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Factors Inhibiting the Alkyl-Branch Plasticization of
Polyoxymethylene

Ryan T. Martin, Stephen A. Miller*

Summary: The ability of an alkyl branch to depress the melting temperature in a
polyoxymethylene chain is measurably less than that in a polyethylene chain. The
factors that inhibit the alkyl-branch plasticization of polyoxymethylene are con-
sidered by computational assessment of a series of model compounds at various
levels of theory: DFT B3LYP 6-31+G”, DFT B3LYP 6-311+-+G™*, MP2 cc-pVTZ, T1, and
G3(MP2). Intramolecular interactions—characterized as acetal CH---O hydrogen
bonds—are surprisingly strong and likely encourage conformational regularity in
the vicinity of the alkyl branches, allowing maintenance of the intermolecular chain-
chain interactions. The acetal CH---O hydrogen bonds in dimethylene glycol average
to 2.65 kcal/mol while the non-acetal CH---O interactions in 1,3-propanediol are
much weaker with an average of 0.34 kcal/mol (G3(MP2)). The related, classical
OH---O hydrogen bond in ethylene glycol is found to be worth 2.12 kcal/mol. To
describe this energetic ordering, an additional stabilizing anomeric effect is invoked

renewable resources

Introduction

The lifecycle of polyoxymethylene (POM,
also called polyformaldehyde or acetal
polymer) is shown in Figure 1. The
dominant commercial route to methanol
is from natural gas via synthesis gas (carbon
monoxide + hydrogen). From methanol,
7.5 billion kg of formaldehyde are produced
each year,[l] of which about 500 million kg
are devoted to the synthesis of polyoxy-
methylene via two main routes.””! The first
route employs anionic polymerization of
formaldehyde to form POM, which is then
capped with acetic anhydride to prevent
thermal depolymerization. The second
route relies on the ring-opening polymer-
ization of trioxane, the cyclic trimer of
formaldehyde. This is copolymerized with
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1,4-dioxane or ethylene oxide to provide
polyether linkages that are not readily
susceptible to thermal depolymerization.
POM is an engineering plastic that is used
routinely in engine parts, appliances,
plumbing and hardware, electronic compo-
nents, zippers, and machinery.

Feedstocks for Polyoxymethylene

As described in Figure 1, an alternative
source of methanol is wood via its destruc-
tive distillation (pyrolysis) to provide
“wood alcohol.” Current technology is
calculated to produce up to 59 kg of
methanol from 100 kg of wood.?! While
the preparation of methanol from cellulose
is no longer extensively practiced, this
process will almost certainly be of great
interest again in the future if the cost of
natural gas increases or supply channels are
disrupted.[4] Importantly, the monomer
formaldehyde can be derived either from
natural gas or from“biomass.
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Figure 1.

(Celcon® POM)

The chemical lifecycle of polyoxymethylene (POM). Note that this polymer can originate from a variety of
feedstocks and can be chemically recycled to afford the original formaldehyde monomer.

While polylactic acid (PLA) is probably
the most successful thermoplastic made
from biorenewable feedstocks, it derives
from starch, which is considerably less
abundant than cellulose. Moreover, divert-
ing our starch resources to chemical and
polymer production directly impacts the
food supply. Utilization of cellulose, the
most abundant polymer in the biosphere,
avoids this food supply issue and its
conversion to formaldehyde or trioxane
avoids the problems associated with cellu-
lose digestion and sugar fermentation.

Branched Polyoxymethylene

The mechanical properties of high density
polyethylene (HDPE) are markedly per-
turbed by copolymerizing ethylene with
small amounts of a-olefins—typically 7%
by weight, which is about 2 mol% 1-octene
incorporation.”) Compared to HDPE, lin-
ear low density polyethylene (LLDPE)
exhibits a decreased T,,, a lower tensile
modulus and tensile strength, but a much
improved impact strength. These effects are
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Figure 2.

normally interpreted on the molecular scale
as a local disruption of the crystalline lattice
by the introduction of an alkyl branch. The
incorporation of branches into POM to
form linear low density polyoxymethylene
(LLDPOM) should have a similar plasticiz-
ing effect, widely expand the properties of
POM, and allow for precise control over the
polymeric properties.

Somewhat surprisingly, investigations of
branched polyoxymethylene are rare and had
been conducted only to address the thermal
depolymerization tendencies of POM, not
for the purpose of tuning the melting
temperature and other thermomechanical
properties.[*®! A useful comparison to com-
mercial LLDPE resins, having 1 to 25 mol %
comonomer incorporation,[s] was not possi-
ble until our recent report.[g] Our approach
for incorporating well-defined branches into
otherwise linear polyoxymethylene exploi-
ted the cationic ring-opening copolymeriza-
tion of trioxane and either 1-alkene oxides or
4-alkyl dioxolanes (Figure 2).1"!

