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Towards degradable polyethylene: end-
functionalised polyethylene (PE-X) and PE-I/LDPE
blends from iron-catalysed chain growth of ZnEt,
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A series of end-functionalised polyethylene materials (PE-X) has been prepared via the catalysed chain
growth (CCG) reaction of diethyl zinc with ethylene, catalysed by a bis(imino)pyridine iron catalyst acti-
vated by MAO. This CCG catalyst system enables the in situ formation of long alkyl chain zinc species Zn
(PE),, which are subsequently quenched to form PE-X. Quenching with oxygen results in PE-OH, but the
functionalisation appears to be limited to approximately 80% due to the formation of mixed [ZnR(OR)],
clusters. Functionalisation with sulfur leads to polysulfides, PE-S,-PE, whereby k is affected by tempera-
ture. Functionalisation with iodine leads to PE-I with high conversion, but the degree of functionalisation
appears to be chain length dependant. PE-I has been blended with LDPE, either through solution mixing
or via melt blending to give PE-I/LDPE blends with different chain lengths. Characterisation of the PE-I/
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LDPE blends has been carried by IR spectroscopy and thermal analysis (DSC). Surface analysis by FIB-SEM
and EDX analysis up to 6 pm into the surface has shown a uniform distribution of PE-| within the LDPE
matrix. The propensity of alkyl iodides to undergo photolytic cleavage makes these PE-I/LDPE materials
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Introduction

Polyethylene (PE) is currently the most widely used synthetic
polymer on the market and accounts for almost one third of
the total global plastics production, which translates to
approximately 90 Mt per annum.’® A wide range of different
types of PE are available, all with polymer properties designed
for specific applications. Many of these properties cannot
easily be obtained by other polymers at a reasonable cost,
including polymers from bio-derived or renewable resources.
The unique and tuneable properties of PE-based materials and
their versatility, combined with their low cost and ease of pro-
duction, have made PE the most successful polymer on the
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interesting candidates for degradable PE.

market and the material of choice for many applications today
and for some time to come.

The main classes of polyethylene, LDPE, LLDPE, HDPE and
UHMWPE, are prepared using different catalyst systems and,
in the case of LLDPE through incorporation of co-monomers.*
Post-functionalisation of polyethylene can be carried out to
modify certain polymer properties using a range of methods,’
for example through oxidation or chlorination of surface C-H
bonds to prepare oxygenated or chlorinated PE.® An alternative
strategy to introduce specific functionality into polyolefins like
PE is through melt-blending with end-functionalised polyethyl-
ene. In this context, well-defined functionalised polymers, so
called smart materials, have become increasingly important
targets in recent years.” *°

Commercially available end-functionalised alkanes are only
up to Cyg. A convenient method to generate longer polyethyl-
ene chains with reactive chain ends (PE-X) is via reversible
coordinative chain transfer polymerisation.”’* This method
uses a polymerisation catalyst (M') in combination with a
chain transfer agent (M) and makes use of a very fast and
reversible exchange of the growing polymer chains (P' and P?)
between the catalyst and a transfer agent (see eqn. (1)). A range
of transition metal catalysts can be used, whereby transfer
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agents are typically based on main group metals such as

trialkyl aluminium,'*?* dialkyl magnesium,** >’ or dialkyl
zinc reagents,'>?8733
kex
M'—pP' + M*—P? —= M'—P? + M*—P'

dormant dormant (1)

A specific case where all metal alkyl chains are equally
engaged in reversible coordinative chain transfer polymeris-
ation is termed Catalysed Chain Growth (CCG).>® CCG leads to
a controlled growth of all alkyl chains on the main group
metal (M?) and results in M(PE),, with a Poisson distribution of
PE chain lengths.** Cleavage of the M-C bond in M(PE), can
be achieved in a number of ways. Hydrolysis (or protonolysis
with HX) will generate linear alkanes PE-H and Zn(OH), (or
ZnX,), whereas the use of an additional catalyst that enables a
fast termination via f-H transfer can generate a Poisson distri-
bution of linear 1-alkenes.’*?> The high reactivity of main
group M-C bonds can also be exploited to generate end-func-
tionalised polyethylenes PE-X, where X is for example a halide,
hydroxide or amine functionality. End-functionalised PE-X can
then be used for the preparation of diblock
copolymers.®?*>3¢~*! Oxidative workup of the M-C bonds to
generate PE-OH has been reported for aluminium,>">**>
magnesium,*>** and zinc alkyls.****>*¢ The end-functionali-
sation of polyethylene using magnesium alkyls as the chain
transfer agent in combination with a neodymium polymeris-
ation catalyst [(CsMes),NdCl,Li(OEt,),], first reported by
Mortreux,”* has been extensively investigated by Boisson and
D’Agosto and co-workers. In these CCG reactions, Mg(PE), is
used to generate various end-functionalised PE-X,*344477>¢

