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Physical properties and hydrolytic degradability of
polyethylene-like polyacetals and polycarbonates
Patrick Ortmann, Ilona Heckler and Stefan Mecking*
Long-chain polyacetals and polycarbonates were prepared by polycondensation of α,ω-diols (C18, C19,
C23) derived from fatty acids as a renewable feedstock with diethoxymethane and dimethyl carbonate,
respectively, in one step. Studies of hydrolytic degradation of the solid polymers show a much higher
stability compared to their shorter-chain counterparts. Long-chain polyacetals were found to degrade
slowly under acidic conditions, while the long-chain polycarbonates also degraded in a basic environment. To rationalize the impact of acetal and carbonate groups on the thermal and crystalline properties
of polyacetals and polycarbonates, additional model polymers with a further reduced and systematically
varied functional group density were generated by ADMET copolymerization of the unfunctionalized
undeca-1,10-diene with bis(undec-10-en-1-yloxy)methane or di(undec-10-en-1-yl) carbonate, respectively, followed by exhaustive hydrogenation. Long-chain polycarbonates possess polyethylene-like solid
state structures. By comparison to polyesters, a given density of carbonate groups in the polymer chain
reduces melting and crystallization temperatures signiﬁcantly more strongly. By contrast, long-chain polyacetals possess more complex non-uniform crystal structures, and only adopt a polyethylene-like structure at very low densities of acetal groups. Also, acetal groups more strongly impact melting and
crystallization temperatures vs. carbonates.

Introduction
Recent advances in catalytic conversions of plant oils have provided access to long-chain α,ω-functionalized aliphatic monomers.1 Biotechnological or synthetic approaches like
ω-oxidation,2–4 isomerizing alkoxycarbonylation5–8 and olefin
metathesis9–11 generate α,ω-dicarboxylic acids and derivatives
suitable as monomers for polycondensates like polyesters,7
polyamides7 and polyurethanes.12 The incorporation of the
fatty acids’ long-chain methylene sequences into the aliphatic
polymer chains results in high degrees of crystallinity and
high melting points, advantageous for thermoplastic processing.13 This is due to van der Waals interactions between the
hydrocarbon segments, akin to polyethylene.

Chair of Chemical Materials Science, Department of Chemistry, University of
Konstanz, Universitätsstrasse 10, D 78457 Konstanz, Germany.
E mail: stefan.mecking@uni konstanz.de; Fax: +49 7531 885152;
Tel: +49 7531 882593

Diﬀerent from polyethylene, such polycondensates oﬀer the
possibility of hydrolytic degradability. This can be a useful
property, for example to prevent long-term accumulation of
materials lost to the environment. In any case, knowledge of
environmental stability or decomposition rates is essential for
these new materials. By comparison to shorter chain congeners, such degradation is significantly slower as a result of
the high crystallinity and hydrophobicity.14,15 This is illustrated by Heise and coworkers’ study of the hydrolytic degradation of longer-chain polycondensates.16 For aliphatic
polyesters containing C14 methylene sequences between the
ester functionalities, no mass loss or molecular weight
reduction indicative of hydrolysis was observed in slightly
basic buﬀer solution over a period of two years.
By comparison to ester groups, acetal and carbonate functionalities are more amenable to hydrolysis. Polyacetals can be
subjected to acid-catalyzed hydrolysis,17–20 leading to formation of the corresponding (monomeric) diols. Their biocompatibility and non-toxicity render such materials
unproblematic from this perspective.21 Likewise, polycarbonates are biocompatible and non-toxic,22 and they are sensitive
towards acidic as well as basic aqueous environments.23,24 Our
preliminary findings20 showed that long-chain polyacetals,
generated from isolated α,ω-diacetals, are hydrolyzed slowly.
This diﬀers advantageously from their shorter-chain
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analogues, which are decomposed rapidly upon exposure to an
aqueous environment.
We will now give a full account of thermoplastic long-chain
polyacetals and polycarbonates including their hydrolytic
degradation and physical properties.