Aspredicted, the melting temperatures of
the LLDPOM copolymers are depressed
compared to that of POM homopolymer
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Copolymerization strategies for LLDPOM: trioxane with alkene oxides or 4-alkyl dioxolanes.
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(Tn=181°C). Figure 3 illustrates the
dependence of copolymer melting tempera-
ture on branch density (BD)— here quanti-
fied as the number of branches per 1000 main
chain atoms. Note that the melting tempera-
ture is linearly correlated to the branch
density, but is ostensibly independent of the
comonomer’s identity (epoxide or dioxo-
lane; R = methyl, ethyl, n-butyl, or n-hexyl).

LLDPOM versus LLDPE

Regression analysis for 43 LLDPOM copo-
lymers yields the linear relationship
T = 170.9-0.45(BD) (Figure 3).) A related
analysis by Mirabella and Crist!'”! for a series
of LLDPE copolymers yields T,,=131.4-
1.17(BD). The calculated slopes directly
measure an alkyl branch’s ability to disrupt
crystallinity. For LLDPE a 10°C melting
pointdepression s effected with 8.5 branches
per 1000 main chain atoms; in contrast, the
same melting point depression in LLDPOM
requires 22 such branches. The quotient of
the slopes in Figure 3 provides the first and
only quantitative “‘branch effect” compar-
ison between these two polymer classes.
Approximately 2.6 times more branches
(=—1.17/-0.45) are required to plasticize
polyoxymethylene than polyethylene. Most
likely, a branchisless effective for LLDPOM
(slope = —0.45) because its numerous local
dipoles result in stronger intermolecular
chain—chain interactions than those present
in the hydrocarbon polymer (slope = —1.17).

T, =170.9 - 0.45(BD) (R%=0.831)
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Figure 3.
Comparative melting point trends for polyoxymethyl-

ene copolymersm (top) and polyethylene copoly-
merst® (bottom) as a function of branch density.
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Figure 4.

Intermolecular chain-chain interactions are weak in
this lattice plane. The electrostatic potential energy
map indicates minimal electron density between the
chains (DFT B3LYP 6-31G").

Intermolecular Chain-Chain
Interactions

An important model for the polyoxymethyl-
ene chain can be found in 1,17-diphenyl-
2,4,6,8,10,12,14,16-octaoxaheptadecane
(Ph(CH,0O)3CH,Ph), which contains eight
oxymethylene units and has been structu-
rally characterized by X-ray crystallogra-
phy.[“] We have analyzed the packing
structure of this compound in search of
intermolecular chain-chain interactions. In
the lattice plane depicted in Figure 4, it
appears that the chains are not oriented
properly to interact the §* of the acetal
hydrogens with the §~ of the oxygens. The
electrostatic potential map reveals minimal
electron density between the chains
(Figure 4). We sought a means to measure
the strength of the intermolecular chain-
chain interactions and decided on the
model compounds depicted in Figure 5,
dimethoxymethane and dimethyl ether.
These are spliced directly from two adja-
cent polymer chains in the lattice structure

AE=-03
keal/mol [ o

Figure 5.

Model compounds indicate a weakly repulsive H---H
interaction between adjacent polymer chains. Their
separation is favored by about 0.3 kcal/mol (DFT B3LYP
6-31G", DFT B3LYP 6-3114++G"").

www.ms-journal.de



Macromol. Symp. 2009, 279, 72-78

Figure 6.

Intermolecular chain-chain interactions are promi-
nent in this lattice plane. The electrostatic potential
energy map indicates significant electron density
between the chains (DFT B3LYP 6-31G").

and aptly approximate a localized H---H
interaction between the chains. However,
the interaction energy is calculated to be
slightly repulsive: -0.32 kcal/mol (DFT
B3LYP 6-31G"); and -0.36 kcal/mol (DFT
B3LYP 6-311++G*).["?)

Consider now the lattice plane depicted in
Figure 6. These chains, indeed, appear to
have significantinteraction between the § ™ of
the acetal hydrogens and the §~ of the
oxygens. The electrostatic potential map
reveals significant electron density between
the chains (Figure 6). Computational analy-
sis of appropriately aligned model com-
pounds—spliced directly from the lattice
structure—indicates that the CH:--O inter-
action is attractive and therefore stronger
than the H---H interaction energy calcula-
ted by modeling the other lattice plane:
+0.98 kcal/mol (DFT B3LYP 6-31G");
+0.20kcal/mol (DFTB3LYP6-311++G™).

fe &

keal/mol

P S s

Figure 7.

Model compounds indicate an attractive CH---O inter-
action between adjacent polymer chains. Their sepa-
ration is disfavored by an average of 0.6 kcal/mol (DFT
B3LYP 6-31G", DFT B3LYP 6-311++G™).
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Figure 8.

Intramolecular 1,5 H---O interactions in a polyoxy-
methylene model™ denoted by the dashed lines.
The fourteen internuclear distances (from left to right)
are: 2.535, 2.557, 2.564, 2.575, 2.552, 2.564, 2.559, 2.559,
2.564, 2.552, 2.575, 2.564, 2.557, and 2.535 A.

Intramolecular Chain-Chain
Interactions

In addition to the intermolecular chain-chain
interactions that exist between polyoxy-
methylene chains, there appear to be related
CH---Ointeractions within a given chain. Itis
known that POM typically adopts an all
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Figure 9.