Here we report our studies on the iron-based CCG reaction
using ZnEt, to prepare Zn(PE), with defined chain lengths and
conversion to a range of end-functionalised PE-X materials.
While the reactivity of Zn(PE), in many ways resembles that of
Mg(PE),, key advantages of the Fe/Zn system are the ease of
synthesis and handling of the iron-based catalyst, the use of
highly abundant and cheap first row metals iron and zinc, and
crucially, the absence of any alkene by-products, which is
often seen in other systems. A range of functionalised PE-X
materials has been prepared in this study, where X is either
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Scheme 1 Catalysed chain growth of ZnEt, using the catalyst system
[(2,6-diacetylpyridinebis(2,6-diisopropylanil))FeCl,] (1) and MAO.
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Scheme 2 Overview of reactions of Zn(PE), with Group 16 and 17
elements.

from Group 16 (PE-OH and PE-S;-PE, where k = 1-8) or Group
17 (PE-I, PE-Br) (see Scheme 2).

A further aim in this work has been the preparation of
polymer blends between PE-I and LDPE. Such blends could
improve the degradability of polyethylene because alkyl
iodides are prone to homolysis of the C-I bond under UV
irradiation,” > generating alkyl radicals which in the pres-
ence of air can form alkyl peroxy radicals,>* and these alkylper-
oxy radicals are key intermediates in the degradation of poly-
ethylene.”® Furthermore, the low entanglement molecular
weight for polyethylene of M, ~1250 g mol™*,*® suggests chain
lengths of approximately 90 carbons will be sufficient to
ensure efficient entanglement of PE-I within the polyethylene
matrix and avoid any leaching of the PE-I additive.

Results and discussion
Synthesis and characterisation of Zn(PE),

The preparation of Zn(PE), was carried out using our pre-
viously described method from ZnEt, and [(2,6-diacetylpyridi-
nebis(2,6-diisopropylanil))FeCl,] (1) in combination with MAO
as the activator, as shown in Scheme 1.”® The extremely fast
alkyl exchange reaction between iron and zinc ensures the for-
mation of Zn(PE), with excellent selectivity and low dispersity.
By varying the reaction time and the ratio between Zn(Et), and
1, the chain length of the resulting PE chains can be controlled
(see Table 1). Upon hydrolysis, a Poisson distribution of
alkanes is obtained with a low dispersity of molecular
weights.?®

In the absence of the chain transfer agent ZnEt,, the cata-
lyst system 1/MAO polymerises ethylene with very high activity
and produces high molecular weight polyethylene (run 1 in
Table 1).” Small amounts of ZnEt, (<250 equiv., run 2) have
little effect on the polymerisation reactions and only at Zn/Fe
ratios of >300 equiv., catalysed chain growth to form Zn(PE), is
observed. While larger Zn/Fe ratios will produce more Zn(PE),,
this results in shorter chains within a given time and also
lowers the catalytic activity, probably due to competitive
binding of ZnEt, versus ethylene to the catalyst.”® Zn(PE), can
be isolated from the reaction mixture by filtration and charac-
terised by NMR and IR spectroscopy (see Fig. S1-3t). The
characteristic triplet for the ZnCH, moiety is found at

This journal is © The Royal Society of Chemistry 2022
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Table 1 Chain length variations in Zn(PE), at different Zn/Fe ratios

