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Polymers with high molecular weights have superior properties, such as enhanced impact and chemical re-

sistance. While these properties can be achieved by converting a thermoplastic into a thermoset, this can

prevent polymers from further processing as thermosets cannot be melted and moulded without damaging

their internal structure. Therefore, increasing the molecular weight of a polymer without losing the ability to

process it is of utmost importance. Polyethylene (PE), the most commonly produced plastic in the world, is

comprised of strong C–C and C–H bonds, which makes its controlled chain extension challenging to

achieve. Herein, we report a novel, solution-based method for the modification of PE chains using com-

mercially available, low-cost organic peroxides in solvents such as dichlorobenzene and tert-butylbenzene.

To the best of our knowledge, this is the first solution-based methodology for PE modification through the

incorporation of long chain PE branches by using organic peroxides. The effects of the modification reac-

tions were extensively investigated using rheology, differential scanning calorimetry, small/wide angle X-ray

scattering, size exclusion chromatography and NMR spectroscopy, and model studies were performed with

n-dodecane to confirm the formation of branched moieties. The enhanced mechanical properties of the

materials were demonstrated using rheology, where the modified polymers show significantly increased

stiffness and higher viscosities. This is attributed to reactions between the PE chains to form branched

structures, thus increasing both the molecular weight of the feedstock and the number of entanglements

within the polymer microstructure. This methodology enables the properties of PE to be tailored, providing

a shortcut for the development of new PE grades and formulations as its applications continue to grow in

developing technologies such as 3D printing, artificial joints and soft robotics.

Introduction

Increasing the molecular weight of a molecule leads to remark-
able enhancements in its physical and mechanical
properties.1–3 The typical progression is from monomer to oli-
gomer, then to polymer and ultimately to pleistomer, a word
coined by Simionescu et al. for ‘very many parts’.4 Nowadays,
the term “ultra-high molecular weight polymers” is more fre-
quently used.5 Polymers with enhanced mechanical properties,
such as superior impact and chemical resistance, are desirable
for many everyday materials.6,7 While there are numerous
methods of achieving these properties,8 they often rely on

crosslinking strategies which can convert thermoplastics into
thermosets. As thermosets cannot be melted and/or re-
moulded without damaging their internal structures,9 these
methods can have detrimental effects on the polymer proces-
sability. Therefore, developing strategies to increase the mole-
cular weights of polymer chains, whilst avoiding crosslinking,
is of paramount importance.

Polyethylene (PE) accounts for one third of the entire plas-
tics markets,10 and has many applications as a high perform-
ance speciality polymer, including developing technologies
such as implantable medical devices and advanced
composites.11–13 The properties of PE can be modified during
its synthesis, through careful choice of the initiator, and PE
can also be modified post-synthesis, traditionally through reac-
tive extrusion at high temperatures to achieve grafting on the
PE surface.14–16 For example, the grafting of maleic anhydride
can improve the polymer’s adhesive properties.17,18 As the PE
surface is made up of strong C–C and C–H bonds, it is usually
necessary to use high-energy species to modify polyethylene,
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and a number of industrial processes already use radical-
releasing peroxides.19,20 The organic peroxides employed are
specifically chosen to be stable at room temperature and
decompose when heated to PE extrusion temperatures, rapidly
releasing radicals that react with the usually inert PE surface to
form macroradicals. The macroradicals can subsequently
undergo a variety of different reactions to modify the polymer
chains (Scheme 1).21,22

The reaction of PE with organic peroxides often leads to the
formation of long chain branching (LCB) on the polymer
chains. In LCB the side chains are over twice the molecular
entanglement weight, and both the backbone and sidechains
are entangled.23 Therefore, even a small component of LCB
polymers can have a significant effect on the mechanical pro-
perties and improve the end properties.24–27 This arises from
an increase in extensional strain hardening, e.g., preventing
film rupture, while maintaining a low high-shear viscosity.28

Melt-state PE modifications with peroxides are already used in
some commercial processes, yet this can generate polymers
with gel fractions due to the poor dispersion of the organic
peroxides.24,29 This can be attributed to poor mixing of the
organic peroxide in the viscous polymer melt, resulting in
“pockets” of radicals where certain parts of the polymer
become highly cross-linked whilst others are sparsely modi-
fied. Solution-state modifications of PE have the potential to
tackle some of the issues associated with the melt-state PE/per-
oxide modifications, by ensuring homogeneous LCB without
introducing crosslinks into the polymer microstructure. Yet
compared to the melt-state, solution-state modifications of PE
are significantly underexplored. This is likely due to the chal-
lenge of modifying the strong C–C and C–H bonds of PE whilst
avoiding competitive reactions with the solvent; this is

especially difficult considering the solubility challenge associ-
ated with the crystallinity of high-density PE (HDPE).

To the best of our knowledge, solution-based peroxide modi-
fications of PE have focussed on grafting,30,31 and polymer
enhancements through LCB have not been explored. Herein, we
report an unprecedented solution-state peroxide modification
method for PE that can be used to enhance the material pro-
perties through LCB, and can alter the feedstock grade from an
injection-moulding grade into a blow-moulding grade material.

Results and discussion
Solution-state peroxide modification

Modification reactions were performed on a commercially
available injection-moulding grade HDPE (IMPE). This
polymer was extensively characterised using 1H and 13C NMR
spectroscopy prior to the modification reactions to fully under-
stand the composition and microstructure (Fig. S1–4†). The
NMR analysis revealed that the polymer largely consisted of
ethylene repeats units but also contained a small number of
ethyl branches, arising from a 1-butene comonomer at an esti-
mated 1.2 mol% loading (Calculation S1†). End group analysis
was also performed by 1H NMR spectroscopy (Fig. S4†), which
showed that most chains are fully saturated with the majority
of end groups being CH3 units, with a near absence of olefinic
end groups.32,33 Aromatic protons of low intensity were also
observed in the 1H NMR spectrum of IMPE. As this is a com-
mercial grade sample, it was assumed to contain additives,
such as antioxidants and light stabilisers in-line with industry
standards. The NMR signals are likely to be attributed to these
additives, which are often phenolic species.34 While it is
known that antioxidant additives can slow down the cross-
linking process initially, they lose their effectiveness in the
presence of organic peroxides as the modification reactions
continue.35–37 Given that the study targets altering grades of
commercial polymers, the samples were used as received, to
understand the effectiveness of the organic peroxides.