Results and discussion
Synthesis of long-chain polyacetals and polycarbonates
In order to provide suﬃcient access to long-chain polyacetals
(PA-18, PA-19, PA-23) and polycarbonates (PC-18, PC-19,
PC-23), we established a one-pot synthesis directly from the
corresponding diols as the starting material (Scheme 1). Essentially, this follows the procedures for shorter chain (C5 to C12)
analogs,17,25,26 slightly adapting reaction conditions to the
diﬀerent melting points and solubilities of the long-chain
linear α,ω-diols (Scheme 1).
The C19- and C23-diol starting materials were generated by
catalytic isomerizing alkoxycarbonylation of methyl oleate and
ethyl erucate, respectively, followed by catalytic reduction of
the ester moieties.7 In the resulting diols the lengths of the
linear methylene sequences correspond to the lengths of
entire fatty acid chains. The C18-diol was prepared by esterification followed by catalytic reduction of the commercially available C18-diacid (which is generated by enzymatic ω-oxidation
of fatty acid feeds).
Polyacetals. α,ω-Diol monomers were directly converted to
the corresponding polyacetals (PA-18, PA-19 and PA-23, see

Scheme 1 One pot synthesis of long chain polyacetals and poly
carbonates, together with possible hydrolytic degradation pathways.

Table 1

Scheme 1) by reaction with diethoxymethane and catalytic
amounts of p-toluene sulfonic acid (for synthetic details, see
ESI†). Suitable reaction conditions for this polycondensation
were found to be an initial temperature of 80 °C, which was
increased stepwise to 150 °C with increasing progress of
polymerization. An argon flow, and in the latter stages,
reduced pressure were applied to remove the ethanol byproduct and excess diethoxymethane. End-group analysis of
the resulting polyacetals by 1H NMR spectroscopy revealed
number average molecular weights Mn on the order of 104 g
mol−1 (see Table 1). Gel permeation chromatography (GPC)
could not be performed on these polymers due to their insolubility in THF (at 50 °C) and significant degradation in 1,2,4-trichlorobenzene (at 160 °C) under GPC conditions, yielding lowmolecular weight fragments. Likely, the latter is a result of
hydrolysis by adventitious traces of water in the aromatic
solvent under these harsh conditions.
Analysis by diﬀerential scanning calorimetry (DSC) revealed
peak melting temperatures between 82 °C and 87 °C (Table 1)
and degrees of crystallinity between 50 and 60%.27 As
expected, with increasing diol chain length higher melting
points are observed due to increasing van der Waals interactions between the polymer chains. Interestingly, the melting
curves of PA-18 and PA-19 clearly display two melting transitions (displayed in the ESI†).
Polycarbonates. Similar to the polyacetal synthesis, the
α,ω-diol monomers were converted in a one-pot synthesis to
the corresponding polycarbonates (PC-18, PC-19 and PC-23,
see Scheme 1) by reaction with dimethyl carbonate and catalytic amounts of potassium carbonate. The polymerization
temperature was increased from an initial 110 to 220 °C, applying reduced pressure to remove the methanol by-product and
excess dimethyl carbonate. End-group analysis by 1H NMR
spectroscopy revealed number average molecular weights
around Mn 104 g mol−1 (Table 1). Molecular weights from GPC
in 1,2,4-trichlorobenzene at 160 °C vs. polyethylene standards
agree with these data.
DSC analysis revealed melting temperatures between 89 °C
and 97 °C for the long-chain polycarbonates. Diﬀerent from
some of the polyacetals (vide supra), a single well-behaved
melting transition was observed for all polycarbonates. Again,
with growing aliphatic chain length, the melting points
increase as expected.

Molecular weights and thermal properties of long chain polyacetals and polycarbonates from direct one pot synthesis

Compound

Mn a (g mol−1)
(NMR)

Mn b (g mol−1)
(GPC vs. PE)

Mw/Mn b

Tm c (°C)

Tc c (°C)

ΔHm c (J g−1)

PA 18
PA 19
PA 23
PC 18
PC 19
PC 23

16 000
14 000
12 000
28 000
15 000
18 000

n.d.
n.d.
n.d.
17 000
11 000
15 000

n.d.
n.d.
n.d.
2.8
5.1
7.5

76/82d
77/83d
87
89
89
97

64
67
72
67
71
77

147
158
167
116
143
156

a
Determined by end group analysis from 1H NMR spectroscopy. b Determined by GPC at 160 °C in 1,2,4 trichlorobenzene versus polyethylene
standards. c Determined by DSC with a heating/cooling rate of 10 °C min−1, data collected from the second heating cycle. d Two distinct melting
transitions are observed.
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Hydrolytic degradation studies
Hydrolytic degradation experiments were performed on solid
samples in concentrated and diluted acidic and basic aqueous
media (on pellets prepared by melting the polymer in a mold,
see ESI†). Beyond insights into the behavior towards these
media, the two week experiments performed to some extent
also allow for an estimation of the behavior on longer terms
under milder conditions of pH.
Polyacetals. Pellets of long-chain polyacetals (PA-18, PA-19
and PA-23) were exposed to 20 wt% aq. NaOH, 3 M aq. HCl
and concentrated aq. HCl solutions (see Table 2). After 16 days
in the corresponding acidic or basic medium, the pellets were
removed, washed with water and acetone and dried under
vacuum at 40 °C for 24 h.