ZnEt, ZnEt, Activity
Run [mmol] Equiv. [g mmol™ h bar™"] A4 ct
1 0 0 PE° — —
2 2.5 250 PE° — -
3 3.0 300 1380 31 64
4 3.5 350 1420 21 44
5 4.0 400 820 14 30
6 4.5 450 600 11 24
7 5.0 500 690 8 18
8 5.5 550 482 7 16
9 6.0 600 500 4 10

Conditions: catalyst 1 (10 pmol), MAO (100 eq.), toluene solvent
(30 mL), room temperature, 1 barg ethylene, 1 hour reaction time. 1 =
mean number of ethylene units inserted, determined by GC analysis.
bC, = mean chain length, determined by '*C-NMR analysis. ‘No
exchange to zinc is observed.

0.30 ppm in the "H NMR and at 16.3 ppm in the *C NMR
spectrum, as well as the in-plane rocking vibration at
628 cm™, typical for ZnCH, units.>® The high reactivity of the
Zn—-C bond can be exploited to prepare a range of end-functio-
nalised PE-X compounds, as illustrated in Scheme 2

Hydrolysis of Zn(PE), results in a distribution of linear
alkanes. The Poisson distribution of the n-alkane oligomers
allows quantitative ">C NMR analysis to be used to estimate
the mean chain length C, by comparing integrals for CH; with
those for CH, signals (Table 1, last column). Further analysis
can be achieved by GC-FID. The average molecular weight is
generally too low for accurate GPC analysis, whereas analysis
by GC-FID will only capture part of the total distribution,
because the longer alkanes are only partially soluble and
insufficiently volatile for GC analysis, as illustrated in Fig. 1.
Only the first part of the total distribution is therefore quantifi-
able, and these values can be used as inputs for the Poisson
equation (eqn. (2)) to extract 4, the mean number of inserted
ethylene units (L is the amount of catalyst used). The total
amount of each alkane of chain length n obtained at the end
of the reaction can then be calculated.®®®" For example, the
calculated value of 1 = 14 for run 5 in Table 1 suggests an
average chain length of 30 carbons which is very close to the
value of 30 carbons determined by "*C NMR spectroscopy (see
Table 1 for other values). Comparison of the average chain
lengths determined by GC and NMR analysis shows excellent
agreement (Fig. 2). This fitting method allows the entire
product distribution to be determined from a subset of experi-
mental data obtained by GC analysis.

Poisson equation : mol(n)tend = 76 (2)

There appears to be no convenient nomenclature to
describe mixtures of compounds with long alkyl chains, where
the length of the chains follows a Poisson distribution, other
than quoting an M, value. In order to describe the chain
length in our product mixtures, we will henceforth use the ita-
licised n value (n) to describe an average chain length, ie.

This journal is © The Royal Society of Chemistry 2022
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(blue) versus calculated distribution based on the Poisson equation (red,
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Fig. 2 Zn(PE), chain length (C,) as a function of Zn/Fe ratio.

C,Hy., to describe a mixture of alkanes with an average chain
length n. We will use the same nomenclature for other related
compounds, i.e. Zn(CszoHg;), will result in C3yHg, upon hydro-
lysis, or C3oHe;I upon reaction with iodine. C3oHg;lI is thus a
mixture of alkyl iodides with chain lengths clustered around
C30, whereas C3oHg;I would be the pure compound.

End-functionalisation with oxygen

Initial experiments with dipentylzinc as a model compound
for Zn(PE), and synthetic air (80% N,/20% O,, dry) resulted
in a mixed alkyl alkoxide complex, [Zn(OPent)Pent],, according
to NMR analysis (see Fig. S4 and 5%), presumable a tetramer
(n = 4) as seen in related examples.®*** Hydrolysis of the zinc

Polym. Chem., 2022,13, 6377-6385 | 6379
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cluster resulted in pentanol with 78% selectivity, the remain-
der being pentane. A reaction with pure oxygen instead of air
gave similar results but was subsequently avoided for safety
reasons. Subsequently, CCG reactions using ZnEt, and catalyst
1 (Zn/Fe = 300) have been carried out at 1 bar ethylene pressure
and the product Zn(PE), was reacted with air prior to hydro-
lysis (see Table 2). Reactions were carried out using different
amounts of catalyst, which did affect the activity somewhat.
The products in both reactions have a similar average chain
length, analysed as CegH;3,0H according to *C NMR with
65-74% OH-functionalisation, the remainder of the product
mixture being linear alkanes.