Initially, a range of different conditions were tested to find
the optimal conditions for the modification reactions. As
HDPE is a highly crystalline polymer, heat was essential to dis-
solve the polymer in an organic solvent, which disrupts the
crystalline domains. HDPE is commonly dissolved in high
boiling point aromatic hydrocarbons or in halogenated sol-
vents.20 As organic peroxides decompose to release radicals,
we targeted solvents that would not compete with polyethylene
C–H groups for hydrogen abstraction. This was particularly
important as polymer concentrations of <10 w/v% were used,
due to the viscosity of HDPE solutions. Dichlorobenzene
(DCB) was selected as the main solvent for the initial investi-
gations due to the decreased stability of sp2 radicals vs. sp3

radicals, which was expected to disfavour C–H abstraction
from the solvent molecules compared to the CH2 units on PE.
A range of other solvents were also studied to investigate com-
patibility with the organic peroxide modifications, including
tert-butylbenzene (TBB), n-nonane and anisole.

Scheme 1 A simplified reaction map for the post-polymerisation
modification of PE from a generated macroradical.
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Dilauroyl peroxide (DLP) and benzoyl peroxide (BPO) were
both chosen as suitable organic peroxides. Dicumyl peroxide
(DCP) and 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane (BDH)
are typically used for melt-phase PE modifications because
they decompose rapidly at the extrusion temperatures
(170–190 °C) with short half-times (<2 min).38,39 However, it
was hypothesised that the reduced viscosity in solvent com-
pared to the melt state would enable lower reaction tempera-
tures to be used, and thus reaction temperatures in the range
of 125–135 °C were selected as being well below the solvent
boiling points. Therefore, DLP and BPO were selected for this
temperature range because, at 125 °C, the half-life values were
predicted to be 0.45 and 1.9 min in chlorobenzene,
respectively.40

Following dissolution of HDPE in DCB at 125 °C, a solution
of the peroxide in DCB was added to the polymer solution over
a period of time (usually 20 min) and the reaction solution was
stirred for a further 20 min (Scheme 2 and Table 1). All poly-

mers were recovered by precipitation in hexane, and were fil-
tered and dried before further characterisation (refer to
Experimental for further details). A range of different con-
ditions were tested to understand how each variable affects the
modification reactions. Initial experiments were performed
using DLP, and the peroxide loading was varied from 0 to
6 wt% relative to the polymer weight. All polymers remained
fully soluble during and after the modification reactions, indi-
cating that no crosslinks were introduced.

Characterisation of the PE properties and structure

Oscillatory melt rheology was performed to understand how
the dynamic mechanical properties and the underlying
polymer properties of the starting feedstock changed following
the peroxide modifications (Fig. 2). Under small amplitude
oscillatory shear, storage (G′) and loss (G″) moduli, represent-
ing elastic and viscous responses can be obtained as a func-
tion of angular frequency (ω). These can also be represented
through the complex modulus (|G*| = √(G′2 + G″2)) or viscosity
(|η*| = |G*|/ω) and phase angle (δ = tan−1G″/G′). The complex
viscosity is of practical use, as it can be related to the steady-
shear viscosity, of relevance during processing, via the empiri-
cal Cox–Merz rule, |η*|(ω) = η.41

To provide a benchmark for the modification reactions, the
rheological properties of IMPE were characterised. The tests
were performed using a parallel-plate geometry, which restricted
the sample surface exposed to air, and the temperature was set
to 190 °C to mimic the commercial processing temperature of
HDPE. IMPE had a melt flow index (MFI) of 4 g per 10 min
(190 °C, @2.16 kg). For comparative purposes, a blow-moulding
grade HDPE (BMPE) was tested and had an MFI of 0.2 g per
10 min (190 °C, @2.16 kg). Altering the PE grade from injection
to blow-moulding grade would validate the solution-state modi-
fication methodology for increasing the molecular weight of the
starting feedstock, and thus the rheological properties of BMPE
were also characterised. At 190 °C, G″ dominates over G′ at all
the tested frequencies for IMPE, with G′ having a steeper slope
than G″ (0.9 vs. 0.75). This is indicative of the terminal
regime,42 meaning that there is enough time for polymer chains
to relax and diffuse through any entanglements (reptate) during
the test timescales (Fig. 1 and S5–7†). However, these slopes are
much weaker than expected for a linear, monodisperse polymer
(2 vs. 1).43 Similar deviations have been observed for commer-
cial PE samples, indicating a broad range of relaxation time-
scales from polydispersity and/or non-linear polymer architec-
ture.28 However, a sharply different behaviour was observed
with BMPE with G′ > G″ at high frequencies and a crossover
point (G′ = G″) at 10 rad/s, which corresponds to a slower relax-
ation time of 0.5 seconds (also Fig. S8–11†). In addition, there
was a significant increase in G′ values at low frequencies (0.1–1
rad/s), where it ranged from 600 to 2000 Pa for IMPE, compared
to a range of 4000–10 000 Pa for BMPE. The measurement of G′
is considered as one of the most reliable methods to determine
the elasticity of a polymer melt.44 This indicates that there are
significantly more entanglements with the blow-moulding
grade polymer.