Table 2 Hydrolytic degradation experiments of long chain polyacetals
in diﬀerent media

Degradation
mediumb

Weight loss after degradation
experimentc (%)

PA 18
PA 19
PA 23

20 wt% aq. NaOHd

0.6
0.0
0.0

PA 18
PA 19
PA 23

3 M aq. HCld

0.8
0.6
0.7

PA 18
PA 19
PA 23

Conc. aq. HCld

5.1
4.0
2.3

Polymer pelleta

a

For pellet preparation and exact weights of the samples used, see ESI.
5.0 mL of media solution at 40 °C. c For exact weights of the pellets
before and after the degradation experiments, see ESI. d Degradation
experiments were performed for 16 days.

b

All polyacetal pellets were stable in the basic environment.
Weight losses of the pellets were within the error of the
method.28 Their appearances before (Fig. 1A) and after the
degradation experiment were similar (Fig. 1B). The weights of
the pellets from the 3 M aq. HCl solution were not altered
significantly either, but their appearances varied slightly
during the experiments (Fig. 1C). Degradation of polyacetals
occurred with an observable weight loss in concentrated aq.
HCl solution. The weight loss was up to 5.1% (for PA-18). The
extent of degradation increased with decreasing length of the
methylene sequences in the polymers. During the degradation
experiments all pellets’ surface structures changed significantly (Fig. 1D).
As a conclusion, long-chain polyacetals are stable in a basic
environment, but degrade under acidic conditions. In accordance with prior findings, the degradation rate of the longchain polyacetals decreases with increasing length of the
methylene sequences.20 Mid-chain polyacetals like PA-12
degrade much faster in such acidic environments, losing half
of their weight within ca. 15 min.
Polycarbonates. Pellets of long-chain polycarbonates (PC-18,
PC-19 and PC-23) were exposed to 20 wt% aq. NaOH, 2 wt% aq.
NaOH and concentrated aq. HCl solutions (Table 3). After
exposure for up to 4 weeks at 40 °C, the samples were washed
with water and acetone and dried under vacuum at 40 °C for 24 h.
The weight loss of PC-18, PC-19 and PC-23 in 20 wt% aq.
NaOH solution (25 days) was low, but noticeable and
depended on the length of the methylene chain length. PC-18
degraded faster than PC-19 and PC-23. Likewise the appearances and surface structure of the pellets changed during
degradation (Fig. 1E and F). In 2 wt% aq. NaOH solution,
mass losses were less than 1% for all polycarbonates after 25
days, and thus close to the accuracy of the method.28 However,
the appearances of the pellets were similar compared to the
experiments in 20 wt% aq. NaOH solution after degradation
(Fig. 1G).

Table 3 Hydrolytic degradation experiments of long chain poly
carbonates in diﬀerent media

Degradation
mediumb

Weight loss after degradation
experimentc (%)

PC 18
PC 19
PC 23

20 wt% aq. NaOHd

2.3
1.2
0.9

PC 18
PC 19
PC 23

2 wt% aq. NaOHd

0.4
0.6
0.4

PC 18
PC 19
PC 23

Conc. aq. HCle

2.5
1.6
0.5

Polymer pelleta

Fig. 1 Pellets of polyacetals PA-18, PA-19 and PA-23 before (A) and
after hydrolytic degradation in 20 wt% aq. NaOH (B), 3 M aq. HCl (C),
and concentrated aq. HCl (D). Pellets of polycarbonates PC-18, PC-19
and PC-23 before (E) and after hydrolytic degradation in 20 wt% aq.
NaOH (F), 2 wt% aq. NaOH (G), and concentrated aq. HCl (H).
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a

For pellet preparation and exact weights of the samples used, see ESI.
5.0 mL of media solution at 40 °C. c For exact weights of the pellets
before and after the degradation experiments, see ESI. d Degradation
experiments were performed for 25 days. e Degradation experiments
were performed for 27 days.
b