Energy costs for disrupting H---O interactions, com-
puted according to the G3(MP2) algorithm. The inter-
nuclear H---O distances are: 2.548, 2.548, and 2.692 A,
respectively for dimethylene glycol; 2.610, 2.609, and
2.646 A, respectively for 1,3-propanediol; and 2.224 A
for ethylene glycol.
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approximatel auche helix!" and this
(app y) &

allows the relatively close 1,5 H---O inter-
actions denoted by the dashed lines
shown for 1,17-diphenyl-2.,4,6,8,10,12,14,16-
octaoxaheptadecane in Figure 8.

In order to model this intramolecular
CH---O interaction, the surrogate com-
pound dimethylene glycol has been studied
computationally with various levels of

Table 1.

theory. Depending on the conformation
of dimethylene glycol there can be two, one,
or zero CH---O interactions, as depicted in
Figure 9. Thus, the ground state energy
differences among these conformers pro-
vide a measure of the strength of the acetal
CH---O hydrogen bond. According to the
G3(MP2) method, these interactions are
worth 2.87 and 2.44 kcal/mol. Table 1

Relative energies (in kcal/mol) of dimethylene glycol, 1,3-propanediol, and ethylene glycol as a function of
conformation. The energies include the zero-point energy correction.

Model Method
DFT B3LYP DFT B3LYP MP2 cc-pVTZ T G3(MP2)
6-31+G” 6-311+-+G"
dimethylene glycol
H
HO~f-
PO
‘ { 0.000 0.000 0.000 0.000 0.000
HA~OH
H
OH
ot
i 2.500 2.442 2.831 3.241 2.868
H-%~OH
H
\(‘; 4.792 4.599 5.298 5.961 5.305
N "LH (A=2.293) (A =2.156) (A =2.467) (A =2.720) (A =2.437)
HO
1,3-propanediol
H
H?TH 0.000 0.000 0.000 0.000 0.000
{HCH
HA~0H
H
OH
i
'ﬁH 0.380 0.077 0.452 0.468 0332
H~~OH
H
OH
HeH
HCH 0.648 0.169 0.983 0.975 0.687
nlen (A =0.267) (A =0.092) (A=0.531) (A =0.507) (A =0.355)
HO
ethylene glycol
H o,
H 0.000 0.000 0.000 0.000 0.000
H{{ "OH
hJfo,
T 2.432 2.089 2.195 2.323 2,121
Ho ™
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reports that similar numbers were found for
other levels of theory.

For comparison, a non-acetal model
compound was investigated. Depending
on its conformation, 1,3-propanediol can
also have two, one, or zero CH---O inter-
actions; however, these involve non-acetal
hydrogens and therefore the §" on H should
be less than that in dimethylene glycol.
Indeed, the penalty for disrupting the
CH---O interactions in 1,3-propanediol is
comparatively meager and ranges from
about 0.1 to 0.5 kcal/mol (Table 1).

A final model for comparison is ethylene
glycol, which can attain an intramolecular,
classical OH---O hydrogen bond.'¥l The
strength of this hydrogen bond is calculated
to be 2.1 kcal/mol according to G3(MP2)
and consistently lower than the CH---O
interaction in dimethylene glycol, regard-
less of the computational method (Table 1).
One explanation for this energetic ordering
is the added anomeric stabilization™”
found in the dimethylene glycol conformers
which is lost at the same time that the
CH---O interaction is lost via conforma-
tional motion. This anomeric stabiliza-
tion effect is absent in the other model
compounds, 1,3-propanediol and ethylene
glycol.

Conclusions

Our previous investigations of alkyl-
branched polyoxymethylenes revealed that
considerably more branches are required to
plasticize polyoxymethylene than polyethyl-
ene.”) About 2.6 times more branches are
required to effect a comparable melting
point depression in POM versus PE. The
present computational model studies help
to explain the diminished response of POM
to chain disruptions. The numerous local
dipoles of POM lock adjacent helical chains
together. In particular, intermolecular
CH--O interactions are abundant and
strong. Within a chain, the observed helical
conformation has two reinforcing effects:
intramolecular 1,5 H---O interactions and
anomeric stabilization. The penalty for

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

disrupting these (simultaneously) is calcu-
lated to be 2.2 to 3.2 kcal/mol, depending
on the computational method. When non-
acetal hydrogens are involved, the penalty
for disrupting a 1,5 H---O interaction is
considerably less: 0.1 to 0.5 kcal/mol. For
comparison, a classical 1,5 H---O hydrogen
bond is calculated to be about 2.1 to
2.4 kcal/mol, consistently less than the 2.2
to 3.2 kcal/mol values computed for the
polyoxymethylene analogue. The strong
inter- and intramolecular forces suggest
that significantly plasticized polyoxymethy-
lene copolymers will require rather high
comonomer compositions. For this and
other reasons we continue our pursuit of
more effective and economical approaches
to polyoxymethylene plasticization.
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