Table 1 Experimental conditions for the solution-state modification
reactions. All reactions were performed under inert atmosphere for
20 min following the addition of the peroxide solutiona

Exp. Peroxide
Peroxide
Loading (wt%) Solvent

Peroxide addition
duration (min)

M1 Control 0 DCB 20
M2 DLP 1.5 DCB 20
M3 DLP 3.0 DCB 20
M4 DLP 4.5 DCB 20
M5 DLP 6.0 DCB 20
M6 DLP 4.5 TBB 20
M7 DLP 4.5 n-Nonane 20
M8 DLP 4.5 Anisole 20
M9 DLP 3.0 DCB 6
M10 DLP 3.0 DCB 1
M11 DLP 3.0 DCB 0.02
M12 DLPb 4.5 DCB 20
M13 Dried BPO 1.0 DCB 20
M14 Dried BPO 2.0 DCB 20
M15 Dried BPO 3.0 DCB 20
M16 Dried BPO 3.0 TBB 20
M17 Wet BPO 3.0 DCB 20
M18 Wet BPO 3.0 TBB 20
M19 Wet BPOc,d 0.5 DCB 20
M20 Wet BPOd 0.5 DCB 20

a All reactions were performed at 125 °C, at 7.5 w/v% polymer concen-
tration, under inert atmosphere unless otherwise stated. The experi-
ment time was 20 min after the peroxide addition. b The reaction was
performed at 135 °C. c The reaction was performed under air, instead
of inert atmosphere. d The polymer concentration was 5 w/v%.

Scheme 2 Solution-state modification of HDPE using organic
peroxides.
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As the dosing of DLP was increased from 0 to 6 wt%, both
G′ and complex viscosity values of the modified IMPE samples
increased significantly at low frequencies (Fig. 2 and S12–30†).
In addition to 190 °C, frequency sweep tests were also per-
formed at 140, 160 and 180 °C for M5 (Fig. S30†), to evaluate
the material properties under various processing conditions.
These tests were run over 5 hours and confirmed the sample
stability during the rheological measurements. This was in-
line with literature where it was shown that rapid oxidative
changes occur at much higher temperatures (230 °C).45 At
4.5 wt% DLP loading, the polymer viscosity profile is similar
to BMPE, with a crossover frequency also observed in its fre-
quency sweep tests. In addition, higher shear-thinning beha-
viours were observed with increasing DLP loadings, suggesting
the presence of LCB.46 LCB is thought to particularly increase
the low-shear viscosity as entangled branches dramatically
slow down the reptation of the backbone. As frequency (shear
rate) increases, polymer chains start to disentangle resulting in
a shear thinning behaviour. However, higher molecular weight
linear polymers are also more entangled and slower reptating,
as such the two polymer properties are difficult to initially dis-
tinguish from oscillatory rheology data. Therefore, empirical
rules from derived quantities have been developed based upon
tests on well-characterised samples and extended to industrial
polymers.28 The qualitative long chain branching index (LCBI
= 1 − δ/90°) uses the phase angle at a given complex modulus,
e.g., G* = 2 × 104 Pa < 105 Pa. With increasing DLP loading, the
LCBI increases from 0.2 in injection-moulding grade PE, to
0.31 at 1.5 wt% peroxide loading, and through 0.41 at 3.0 wt%
and 0.51 at 4.5 wt% to 0.58 at 6.0 wt%, where a higher LCBI
indicates a greater degree of LCB, associated with extensional
strain hardening. The peroxide-triggered polymer modification
reactions result in random branches in a polymer sample, and
this increases both the molecular weight of polymer chains

and the entanglements associated with LCB. Promisingly,
excellent control was also achieved over the melt flow pro-
perties of the modified samples (Fig. 2). While only a tran-
sition from injection to blow-moulding grade was desired, the
results also demonstrated that the final flow properties of the
polymers can be adjusted by simply altering the peroxide
loading. This means that a feedstocks’ grade can be tailored

Fig. 1 Frequency sweep experiment results obtained from the melt rheology of the model polymers and the modified samples M1–5.

Fig. 2 Rheological characterisation of the model injection and blow-
moulding grade polymers and the samples M1–5.
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for a particular application. It is worth noting that a control
reaction performed with 0% peroxide loading also increased
the complex viscosity profile of the starting feedstock, which
was attributed to the removal of some lower molecular weight
fractions from the sample during the precipitation steps.

The modified samples were further characterised using
high temperature size exclusion chromatography (SEC) (Fig. 3
and Table 2), which was required due to the limited solubility
of PE at room temperature. While the calculated number-
average molecular weight (Mn) values remain relatively similar
between the feedstock, control and the DLP modified samples,
a trend can be observed with the Mw and Mp values, which cor-
relate to the increased peroxide loadings. As the peroxide load-
ings increase from 3.0 to 4.5 and 6.0 wt% of DLP, the Mw

values increase from 339 to 349 and 365 kg mol−1, respectively.
In addition, investigation of the shape of the size exclusion
traces shows the presence of higher molecular weight fronts at
these peroxide loadings. While the Mw values of the control
(M1) and 1.5 wt% DLP samples (M2) appear similar, this may
be due to the broad molecular weight distributions which can
mask small changes in polymer sizes. Although the dispersity
values are broad, ranging from 3.2 to 3.5, this is not uncom-
mon for industrial grade polymers such as IMPE, and broad
dispersities were observed for the control as well as the modi-
fied samples. The molecular weight of the highest peak (Mp)
also shifts towards shorter retention times with increased DLP
loading, confirming the increase in the polymer molecular
weights. Taken together, the Mw and Mp values show a clear
trend of chain extension with increased peroxide loading, and

provide further evidence that the solution-state reactions are a
successful method of modifying PE. This is attributed to the
formation of macroradicals that can react with each other to
form higher molecular weight polymer chains, leading to a
more significant change in Mw than Mn, as higher molecular
weight chains have a greater contribution to Mw, giving a
greater enhancement of the polymer mechanical properties.47,48