The formation of end-functionalised PE-OH from the reac-
tion of Zn(PE), with oxygen has been investigated previously
using Ziegler-Natta catalysts and metallocenes,*>*®°* titanium
guanidate catalysts,*’ and also with the Fe/Zn catalyst system
use here.**™° In all these reports, the degree of OH-functiona-
lisation is less than 80%, with the remainder being alkanes
(PE-H) formed upon hydrolysis. The incomplete reaction of
zinc alkyls with oxygen is likely due to the formation of mixed
zinc alkyl alkoxide “ZnR(OR)” clusters, as reported by
Lewinski.®*®>% For example, the reaction of ZnMe, with
oxygen has been reported to generate [Zn(OMe),(Zn(OMe)
Me)g], which upon hydrolysis would only yield 57% MeOH. It
is possible that for ZnR, with longer alkyl chains, similar [Zn
(OR),R,] clusters are generated which upon hydrolysis will
generate different yields of ROH.®>*”*® We can thus conclude
that end-functionalisation of Zn(PE), to generate PE-OH
appears to have an upper limit of approximately 80% selecti-
vity, because this functionalisation suffers from an inherent
problem due to the formation of stable mixed alkyl/alkoxide
zinc clusters upon reaction with oxygen.

End-functionalisation with sulfur

The incorporation of sulfur into polymers, for example the vul-
canisation of rubber, has been an important aspect in polymer
chemistry for a long time, and is currently finding renewed
interest for other polymers.®®””" The reaction of main group
alkyls with elemental sulfur has been known for some time
and generally results in the formation of dialkyl polysulfides
R-S;-R.”> Boisson et al. have shown that Mg(PE), reacts with
sulfur to generate PE-S;-PE polysulfide polymers, where k =

Table 2 Synthesis of PE-OH form Zn(PE), upon reaction with air

Yield Zn/Fe  Activity
Run [g] ratio [gmmolhbar™'] 1° C,% Funct.(%)
1¢ 3.84 300 384 33 68 74
2P 19.9 300 497 33 68 65

“Conditions: catalyst 1 (10 pumol), MAO (100 eq.), toluene solvent
(30 mL), room temperature, 1 bar ethylene, 1 hour reaction time,
quenched with air ? Conditions: catalyst 1 (40 pmol), MAO (100 eq.),
toluene solvent (120 mL), room temperature, 1 bar ethylene, 1 hour
reaction time, quenched with air 4 = mean number of ethylene units
inserted, determined by GC analysis ? C, = mean chain length, deter-
mined by quantitative "*C-NMR analysis

6380 | Polym. Chem., 2022,13, 6377-6385
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1-8. Previous studies on the reaction between ZnEt, with
sulfur in equimolar amounts resulted in the formation of [Zn
(SEt)Et],, clusters such as [Zn(SEt)Et];,,”® similar as for the
reaction with oxygen discussed in the previous section.
Increasing the ratio of sulfur to zinc leads to the formation of
[(ZnS)Zn(SEt),],, clusters, together with the formation of SEt,
and S,Et,.”*

Initial reactions of dipentylzinc with sulfur in an equimolar
ratio showed the formation of CsH;41-Si-CsHy; (Where the ratio
of k=1:2:3+was 21:42: 37), together with unreacted dipentyl-
zinc (see Fig. S6T). The reaction of excess sulfur (4 equiv.) with
Zn(PE), resulted in the formation of PE-Si-PE polymers with
71% functionalisation, the remainder being linear alkanes
formed upon hydrolysis. Analysis by "H NMR reveals a ratio
between PE-S-PE, PE-S,-PE and PE-S;,-PE of 11:42:47 (see
Fig. 3). Considering an average chain length of C,, in this case,
an average value of k = 4 could be calculated from elemental
analysis (see Table S171). Analysis of PE-S;-PE by Raman spec-
troscopy (Fig. S81) has shown a characteristic C-S vibration at
744 cm™'.”®> When PE-S;-PE was heated in toluene at 80 °C for
one hour a reduction of k was observed, specifically in the
amount of PE-S;-PE with k > 3 (see Fig. S71), in line with the
general thermal instability of polysulphides with k > 3.7