The experiments performed in concentrated aq. HCl solution resulted in a similar extent of degradation as observed for
20 wt% aq. NaOH. The weight losses of PC-18, PC-19 and
PC-23 were again small, but noticeable and depended on the
chain length of the diol monomer. PC-18 degraded slightly
faster in concentrated aq. HCl solution than PC-19 and PC-23,
resembling the trend observed in a basic environment. Significant changes in the shape and surface roughness of the pellets
were observed after the degradation experiments (Fig. 1H).
Methanolic NaOH solution (10 M) was studied as a
medium at 40 °C to achieve accelerated degradation due to the
higher miscibility of the medium with the solid polymer and
degradation products by comparison to water. The pellets were
removed from the medium after certain intervals over a total
period of 15 hours, washed with water and acetone, dried
under vacuum, weighed, and returned to the medium. These
experiments work out even more clearly the decreased degradation rate with increasing chain length (Fig. 2; PC-18 > PC-19
> PC-23).
Long-spaced aliphatic polyacetals and polycarbonates with
further reduced functional group density
The enhanced melting and crystallization points of the longchain polyacetals and polycarbonates by comparison to their
known shorter chain congeners raise the question of how
thermal properties evolve with a further reduction of the

Fig. 2 Degradation studies of pellets from diﬀerent polycarbonates in
basic methanolic solution (10 M NaOH) at 40 °C over a period of
15 hours.

density of these functional groups along the polymer chain.
Eventually, the melting and crystallization behavior must converge toward linear polyethylene. Extending the above synthetic approach to this end would require the preparation of a
series of α,ω-diols with an even larger chain length. Other than
the rather convenient access to the aforementioned diols
directly from fatty acids, this would require more tedious
multistep synthesis in each case.
Long-chain polyesters like polyester-30,30,29 polyester-44,23
and polyester-38,2330 have in fact been generated by multistep
protocols. This doubling of the aliphatic chain length between
the ester moieties vs. the long-chain polyesters-X,X (X = 18, 19,
23)7,31 containing methylene sequences originating from one
fatty acid molecule resulted in a moderate increase of Tm and
Tc. In order to rationalize thermal properties and provide a
generic prediction, additional data on polyesters with further
reduced ester frequency were required. However, the synthesis
of even longer aliphatic compounds becomes more and more
challenging with increasing number of methylene units. For
the preparation of longer-spaced aliphatic polyesters, this
issue was overcome by applying random acyclic diene metathesis (ADMET)32,33 copolymerization in combination with
post-polymerization hydrogenation.34 The gap between polyesters from classical A2 + B2 polycondensations and linear
polyethylene was overcome in this manner. This approach also
oﬀered itself for the polyacetals and polycarbonates of interest
here.
To this end, we copolymerized undeca-1,10-diene (1)34 as
an aliphatic, non-functionalized monomer with bis(undec-10en-1-yloxy)methane (2) and di(undec-10-en-1-yl) carbonate
(3),35 respectively, to yield unsaturated, linear polyacetals and
polycarbonates (Scheme 2).
Exhaustive post-polymerization hydrogenation yielded saturated polymers with a variable density of functional groups
randomly distributed along the polymer backbone. Monomer
2 was generated by condensation of 10-undecenol with
diethoxymethane using catalytic amounts of methanesulfonic
acid to yield the symmetric α,ω-diene with an acetal moiety in
the center of the molecule (for synthetic details, see ESI†). The
analogous carbonate monomer 3 was prepared by reaction of
10-undecenol with dimethyl carbonate catalyzed by potassium
carbonate. Mixtures of defined monomer ratios were copolymerized by 0.5 mol% of [(PCy3)2Cl2Ru CHPh] (Grubbs first
generation catalyst) for two days without solvents under

Scheme 2 Preparation of long spaced polyacetals (upper scheme) and polycarbonates (lower scheme) by ADMET copolymerization and postpoly
merization hydrogenation.
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reduced pressure to remove ethylene as a byproduct from the
reaction equilibrium. The reaction temperature was raised
from room temperature to 65 °C during the first two hours of
copolymerization to prevent crystallization of the growing
polymer chains. As the catalyst shows the same reactivity for
the functionalized and the non-functionalized dienes,36 the
acetal and carbonate groups are distributed statistically within
the polymer chains. In the case of consecutive incorporation of
the functionalized monomers, at least 20 carbon atoms
remain between two polar functional groups in the
copolymers.
A high degree of conversion could be observed for the unsaturated copolymers by 1H NMR spectroscopy, as evidenced by
the virtually complete absence of vinyl proton resonances and
the appearance of resonances for internal double bonds (Fig. 3
top, for polyacetals, and Fig. 4 top, for polycarbonates). Molecular weight analysis of the unsaturated copolymers by GPC (at
50 °C in THF versus polystyrene standards) revealed number-

