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The controlled introduction of branches into high-density
polyethylene (HDPE) via copolymerization strategies has given
rise to a family of linear low-density polyethylenes (LLDPE,
Figure 1) with very tunable properties for a wide variety of
applications.1 LLDPE is projected to remain the fastest growing
polyolefin with consumption doubling from 2006 (17 billion
kg/year) to 2020 (34 billion kg/year) while expanding from 17%
to 19% of the polyolefin market.2

Polyoxymethylene (POM) is an engineering plastic (0.5
billion kg/year) routinely used as a metal substitute in medical
devices, appliances, hardware, electronic components, and
zippers.3 In stark contrast to the successful adaptation of HDPE
to afford LLDPE, no branched variants of POM have received
commercial attention. Such linear low-density polyoxymethyl-
enes (LLDPOM)4 are essentially unknown, but we hypothesized
that their thermal and mechanical properties should be readily
tuned by controlling branch contentsvis-à-vis LLDPE.

Moreover, although POM currently derives from fossil fuel
methanol, POM and LLDPOM are poised to become increas-
ingly attractive because methanol can be synthesized from
renewable (hydrogen) and biorenewable (carbon dioxide, wood,
agricultural waste) feedstocks, and these polyacetal polymers
are amenable to chemical recycling, affording the original
formaldehyde monomer (Scheme 1). A methanol economy has
received serious consideration as a sustainable, bio-based

successor to the fossil fuel economy.5 To the extent that the
methanol economy enjoys future success, polymers derived from
this C1 feedstock will become economically privileged.

Our initial approach for incorporating well-defined branches
into otherwise linear polyoxymethylene exploited the cationic
ring-opening copolymerization of trioxane and either 1-alkene
oxides or 4-alkyldioxolanes (Figure 2). Accordingly, the two
series of copolymers cataloged in Table 1 were synthesized.

Somewhat surprisingly, investigations of branched polyoxy-
methylene are rare and have been conducted only to address
the thermal depolymerization tendencies of POM, not for the
purpose of tuning the melting temperature and other nondestruc-
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Figure 1. The branching effect on HDPE is well investigated, but
very little is known about the branching effect on polyoxymethylene
(POM).

Scheme 1. Chemical Lifecycle of Polyoxymethylene (POM)

Table 1. Trioxane/Comonomer Copolymerization Resultsa

a Trioxane (5.00 g, 55.5 mmol) and comonomer in 5.0 mL of 1,2-
dichloroethane at 42°C; initiator added as BF3‚OEt2 (0.073 g; 0.514 mmol)
in 2.5 mL of cyclohexane; quenched with 5% aqueous Na2CO3; reaction
times vary from 0.5 to 72 h.b Before cure by NMR analysis.c Relative
rate of comonomer incorporation) mol % incorporation/mol % feed.d After
curing by NMR/DSC/TGA analysis.
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tive thermomechanical properties. One butylene oxide copoly-
mer6 and a few propylene oxide copolymers have been reported
in the patent literature7sbut no copolymers with higher alkene
oxides have been reported. Copolymers with long chain 4-alkyl-
dioxolanes are found in a single report (initiator) CF3SO3H),
but the comonomer incorporation rates average only 33%,
comonomer incorporation is uniformly low (0.3-1.6 mol %),
and copolymer melting temperatures are not reported.8 Thus, a
useful comparison to commercial LLDPE resins, having 1-25
mol % comonomer incorporation,1 cannot be made with the
available data.

We have addressed these shortcomings by identifying
BF3‚OEt2 as a superior cationic initiator for the copolymerization
of trioxane with 1-alkene oxides or with 4-alkyldioxolanes. As
shown in Table 1, the former system allows for high relative
comonomer incorporation rates, averaging 0.97 and ranging
from 0.48 to 1.56, indicating several instances where the epoxide
is more reactive than trioxane. Additionally, a wide range of
comonomer incorporations is accessiblesfrom 4 to 18 mol %.
Note that epoxide relative incorporation rates (average of 0.97)
are generally higher than those for dioxolane (average of 0.59).

As predicted, the melting temperatures of the copolymers are
depressed compared to that of POM homopolymer, which has
a Tm of 181 °C.9 Figure 2 illustrates the dependence of
copolymer melting temperature on branch density (BD)shere
quantified as the number of branches per 1000 main chain
atoms.10 Note that the melting temperature is linearly correlated
to the branch density but is ostensibly independent of the
comonomer’s identity (epoxide or dioxolane; R) methyl, ethyl,
n-butyl, or n-hexyl).

Regression analysis for all 43 copolymers in Table 1 yields
the linear relationshipTm ) 170.9- 0.45(BD) (Figure 2). The
related analysis by Mirabella and Crist11 for a series of LLDPE
copolymers yieldsTm ) 131.4- 1.17(BD). The obtained slopes
are a direct measure of a branch’s ability to disrupt crystallin-
ity.12 Evidently, a given branch is less effective at disrupting
the crystallinity of the oxygenated polymer (slope) -0.45)
because its numerous local dipoles result in stronger chain-
chain interactions than those found in the pure hydrocarbon
polymer (slope) -1.17). While 8.5 branches per 1000 main
chain atoms are sufficient to effect a 10°C melting point
depression in LLDPE, 22 such branches are required to effect

the same melting point depression in LLDPOM. The quotient
of the slopes provides the first quantitative “branch effect”
comparison between these two copolymer classes and indicates
that considerably more branches (-1.17/-0.45 ) 2.6 times)
are required to plasticize polyoxymethylene than polyethylene.
Nonetheless, the coherent melting temperature dependence
suggests that the properties of polyoxymethylene can be finely
tuned via copolymerization strategies akin to those proven
exceedingly useful for commercial LLDPE.

Through copolymerization approaches, we have created the
first well-defined family of POM copolymers having a wide
range of branch content and prescribed branch length. The
uniform branch identity has allowed the first direct comparisons
between branched polyethylene (LLDPE) and branched poly-
oxymethylene (LLDPOM)sdifferentiating the inherent ability
of a branch to disrupt crystallinity in these two copolymer
classes. This disruptive effect is quantified herein by copolymer
melting temperature and will have an important bearing on
future attempts to prepare LLDPOM with tunable and market-
able thermomechanical properties. Future interest in this family
of oxygenated copolymers is anticipated because they derive
from a biorenewable C1 platform chemical (methanol)5,13 and
because they are suitable for recycling via chemical depolym-
erization, unlike related polyolefins. Moreover,R-olefin feed-
stocks for the proposed comonomers can be derived from
ethanol and vegetable oil via the ethenolysis of fatty acid esters
or triglycerides,14 further increasing the biorenewable mass
fraction of LLDPOM.
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