of swollen micellar structures.
NMR showed that the scission occurs mostly in the PEO segment
and to a lesser extent in the PPO one. MALDI also indicated that
there was a higher concentration of PEO present in these samples
over the mass range studied. The self-assembly routes described in
Section 3.1 are therefore supported by the chemical changes to the
polymer identified in the mass spectrometry and NMR data.

The alteration in the packing of these polymers could result
from the formation of mixed micelles as the various polymer
chains aggregate, which also results in the swelling of surfactant
systems. It has also been shown in the literature that the addition
of non-ionic surfactants to triblock-copolymer samples can induce
the formation of cylindrical micelles and vesicles [25].

The consequence of these ageing effects for formulation stabil-
ity and product processing needs to be considered when estimat-
ing the shelf life of materials. It is known that the viscosity of a
cylindrical micelle in solution is considerably higher than that of
spherical micelles. This would result in the need to alter processing
conditions to account for this. These triblock-copolymers are con-
sidered non-toxic and several are FDA approved. How the degrada-
tion of the triblock-copolymer affects their toxicology has been
investigated [26], with the focus on the formation of degradation
products causing an increased toxicity to cells. It is also known that
the size and shape of nanoparticles also effects their toxicology and
biodistribution [27], therefore the changes to aggregation could
also have an effect on the toxicity of these polymeric species [28].
958
3.4. Comparison between aged and degraded polymer behaviour

As part of this investigation, aged copolymers were compared to
thermally degraded copolymers. The aged samples showed similar
behaviour to the samples that had been artificially degraded for
48 h. Again, the angle resolved DLS indicated that non-spherical
objects were present in the aged samples, as the hydrodynamic
diameter varied with the scattering angle. This was highlighted
by the hydrodynamic diameter decreasing with increasing scatter-
ing angle. The change in diameter across the angles measured was,
however, less than for the artificially degraded sample. This is
likely due to the lower size polydispersity measured for the aged
sample compared to the artificially degraded sample. When carry-
ing out SLS on the aged sample, the q dependence indicated that 2D
polymer aggregates were present in solution (q�2, Fig. 2). This
shows that similar alterations to the self-assembly behaviour can
be observed for polymers that have been degraded by both ageing
and thermal degradation. The aged sample was also imaged using
confocal microscopy and this again indicated the presence of larger
aggregates of approximately 700 nm in diameter (Fig. S10 ESI).

A SANS investigation comparing the aged and unaged polymer
was conducted to obtain further detail about the structural
changes that occur to the micelles with ageing. This is summarised
in Fig. 6. It was observed that with aging the scattering curve shifts
to smaller q values, indicating an increase in the size of the
micelles, as was seen with DLS. At the same time the aged sample
also indicated the presence of even larger objects, giving rise to a
q�2 dependence, as was seen with SLS. The size and shape of the
micelles were examined by model-fitting the SANS data. Fig. 6
shows the fits to a homogeneous sphere model, to allow compar-
ison with the DLS results, and which returned diameters of
11 nm and 15 nm for the unaged and aged samples, respectively.
It is not unusual that DLS dimensions are larger than SANS-
derived dimensions simply because the former also include the
solvent molecules that diffuse with the micelle, but the data from
the unaged sample was clearly comparable nonetheless. For the
aged sample as a result of the different wave vector ranges, SANS
allows us to see both the micelle signal at high q and the scattering
due to the larger aggregates at low q. The static light scattering sig-
nal is dominated by the latter.
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In the ESI alternative model fits to the SANS data, using models
for a homogeneous ellipsoid and a core-shell ellipsoid, are shown.
All three models fit the intermediate and high q SANS data very
well, but it does seem that the ellipsoidal models are slightly better
descriptions of the micelles than the spherical model, particularly
in the case of the aged sample. Whilst the modest elongation (�
2:1) suggested by the fitting is not, in itself, enough to explain
the q�2 upturn in the low q scattering from the aged sample, it does
hint at the possibility of a broader morphological transition leading
to the presence of more planar structures or aggregates (e.g. oblate
ellipsoids, lamellar rafts). But irrespective of the actual morphol-
ogy, it is clear that the structure of the micelles alters significantly
with aging.