average molecular weights Mn around 2 × 104 g mol−1 and
molecular weight distributions Mw/Mn around 2 for both polyacetals and polycarbonates as expected for well-behaved polycondensation reactions (Table 4 for polyacetals and Table 5 for
polycarbonates). The compositions of the unsaturated copolymers were determined by the ratio of the 1H NMR signal intensities for the methylene groups adjacent to the acetal or
carbonate groups for polyacetals and polycarbonates, respectively, to all proton resonances. In all copolymers the compositions were found to be identical to the initial monomer
ratios applied for the copolymerization reaction mixtures.
For hydrogenation of the carbon–carbon double bonds, the
Fischer carbene formed by quenching Grubbs first generation
alkylidene with ethyl vinyl ether was employed. Reaction with
hydrogen is known to form [RuHCl(H2)(PCy3)2],37–39 which is
very active for the hydrogenation of double bonds. Catalytic
hydrogenations of the unsaturated copolymers were performed
in toluene in a pressure reactor at 110 °C for 2 days with a

Fig. 3 1H NMR spectra of the unsaturated polyacetal PA-50.0 (top, CDCl3, 400 MHz, 25 °C) and the corresponding saturated polyacetal PA-50.0H
(bottom, CDCl3, 400 MHz, 25 °C).

Fig. 4 1H NMR spectra of the unsaturated polycarbonate PC-42.9 (top, CDCl3, 400 MHz, 25 °C) and the corresponding saturated polycarbonate
PC-42.9H (bottom, CDCl3, 400 MHz, 25 °C).
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Table 4 Compositions and molecular weights of long spaced polyacetals from ADMET polycondensation/hydrogenation

Compound

Monomer
1 (mol%)

Monomer
2 (mol%)

Theor. acetal groups per
1000 methylene unitsa

Found acetal groups per
1000 methylene unitsb

Mn c (g mol−1)
(GPC vs. PS)

Mw/Mn c
(GPC vs. PS)

Mn d (g mol−1)
(NMR)

PA 50.0H
PA 39.1H
PA 29.9H
PA 21.3H
PA 9.8H
PA 4.9H
PA 1.5H
PA 0.0H

0.0
38.3
60.0
75.0
90.1
95.3
98.7
100.0

100.0
61.7
40.0
25.0
9.9
4.7
1.3
0.0

50.0
39.1
29.9
21.3
9.8
4.9
1.5
0.0

48.4
38.0
29.2
21.0
10.0
5.0
1.5
0.0

20 200
24 700
24 800
16 000
14 300
20 100
26 600
16 600

2.1
2.0
2.0
2.0
2.0
1.9
1.7
2.3

13 800
14 100
15 000
10 300
13 000
11 200
10 800
9200

a
Calculated from the monomer weight ratios applied. b Determined by 1H NMR spectroscopy of the resulting polymers. c Determined by GPC in
THF at 50 °C versus polystyrene standards of the unsaturated polymers. d Determined by end group analysis from 1H NMR spectroscopy of the
saturated polymers.

Table 5

Compositions and molecular weights of long spaced polycarbonates from ADMET polycondensation/hydrogenation

Compound

Monomer
1 (mol%)

Monomer
3 (mol%)

Theor. carbonate
groups per 1000
methylene unitsa

Found carbonate
groups per 1000
methylene unitsb

Mn c
(g mol−1)
(GPC vs. PS)

Mw/Mn c
(GPC vs. PS)

Mn d
(g mol−1)
(GPC vs. PE)

Mw/Mn d
(GPC vs. PE)

Mn e
(g mol−1)
(NMR)

PC 50.0H
PC 42.9H
PC 37.5H
PC 30.1H
PC 20.4H
PC 11.5H
PC 5.5H
PC 1.0H
PC 0.0H

0.0
27.0
42.5
59.5
76.4
88.1
94.8
99.1
100.0

100.0
63.0
57.5
41.5
23.6
11.9
5.2
0.9
0.0

50.0
42.9
37.5
30.1
20.4
11.5
5.5
1.0
0.0

49.9
42.7
37.5
30.6
21.0
12.0
5.2
1.1
0.0

30 500
30 300
23 700
22 100
22 500
20 900
24 200
24 000
16 600

2.0
1.6
1.9
1.8
1.8
1.8
1.7
1.7
2.3

11 700
7500
7200
6800
6600
6900
6800
7200
10 000

2.2
2.1
2.3
2.3
2.0
2.2
2.3
2.3
2.4

23 500
12 400
13 600
13 500
11 500
12 000
13 400
10 600
9200

a
Calculated from the monomer weight ratios applied. b Determined by 1H NMR spectroscopy of the resulting polymers. c Determined by GPC in
THF at 50 °C versus polystyrene standards of the unsaturated polymers. d Determined by GPC in 1,2,4 trichlorobenzene at 160 °C versus
polyethylene standards of the saturated polymers. e Determined by end group analysis from 1H NMR spectroscopy of the saturated polymers.