DSC analysis was also used to probe the changes in the
modified polymer samples relative to the feedstock. HDPE is
highly crystalline, due to the predominance of ethylene repeat
units with minimal short chain branching and no LCB.
Accordingly, M1 (control) was found to have a crystallinity of
67.8% (refer to the ESI for additional details†). This value was
determined by calculating the enthalpy change associated with
melting the polymer and then by dividing this by the theore-
tical enthalpy of melting for a 100% crystalline PE sample
(290 J g−1).49 As the peroxide loading increased, the crystalli-
nity of the resulting modified polymer samples decreased in a
step-wise fashion, from 67.8% (M1) to 63.9% (M5, 6 wt% DLP).
This trend provides further support for the modification of the
starting feedstock and also hints at the formation of long
chain branches, which are known to affect the packing of PE
chains and thus the crystallinity.50,51 Taken together, the data
from rheology, SEC and DSC analysis show that the solution-
state modification of PE using DLP is effective and leads to an
increase in polymer molecular weights. This may be due to
LCB, as supported by the stronger G′ and complex viscosity
values at low frequencies as well as the decreased polymer
crystallinities.

Additionally, small-angle X-ray scattering (SAXS) and wide-
angle X-ray scattering (WAXS) were performed on samples M1–
M5 to investigate the polymer structure and further probe the
effect of DLP. In all cases, sharp peaks related to the HDPE
crystal structure were observed in the WAXS pattern
(Fig. S109†). The observed crystalline peaks at scattering vector
(q) values of ca. 15.2 nm−1 (0.415 nm), 16.8 nm−1 (0.374 nm),
21.2 nm−1 (0.296 nm) and 25.6 nm−1 (0.245 nm) correspond to
the 110, 200, 210 and 020 reflections of an orthorhombic crys-
talline structure characteristic of HDPE.52–54 Additionally, a
broad amorphous peak at 14.4 nm−1 (0.436 nm) is present,
highlighting the semi-crystalline nature of HDPE. The degree
of crystallinity for each sample was determined by comparing
the integration of the crystalline peaks with the total inte-
gration of both the crystalline and amorphous peaks (refer to
the SI for additional details).55 Similarly to DSC analysis, a
general reduction in the degree of crystallinity was observed as
the concentration of DLP is increased (Fig. 4). The range of
crystallinity was found to be between 67.6% and 60.9%, which
is concordant with the data collected by DSC. Conversely, a
small increase in crystallinity was observed as the DLP content
was increased from 0% to 1.5% (samples M1 and M2).
However, both SEC and DSC show that the peroxide influence
on the polymer structure between M1 and M2 is subtle and
thus the difference in crystallinity between these two samples
may be too minor to be assessed accurately via WAXS analysis.
A broad peak with a local maxima at ca. q = 0.30 nm−1 is

Fig. 3 SEC viscometer traces recorded for M1–5, where VS-DP refers
to the viscometer-differential pressure.

Table 2 Molecular weight parameters of M1–5 calculated using a con-
ventional SEC calibration against polystyrene standards

Polymer
Peroxide,
loading (wt%)

Mp
(g mol−1)

Mn
(g mol−1)

Mw
(g mol−1) Đ

M1 Control, 0 199 000 100 000 318 000 3.2
M2 DLP, 1.5 202 000 87 000 307 000 3.5
M3 DLP, 3.0 202 000 100 000 339 000 3.4
M4 DLP, 4.5 211 000 108 000 349 000 3.2
M5 DLP, 6.0 218 000 109 000 365 000 3.4
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observed in Lorenz corrected SAXS patterns of samples M1–M5
(Fig. S110†) corresponding to an interlamellar spacing (d ) of
21 nm (d = 2π/q).56 Small variations of d are observed between
samples; however, these differences are extremely subtle and
are likely to arise from small variations in preparation pro-
cedures between samples.

Finally, characterisation of the LCB was attempted using
previously reported 13C NMR spectroscopy methods.57–60

However, despite performing direct 13C NMR experiments over
long relaxation times (t1 = 10 seconds) for 4k scans, it was not

possible to identify any distinctive methine units originating
from LCB (Fig. S112–S114†). This could be because of the
broad molecular weight distribution of the polymer as well as
the presence of short chain branching, which could result in
sensitivity and resolution challenges where some proton
environments are undetected/masked. In addition, LCB
arising from the peroxide triggered modification of PE would
result in either Y- or H-type branching (Scheme 1). In the near
absence of olefinic end groups (as demonstrated for IMPE),
peroxide-triggered modification reactions can be reasonably
expected to form H-type branches via the reaction of two
macroradicals. Identification of H-type branching is particu-
larly challenging and, to the best of our knowledge, unequivo-
cal 13C NMR observation of such CH–CH linking moieties has
only been reported for the gamma irradiation of short
n-alkanes or low molecular weight PE.61–63

Having established the concept of solution-state peroxide
modification of PE, the impact of the solvent was subsequently
investigated (Fig. 5). Due to the success of using DCB solvent,
which features only aryl-CH protons that are challenging to
abstract, TBB and anisole were also investigated, along with
n-nonane (Fig. 5A). The chain extension reactions were per-
formed at 4.5 wt% DLP loading, and showed a significant
solvent dependence in the order DCB > TBB > anisole >
n-nonane, as determined by the increase in complex viscosity.
Interestingly, DCB is the best-performing reaction media and
has no Csp3–H units, whereas all the other solvents do. This
may indicate that the alkyl groups can undergo H-abstraction,

Fig. 4 A plot to demonstrate the changes in % polymer crystallinity as
the peroxide loading increases.