Chemical analysis of the degradation that occurs in the aged
polymer was also conducted. When looking at the MALDI mass
spectra of the aged polymer there were similar differences in the
molecular weight observed and peak spacing (Fig. S22-23 ESI). This
indicates that the degradation process is very similar when com-
paring aged and thermally degraded samples. The NMR spectra
obtained for the aged sample was again consistent with a sample
degraded for approximately 36–48 h. The end groups are consider-
ably more prominent than in the unaged triblock-copolymer sam-
ple. An NMR spectra comparing the unaged, thermally degraded
and aged sample is included in the ESI (Fig. S31 ESI). There is evi-
dence of scission occurring in both the PPO and PEO segment of the
polymer, and again the scission appears to occur preferentially in
the PEO region of the polymer. The fraction of end groups mea-
sured in the aged samples are included in the ESI (Fig. S25 ESI).
From this it can be concluded that thermal degradation provides
a suitable comparison to the ageing process of polymers, aged
through oxidation degradation at room temperature, due to the
comparable NMR and mass spectra obtained. This indicates, as
with the artificially degraded polymer, that there is a large change
in the polymer structure and molecular weight with ageing.
3.5. Formulation behaviour of degraded triblock-copolymer surfactant

In this work, we wanted to highlight the effects of polymer age-
ing on formulation properties. In order to achieve this we looked at
the change in the interaction between the triblock-copolymer sur-
factant and pNIPAM microgels with degradation. In solution it is
known that these polymers associate on heating, likely through
hydrogen bonding [15]. This association results in the formation
of space spanning gels that collapse over time, the result being a
reversible temperature responsive gelation.

It was observed that with increased degradation time, the con-
centration at which the samples form temperature responsive gels
decreases. This is summarised in Fig. S32 in the ESI. The association
of the triblock-copolymer micelles and pNIPAM is thought to be
due to hydrogen bonding between pNIPAM and the polymer sur-
factant. We have shown that with increasing degradation, the
polymer becomes increasingly oxidised. This would also result in
gelation occurring at lower concentrations, as the hydrogen bond-
ing is enhanced between the two polymers. Another driver is likely
to be the changes in the polymer composition, whereby the loss of
PEO from the polymer leads to decreased solubility, resulting in the
association of the polymers occurring more readily. The oxy-
genated polymer is also likely to have an associated charge, due
to the formation of more acidic groups, which would result in
the microgels becoming more prone to aggregation due to charge
screening effects. The smaller molecules, due to the decrease in
molecular weight will also more easily penetrate inside the micro-
gel network. All of these could result in the gelation occurring at
lower concentrations. When comparing the phase behaviour of
the triblock-copolymer before and after ageing, the concentration
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where gels formed also lowered considerably, this is highlighted
in Fig. S33 in the ESI.

Formulations containing both PEO and pNIPAM and poloxamer
and pNIPAM are commonly found in the literature, where often the
application is biomedical research [29,30]. This is due to the
responsive nature of pNIPAM and the non toxic properties of
poloxamer surfactants. The gelation that occurs in mixtures of
these polymers could be desirable, for example for tissue engineer-
ing purposes [31]. However, especially for biomedical applications,
the formation of solids could have detrimental results, for example
for drug delivery vehicles [32]. The alterations in the concentration
where gels are observed is an important characteristic to quantify
when formulating these polymers and when considering these
polymers for use in specific applications, especially where a long
shelf life is required. This could have wider effects, where degrada-
tion could alter the behaviour of these polymers in a wide range of
formulations. This could be through not only the altered flow prop-
erties, due to the changes in aggregation behaviour, but also the
stability of formulations to sedimentation and gelation.

4. Conclusions

Our results have identified the degradation mechanism for a
common poloxamer surfactant. It was known that molecules such
as PEG and PPO undergo oxidative degradation [14]. Here however
we have characterised both this chemical breakdown (using MS)
and its impact on the self-assembly behaviour of a triblock-
copolymer surfactant (using light and neutron scattering). The
key observation was that with increased degradation time, the
polymer molecular weight decreases, and elongated aggregates
are observed. We related the structure of the self-assembled object
observed to the individual degraded surfactant molecules. The self-
assembly routes identified using scattering techniques are sup-
ported by the chemical changes to the polymer observed in the
mass spectrometry and NMR data. This understanding of the
degradation with both time and elevated temperature has impor-
tant implications in a variety of applications, for formulation sta-
bility and, in particular, where biomedical application of the
polymers are being investigated, as the toxicity of these polymer
degradation products needs to be assessed.
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