End-functionalisation with iodine and bromine

The reaction of Zn(PE), with an excess I, results in 1-iodoalk-
anes (PE-I), together with Znl,. A range of 1-iodoalkanes with
various average chain lengths has been prepared, a selection is
shown in Table 3. The products have been analysed by GC, 'H,
3C NMR and IR spectroscopy, as well as thermal analysis
(Fig. S10-15%). Analysis of long chain 1-iodoalkanes by GC is
reliable for short chain lengths up to C,, and fitting of the GC
results to the Poisson formula allows full characterisation of
the distribution of chain lengths to be determined (see
Fig. S147). Average chain length values have been determined
by "*C NMR analysis (see Fig. S117). IR spectroscopic analysis
can also be used for relatively short alkyl iodides, using the
ratio of 1(C-H) signal at 3000 cm™" relative to the characteristic
1(C-1) stretch at 603 cm ™" (see Fig. S15-177).

Thermal analysis was caried out on a series of four longer
chain PE-I samples with different chain lengths, ranging from
C,s to Cgg alkyl iodides. Analysis by DSC shows two endother-
mic processes (Fig. 4), one centred around 60-70 °C and
another around 110-120 °C. The former signal is more domi-
nant for the shorter chain alkyl iodides, whereas the latter
becomes the main transition for the longer chain products.
Melting points for linear alkyl iodides C,H,,.I of different
chain lengths follow a hyperbolic relationship (Fig. S207),
approaching the melting point of HDPE for n — oo, and the
melting points of pure C,sHo,I and CggH;571 are 91 °C and
110 °C, respectively.””””® The two transitions seen here are due
to the fact that we have mixtures of linear alkyl iodides with
different chain lengths that lead to the formation of solid solu-
tions before complete melting of the material takes place.
Similar complex behaviour has been reported for mixtures of
alkanes and perfluorinated alkanes.”®"%°

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 H-NMR spectrum in dg-toluene at 298K of PE-S,-PE (k = 1-8) obtained from the reaction of Zn(PE), with 4 equiv. sulfur. Zn(PE), = Zn

(C22H4s), in this case.

Table 3 Synthesis of PE-I from Zn(PE), with various chain lengths

Activity Chain
Run Eq. Zn [g mmol™ h bar™] length® (C,,) PE-T’ (%)
1 300 1460 70 89
2 350 1220 46 96
3 450 950 40 97
4 500 900 30 98
5 650 640 12 100

Conditions for the polymerization reactions: catalyst 1 (10 pmol), MAO
(100 eq.), toluene solvent (50 mL), 30 °C, 1 barg ethylene, 1 hour
reaction time. “C, = average chain length, determined by '*C NMR
analysis. © Todo-functionality yield determined by "H NMR analysis.

Whilst selectivities for the formation of PE-I are typically very
high (>90%), the functionalisation appears to depend to some
degree on the alkyl chain length, something that was also noted
by Boisson in catalysed chain growth reactions of magnesium
alkyls followed by iodine quenching.*® For example, the degree
of functionalisation is quantitative for C,,H4,I, but decreases to
97% for C;oHg;I and 89% for C,oHy441, the remainder being the
corresponding alkanes (see Fig. S127). This may be due to the
reduced solubility of Zn(PE), with increasing chain length, or
alternatively, encapsulation of the reactive zinc centres with
increased PE chain length could result in restricted access to
the metal centre and reduced reactivity with I,. Unreacted zinc-
carbon bonds are eventually cleaved upon hydrolysis, resulting
in the formation of alkanes.

Analogous to the reaction of Zn(PE), with iodine, reactions
with bromine result in the formation of PE-Br. Upon addition of

This journal is © The Royal Society of Chemistry 2022

Br, to a solution of Zn(PE), in toluene, C;,HgsBr was obtained
with 67% functionalisation, the remainder being C;,Hees (see
Fig. S18 and 197). The reason for the lower functionalisation is
not clear at this stage, but it should be noted that compared to
iodine, the addition of bromine is considerably more reactive
and may have led to some decomposition of alkyl zinc species.