Fig. 5 Results from the experiments investigating the effects of changing (A) solvent, (B) peroxide addition duration, (C) reaction temperature, (D)
peroxide, (E) water content and (F) oxygen presence in reaction medium.
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i.e. can undergo side-reactions with the peroxide, especially
when large quantities of solvent are present. It is worth noting
that TBB has previously been used as a solvent for the per-
oxide-triggered grafting of maleic anhydride onto PE.30 For
anisole, the enhancement in polymer viscosity was relatively
weak compared to DCB and TBB, yet it still surpassed the
control, hinting at some chain extension albeit with some
interference from the solvent reacting with the radical species.
Sakurai et al. demonstrated that abstraction of a methyl proton
from anisole is only slightly less favoured than that of
toluene,64 which has reactive benzylic protons due to reso-
nance stabilisation of the resultant radical species. The readi-
ness of anisole to undergo H-abstraction was attributed to the
stabilisation of the resulting radical species through polar
effects. Finally, the chain extension reactions performed in
n-nonane did not show any enhancements in polymer melt
viscosities. As this solvent can be considered as a polyethylene
mimic, featuring multiple CH2 repeat units, it is likely that
n-nonane reacted with the generated radicals as it is present in
the reaction vessel at much larger quantities (vs. only 7.5 w/v%
IMPE).

To understand the impact of the rate of radical generation,
investigations were performed altering the peroxide addition
time and the reaction temperature (Fig. 5B and C). Firstly, the
rate of adding the peroxide solution was reduced below
20 minutes to increase the maximum radical concentration in
the solution. The results showed that adding the peroxide solu-
tion too quickly can reduce the extent of the chain modifi-
cation reactions, where the addition of all of the peroxide over
1 min or in one-shot (∼0.02 min) gave only a slightly enhanced
viscosity profile compared to the control reaction (Fig. 5B).
This could be because some of the generated radicals self-
quench by reacting with each other. Increasing the reaction
temperature by 10 °C did not result in a significant change in
final polymer viscosity profiles at 4.5 wt% DLP loading
(Fig. 5C).

To probe the influence of the peroxide, BPO was investi-
gated as an alternative to DLP for the peroxide-triggered chain
extension reactions. BPO is frequently used as an initiator in
radical polymerisations; it is already produced in large quan-
tities and is one of the most widely available and low-cost
organic peroxides available. A series of experiments were per-
formed with BPO in both DCB and TBB. As BPO is shock sensi-
tive in its pure form, it is commonly sold as a 75% suspension
in water, and it was dried at 40 °C under high vacuum over-
night prior to these initial modification reactions (refer to
Experimental for additional safety details). The results demon-
strated that BPO is a strong chain modifier (Fig. 5D). Notably,
both 2.0 and 3.0 wt% BPO loadings in DCB altered the vis-
cosity profile of the injection-moulding grade polymer IMPE to
blow-moulding grade PE. In addition, as BPO has a lower
molecular weight (242.3 g mol−1) than DLP (398.6 g mol−1),
lower quantities of the organic peroxide (in weight) are needed
to achieve similar transformations. Given that DLP is 1.6 times
heavier than BPO, DLP loadings of 3.0 and 4.5 wt% would
correspond to ∼2.0 and ∼3.0 wt% BPO, respectively.

Accordingly, it was shown that only 2.0 wt% BPO loading was
enough to achieve the blow moulding grade transition,
whereas 3.0 wt% DLP loading in DCB was not enough to
obtain the same viscosity profile enhancement (Fig. 2, top).
This difference hints that BPO may be a more suitable organic
peroxide for the chain extension reactions. This may be
because it releases radicals more slowly than DLP (the relative
half-lives of DLP and BPO are 0.45 and 1.9 min in chloroben-
zene), mirroring the reduced chain extension observed upon
rapid addition of the peroxide (Fig. 5B). When a 3.0 wt%
loading of BPO was used in TBB, instead of DCB, a strong vis-
cosity enhancement was again observed by rheology.
Interestingly, the viscosity enhancement was as significant (or
even slightly more so) in TBB than DCB solvent, which differs
from the result obtained using 4.5 wt% DLP loading (Fig. 5A),
where the performance in TBB was significantly poorer than in
DCB. This suggests that the reaction solvent can directly affect
the organic peroxide decomposition and the subsequent chain
extension reactions. These solvent effects are likely specific to
each organic peroxide as the decomposition kinetics and/or
mechanisms can be different.65 SEC analysis was also per-
formed (Fig. 6 and Table 3) on polymers modified with 3 wt%
BPO in both DCB (M15) and TBB (M16). For both M15 and
M16, significantly higher Mw values of 411 and 459 kg mol−1

were obtained, respectively, compared to the control sample
(M1, Mw = 318 kg mol−1). In addition, the dispersity values of
both M15 and M16 were reported as 4.3, an increase from a
dispersity of 3.2 for M1. The strong high molecular weight
fronts are also clear in the overlay of the SEC chromatograms.
Samples M15 and M16 were also tested using DSC
(Fig. S105–108†) for the determination of their crystallinities.
Similar to the earlier reported trends with DLP, the crystalli-

Fig. 6 SEC viscometer traces recorded during the analysis of M1, M15
and M16.

Table 3 Molecular weight parameters of M1, M15 and M16 calculated
using a conventional SEC calibration against polystyrene standards

Exp.
Peroxide
loading (wt%) Solvent

Mn
(g mol−1)

Mw
(g mol−1) Đ

M1 0 DCB 100 000 318 000 3.2
M15 3.0 DCB 95 000 411 000 4.3
M16 3.0 TBB 106 000 459 000 4.3
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nities of M15 and M16 decreased to 63.7% and 62.5%
(Table S2†), respectively.

Finally, the sensitivity of the modification reactions towards
water and oxygen was investigated. As BPO was obtained as a
75% suspension in water from the supplier, wet BPO was used
to test the sensitivity of the chain extension reaction to water
in both DCB and TBB under a nitrogen atmosphere. The
results demonstrated no significant sensitivity to water as the
obtained complex viscosity profiles were almost identical
(Fig. 5E), irrespective of whether wet or dry BPO was used. On
the other hand, when the reactions were performed under air
(M19), but in the absence of water, a discolouration of the
reaction solution from colourless to pale yellow was observed,
which was also reflected in the final polymer product (Fig. 5F).
A deterioration in the polymer viscosity profile relative to both
M1 and M20 was also observed (see ESI, Fig. S75†) as well as a
clear indication of oxygenated moieties on the polymer back-
bone by NMR spectroscopy (Fig. 7). Indeed, the 1H NMR
spectra revealed proton environments often attributed to alde-
hydes (∼9.7 ppm) and other oxygenated moieties
(3.0–5.0 ppm).57 As oxygen is known to react with active rad-
icals, it is believed to inhibit the LCB modification reactions
(Scheme 1). Similar observations have been reported for
radical polymerisations, where dead chain ends are generated
in the presence of oxygen.66 In support of these observations,
where the system can tolerate water but not oxygen, atom-
transfer radical polymerisations are often considered tolerant
to alcohol groups and water as long as the reaction solution is
deoxygenated prior to polymerisation.67 It is worth noting that
both M19 and M20 were prepared the same way and purified
by precipitation into hexanes twice, and that far fewer oxyge-
nated moieties were observed when the reaction was per-

formed in the absence of oxygen (M20). In addition, a higher
peroxide loading sample (M5, 6 wt% DLP) was also character-
ised using NMR spectroscopy and no strong signs of oxyge-
nated species were detected. Yet even using just 0.5% peroxide
loading in air showed oxygenated moieties (M19), indicating
that these functional groups arise from the presence of air.
Some studies have shown that oxygenated functional groups
can enhance the polymer properties,68 yet here, the presence
of oxygenated moieties in M19 clearly decreases the viscosity
profiles, providing further support that the enhanced viscosity
profiles are due to the presence of long chain branching.

A model study

Chain extension reactions were further explored with a poly-
ethylene-mimicking small molecule, n-dodecane, to under-
stand how the modification reactions occur and provide
insight into branching and the molecular weight increases.
The solvent was changed to chlorobenzene as it has a lower
boiling point than DCB (132 °C vs. 173 °C), to facilitate the
separation of the solvent from n-dodecane and the reaction
products (e.g., n-dodecane, 216 °C). n-Dodecane was mixed in
anhydrous chlorobenzene in a 1 : 1 weight ratio and degassed
prior to the reaction. The alkane concentration was specifically
chosen to be higher than the PE modification reactions, as the
number of CH2 units on n-dodecane is drastically lower than a
HDPE chain. The temperature was then increased to 125 °C
and a solution of pre-dried BPO in 1 ml chlorobenzene was
added over a period of 20 min. Similar to the polymer modifi-
cations, the mixture was stirred for another 20 min before the
reaction was terminated by cooling.

Characterisation of the reaction products was performed
using SEC, where n-dodecane alone and the control experi-
ment where no peroxide was present both gave a Mn value of
180 g mol−1 against polystyrene standards, which gives rela-
tively good agreement with the molecular weight of
n-dodecane being 170 g mol−1 (Fig. 8A and Table 4). Following
the peroxide-triggered modification reaction, the product gave
a peak front as well as an increase in the overall Mn value
(230 g mol−1), Mw value (300 g mol−1) and the dispersity (Đ =
1.3). These results confirm that the modification reactions can
extend the chain length of the starting material. In addition,
analysing the product SEC trace as three separate peaks
(Fig. 8B) showed that crude peak (CP) 1 has Mn (190 g mol−1)
similar to n-dodecane, while CP2 and CP3 had Mn values of
340 g mol−1 and 650 g mol−1, respectively. CP2 has a more dis-
tinctive peak shape, with an Mn value approximately twice that
obtained for n-dodecane (experimental values of 340 vs. 180 g
mol−1), which suggests it could be two n-dodecane chains
linked together. On the other hand, CP3 has a higher mole-
cular weight hinting at multiple n-dodecane chains connected
to each other, supported by the broad and poorly resolved
peak shape. As the refractive index (RI) is a concentration
detector, relative peak areas were also compared, and the
results indicate that n-dodecane is the main species in the
crude product, with higher molecular weight CP2 being the
second most dominant species.

Fig. 7 1H NMR (800 MHz, 100 °C, C2D2Cl4) spectra of M1, M5, M19 and
M20. The intensity of the main CH2 peak at 1.4 ppm was normalised to
100 in all spectra to ensure a valid comparison.
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Further studies were also performed using NMR spec-
troscopy, where the model experiment crude product was
placed under high vacuum to remove some of the unreacted
dodecane. Characterisation of this sample revealed a new ali-
phatic-CH 1H NMR resonance at 1.40–1.75 ppm (Fig. S116†).
This is notably different from the 1H NMR spectra of linear
alkanes, which show diagnostic CH2 resonances at
1.28–1.33 ppm, and CH3 resonances at 0.89 ppm across a
range of chain lengths (e.g. heptane, hexane, pentane, propane
and ethane).69,70 The new resonance at 1.40–1.75 ppm instead
comes in a region associated with branched alkanes. Notably,
the chemical shift of this CH resonance is significantly lower

than that of oxygen-containing OCH units, which have chemi-
cal shifts around 3.5 ppm. Indeed, only trace resonances are
present in the O–CH region of the spectrum. While there are
other, aromatic resonances present in the 1H NMR spectrum,
these are attributed to benzoic acid which is a common
decomposition product of BPO, as both the 1H and 13C NMR
spectra give good agreement with literature values.71