Synthesis and characterisation of PE-I/LDPE polymer blends

A series of polymer blends has been prepared by incorporating
PE-I into LDPE (SABIC NOW2021). The polymer blends were
prepared by two different methods, either by solution mixing
or melt blending. Solution mixing involved dissolving LDPE in
hot toluene,®" followed by the addition of PE-I and precipi-
tation of the resulting PE-I/LDPE polymer blend in methanol.
Melt blending of PE-I and LDPE was carried out via co-extru-
sion at 130 °C (see ESIf). TGA analysis has shown that PE-I
and LDPE are thermally stable up to 200 °C (Fig. S211). LDPE
was blended with C,gHj,I, C30HeI and C,oHq4I at 10 wt%
loading. Analysis of the polymer blends was carried out by IR
spectroscopy based on the characteristic signals at 1163 cm ™"
for @(CH,I) and 603 cm™" for y(C-I) (see Fig. S151). Despite
dilution in the LDPE matrix the characteristic IR signals can
be clearly observed (Fig. 5 for solution mixing and S22} for
melt blending). Further characterisation was caried out by DSC
analysis, which shows superposition of the DSC profiles for
LDPE and PE-I (Fig. S237).

In order to establish the dispersion of PE-I throughout the
PE-I/LDPE polymer blend, surface analysis has been caried out
on the material obtained through solution blending, using

Polym. Chem., 2022,13, 6377-6385 | 6381
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Fig. 5 FT-IR analysis of C;oH141!/LDPE polymer blend obtained via solution blending in toluene.

FIB-SEM and EDX analysis.**"®* The SEM image in Fig. 6 shows
a magnification of the PE-I/LDPE polymer surface. A square
hole of approximately 10 x 10 x 10 pm was cut by FIB micro
machining using a gallium ion beam (see ESI for detailst). EDX
measurements were caried out at approximately 1 um depth
intervals up to 6 pm from the surface, as indicated in Fig. 6.
Iodine was detected in all samples from its characteristic L,
signal at 3.937 keV, and there was no indication of a concen-
tration gradient along this trajectory, indicating a random dis-
persion of PE-I, at least within 6 um from the polymer surface.
In conclusion, we have shown that the CCG reaction of ZnEt,
with ethylene, catalysed by the iron-based catalyst system [(2,6-
diacetylpyridinebis(2,6-diisopropylanil))FeCl,] (1) and MAO
gives access to ZnPE,, whereby the PE chain length can be con-
trolled by the Zn/Fe ratio and the reaction time. The reaction of

6382 | Polym. Chem., 2022,13, 6377-6385

ZnPE, with a variety of electrophiles leads to the formation of
end-functionalised polyethylene PE-X. The selectivity for the for-
mation of PE-OH appears to be limited to approximately 80%,
probably due to the formation of zinc cluster [Zn(OR)R], inter-
mediates. The reaction of ZnPE, with elemental sulfur results in
the formation of polysulfides PE-S;-PE. Polysulfides with k£ > 3
are thermally unstable and heating of PE-S;-PE results in the
elimination of sulfur and a lowering of k. The reaction of ZnPE,
with iodine to generate PE-I is generally highly selective and is
the preferred functionalisation method. Blends of PE-I and
LDPE can be prepared by solution mixing or by melt blending
through extrusion. These novel PE-I/LDPE polymer blends have
been characterised by IR spectroscopy and DSC analysis.
Surface analysis using SEM-EDX has indicated a uniform distri-
bution of PE-I within 6 pm from the PE-I/LDPE surface.

This journal is © The Royal Society of Chemistry 2022
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(a) SEM image of PE-I/LDPE particle. (b) FIB-SEM image of PE-I/LDPE surface with square hole cut using FIB micro machining. (c) EDX ana-

lysis at ~1 pm depth intervals. (d) EDX spectra taken at surface (spectrum 1) and at ~1 pm depth intervals (SEM samples were Au-plated for

conductivity).

Degradation studies of these novel PE-I/LDPE materials are cur-
rently underway and will be reported in due course.
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