Conclusions

To the best of our knowledge, this work presents the first solu-
tion-state methodology to modify HDPE by incorporating long
chain PE branches through peroxide-based reactions. This
strategy uses commercially available, low-cost organic per-
oxides and solvents, making the technology easily accessible.
Both DLP and BPO are efficient peroxide modifiers, as long as
they are used in solvents that do not significantly compete for
H-abstraction compared to PE, such as DCB and TBB. The
chain-extension has been confirmed through a variety of tech-
niques including rheology, SEC and model studies based on
n-dodecane as a small-molecule analogue of PE. The increased
molecular weight is attributed to the incorporation of LCB, as
rheological data shows the long chain branching index
increases with increased DLP loading. Providing further
support for the presence of LCB, the DSC and SAXS data
confirm a loss of crystallinity with increased peroxide loading.
All end products remained fully soluble suggesting homo-
geneous introduction of LCB throughout the polymer chains
and demonstrating that no insoluble gel fractions were
formed, which can be an issue with melt-phase peroxide
modifications.

This study showcases the use of solution-state peroxide
modification reactions as a simple method to enhance the
material properties of HDPE from an injection moulding
grade to a blow-moulding grade material. Furthermore, the
data shows that the viscosity profiles can be tailored depend-
ing on the peroxide loading, potentially offering a facile route
to modify the properties of PE for specific applications. This
concept has the potential to be extended beyond PE, to the
solution-state peroxide modification of other polymers. As
higher molecular weight polymers with LCB are well-known to
improve both the impact and chemical resistance of PE, this
methodology could also offer a shortcut for the preparation of
new PE grades and formulations with required specifications
that may not currently be commercially available.

Experimental
Materials

IMPE (MFI – 4 g per 10 min at 190 °C, under 2.16 kg weight,
Density – 948–952 kg m−3 at 23 °C, Tensile modulus
1050–1150 MPa at 23 °C, 1 mm min−1), BMPE – (MFI – 0.2 g
per 10 min at 190 °C, under 2.16 kg weight, Density –

952–955 kg m−3 at 23 °C, Tensile modulus 1000–1100 MPa at

Fig. 8 (A) SEC traces recorded for dodecane (top), a control reaction
with no peroxide (middle) and a model experiment performed with
dried BPO, and (B) separation of the model product RI SEC trace into
three separate peaks for conventional SEC analysis.

Table 4 Molecular weight parameters obtained from the model experi-
ment using a conventional SEC calibration against polystyrene standards

Sample Mn (g mol−1) Mw (g mol−1) Đ RI peak area (%)

n-Dodecane 180 180 1.0 100
Control 180 180 1.0 100
Model product 230 300 1.3 100
CP1 190 200 1.0 64
CP2 340 350 1.0 22
CP3 650 680 1.0 14
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23 °C, 100 mm min−1). DLP (≥98%, Sigma-Aldrich) was used
as received. BPO (72.0–77.0%, with 25% water, Sigma-Aldrich)
was used as received or pre-dried in vacuo to remove water
content (for reactions performed with dry BPO: see Safety
notes). The solvents 1,2-DCB (99%, anhydrous, Sigma-Aldrich),
TBB (99%, Sigma-Aldrich), anisole (99.7%, anhydrous, Sigma-
Aldrich) and n-nonane (≥99%, anhydrous, Sigma-Aldrich) were
dried over calcium hydride (95%, Sigma-Aldrich), then dis-
tilled and degassed prior to use. Xylenes (≥99%, Honeywell),
hexanes (HPLC grade, 95% n-hexane, Fisher Scientific) and tet-
rachloroethane-d2 (≥99.5 atom %D, Sigma-Aldrich) were used
as received.

Safety notes

All organic peroxides should be stored at temperatures below
their self-accelerating decomposition temperature and as
instructed by the supplier safety data sheet. BPO and acetone
should never be mixed. Dry BPO is shock- and friction-sensi-
tive, and can explode. Dried BPO was handled very carefully
and dissolved in a compatible, anhydrous solvent for storage.
Blast shields were used while adding the peroxide solutions
into the hot reaction vessel. As organic peroxides can be
incompatible with many chemicals, all reaction waste was
tested for peroxide content using peroxide test strips. Peroxide
testing indicated that all of the peroxide was consumed in the
reactions reported here. In case the test returned a positive
result, any leftover peroxide would need to be quenched. Any
reactions that involved organic peroxides were disposed of
using a separate waste stream. Tetrachloroethane-d2 is extre-
mely toxic and extra care must be taken when handling and
disposing of this solvent. Sealed Young’s tap NMR tubes were
therefore used for NMR spectroscopic analysis.

General procedure for modification reactions

IMPE (4.0 g) was placed into a pre-dried vessel and dried for
5 min under high vacuum, before filling the vessel with nitro-
gen. Then, anhydrous and degassed reaction solvent (60 ml)
was injected into the reaction vessel before lowering it into a
hot oil bath at 125 °C (or 135 °C for M12). The reaction
mixture was stirred at this temperature for 60 min to dissolve
the polymer. At the same time, an organic peroxide solution
was prepared. The required amount of the organic peroxide
(DLP, wet BPO or dry BPO) relative to the weight of the
polymer (as stated in Table 1) was weighed into a vial and
flushed with nitrogen for 5 min before adding the reaction
solvent (1 ml) to dissolve the peroxide. It is important to note
that wet-BPO was not soluble in TBB, and therefore DCB (1 ml)
was used to prepare the peroxide solution for M18. The per-
oxide solution was stored in a suba seal secured vial until its
use. The pre-prepared peroxide solution was then injected into
the viscous polymer solution over the required number of
minutes under N2 atmosphere using a syringe pump.
Following the addition, the reaction solution was stirred for an
additional 20 min at reaction temperature before pouring it
into hexanes to precipitate the polymer. The obtained powder
was isolated by filtration and dissolved in xylenes (at 125 °C)

before re-precipitating into hexanes. The final product was iso-
lated by filtration and dried under dynamic vacuum for
4 hours at RT, before further drying by heating it to 150 °C for
an additional 30 min under full vacuum.

Model experiment

n-Dodecane (0.20 g, 1.2 mmol) was mixed with anhydrous
chlorobenzene (0.22 ml) and degassed three times using
freeze-pump thaw techniques, before heating the solution to
125 °C. At the same time, pre-dried BPO (20 mg, 0.083 mmol)
was dissolved in anhydrous chlorobenzene (1 ml) and
degassed under N2 atmosphere. The peroxide solution was
injected into the hot n-dodecane solution under N2 atmo-
sphere over 20 min. The final solution was then stirred for an
additional 20 min at 125 °C, prior to lowering the temperature
of the solution under running cold water tap (as n-dodecane
and any other formed products were not expected to precipi-
tate in hexanes). The solvent was removed in vacuo before char-
acterising the sample with SEC.

Rheology

Melt rheology of the PE samples was measured using a stress-
controlled Kinexus Ultra+ rheometer (NETZSCH) with a
40 mm diameter 4° cone/plate tool with a 0.148 mm trunca-
tion gap. Oscillatory frequency sweeps were performed at 1%
strain for all the samples ensuring that they remained in the
linear viscoelastic regime. The frequency range for those
experiments was from 0.01 to 16 Hz. Amplitude sweep tests
were performed at 1 Hz and the strain was increased from
0.01 to 10%. All presented tests were performed at 190 °C
unless otherwise noted; the temperature was controlled with
a lower Peltier plate and active hood. Samples were prepared
by direct melting on the lower plate and pressing with the
upper geometry, samples were then allowed to relax to zero
normal force. For semicrystalline polymers, such as the PE
studied here, the large difference between the melt point and
the glass transition restrict rheological measurements to the
viscous regime and the low frequency cross-over.28 Variation
of the temperature from 140 to 200 °C, Fig. S11 and S30,†
which does not significantly extend the measured visco-
elastic reponse, confirms this. The validity of the Cox–Merz
rule was established using shear start-up tests from 0.01 to
0.16 s−1 over a strain of 10 and taking the final time-depen-
dent viscosity to compare with the complex viscosity, Fig. S76
to S83.† Relaxation steps between each run were included to
allow the sample to relax (500 to 1000 s). Shear start-up tests
for the samples used a 20 mm diameter parallel plate at a gap
of 0.5 mm.

Melt flow index analysis

Melt flow index values were determined according to the ISO
1133 standard protocol. Between 2–8 g of polyethylene was
charged into the barrel of the machine, where the material was
preheated for 5 minutes. The test was completed at 190 °C ±
0.5 °C for polyethylene and melt flow was measured using a
2.16 kg weight. Three cuts of the polyethylene extrudate were
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obtained in three set time periods. The average was taken, and
the results are reported in g per 10 minutes. Note: the mass of
polymer sample and the time intervals between cuts were
determined by the MFI of the material being run.

Size exclusion chromatography

Molecular weight and dispersity values of the modified PE
samples were determined using an Agilent 1260 Infinity II
HT-GPC/SEC system through Agilent PLgel Mixed-C columns.
The SEC characterisation was performed in butylal at 150 °C
with a flow rate of 1.00 ml min−1. SEC characterisation of the
model study results was performed using an Agilent 1260
Infinity II multidetector GPC/SEC system through PLgel 5 μm
columns packed with polystyrene-divinylbenzene beads, in
tetrahydrofuran at 35 °C with a flow rate of 1.00 ml min−1. All
SEC calibrations were obtained using narrow dispersity poly-
styrene standards.

NMR spectroscopy

All PE samples were dissolved in tetrachloroethane-d2 at
125 °C. The sample concentrations were kept at ∼25 mg ml−1.
All 1D NMR data were obtained at 100 °C using a Bruker Neo
spectrometer operating at 799.57 MHz (1H frequency)
equipped with triple-resonance TXO 13C/15N optimised cryo-
probe. Due to the toxicity of the NMR solvent, the samples
were analysed in Young’s tap NMR tubes.

Differential scanning calorimetry

The measurements were carried out on a DSC 2500 TA instru-
ment using a heat (30–200 °C)/cool (200–30 °C)/heat
(30–200 °C) cycle at a rate of 10 °C min−1, unless otherwise
stated. Values of enthalpy changes and crystallinities were
obtained from the second heating scan.

SAXS/WAXS analysis

Samples were prepared by melting and pressing each polymer
between two hot glass slides to form thin polymer films of
approximately ∼0.5 mm in thickness. Scattering patterns were
recorded at a synchrotron facility (ESRF, beamline ID02,
Grenoble, France)72 using a monochromatic X-ray source wave-
length λ = 0.0995 nm, with q ranging from 0.021 to 2.9 nm−1

for SAXS, and from 7.8 to 34.9 nm−1 wide angle X-ray scatter-
ing or WAXS, where q is the length of the scattering vector (i.e.,
q = (4π/λ) sin θ, and θ is the half of the scattering angle), and a
Ravonix MX-170HS CCD detector. The precise thickness of the
polymer films were measured and then they were mounted in
transmission mode with respect to the X-ray beam. Scattering
data were reduced using standard routines from the beam-
line,72 and were further analysed using SAXS utilities and
Origin software, where the intensity of the signals was cor-
rected for film thickness. Specifically, the degree of crystalli-
nity was calculated using Origin software and was determined
by the ratio of the integrals between the crystalline and amor-
phous peaks.
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