hydrogen pressure of 40 bar to yield polyacetals with a content
of 39.1 to 1.5 acetal groups and polycarbonates with a content
of 42.9 to 1.0 carbonate groups per 1000 methylene units,
respectively (PA-39.1H to PA-1.5H40 and PC-42.9H to PC-1.0H,
Tables 4 and 5). Full hydrogenation was confirmed by the
absence of resonances for unsaturated vinylic protons in the
range of 5.00–6.00 ppm in the 1H NMR spectra (Fig. 3 bottom,
for polyacetals, and Fig. 4 bottom, for polycarbonates).
Furthermore, ADMET homopolymerizations of the monomers
2 and 335 yielded regularly spaced PA-50.0H and PC-50.0H
after hydrogenation, respectively. These polymers can also be
designated PA-20 and PC-20, analogous to the products of diol
polycondensation (vide supra). Polymerization of C20 α,ω-diol
with diethoxymethane or dimethyl carbonate, respectively,
would yield similar polymers (though exhibiting other chain
end groups). Homopolymerization and post-hydrogenation41
of the non-functionalized monomer 1 yielded a defect free
linear polyethylene (designated PA-0.0H or PC-0.0H) as previously reported.34
Molecular weights of the saturated polymers were determined by NMR end group analysis for both polyacetals and
polycarbonates. High temperature GPC analysis (at 160 °C in
1,2,4-trichlorobenzene versus polyethylene standards) could
only be performed on polycarbonates. Polyacetals degraded to
a significant extent under the conditions of high temperature

GPC analysis, as observed for long-chain polyacetals from
α,ω-diol/diethoxymethane polycondensations (vide supra). As
expected, GPC vs. polystyrene standards significantly overestimates polymer molecular weights. Due to its more similar
structure, linear polyethylene standards represent a better
point of reference. Overall, molecular weights from GPC and
NMR analyses agree reasonably well with one another and
provide a conclusive picture. Number average molecular
weights Mn are around 104 g mol−1 and molecular weight distributions Mw/Mn around 2 were observed for saturated
polycarbonates.

Thermal and crystalline properties of long-spaced
polycarbonates
The thermal properties of long-spaced aliphatic polycarbonates were analyzed by DSC (Table 6 and Fig. 5). The polymers
display rather narrow melting and crystallization transitions
and crystallinities up to 87% (for all DSC curves, see the
ESI†).27 As expected, the melting and crystallization points
increase with decreasing number of carbonate functionalities
in the polymer and converge towards linear polyethylene (Tm =
134 °C). This qualitative trend is comparable to the behavior of
long-spaced polyesters34 and polyethylenes exhibiting methyl
branches.42
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Table 6

Thermal properties of saturated long spaced polycarbonatesa

Compound

Tm (°C)

Tc (°C)

ΔH (J g−1)

PC 50.0H
PC 42.9H
PC 37.5H
PC 30.1H
PC 20.4H
PC 11.5H
PC 5.5H
PC 1.0H
PC 0.0H

92
91
96
102
111
120
127
132
134

77
80
83
88
97
107
113
115
117

160
190
191
198
186
222
255
246
276

a

Determined at a heating/cooling rate of 10 °C min−1. Peak Tm
determined from the second heating cycle.

Fig. 6 WAXD diagrams of random long chain polycarbonates PC-37.5H
(A) and PC-5.5H (B), regular spaced polycarbonate PC-19 (C) and
defect free linear polyethylene PC-0.0H (D) from ADMET
polymerization.

Fig. 5 Normalized DSC heating curves of random long spaced poly
carbonates (second heating traces shown).

Wide angle X-ray diﬀraction (WAXD) patterns of the
random long-spaced polycarbonates PC-37.5H and PC-5.5H
and of the regular spaced polycarbonates PC-18, PC-19 and
PC-23 display dominant reflexes at 2θ angles of 21.5° and
23.9°, which correspond to the 110 plane and the 200 plane of
an orthorhombic crystal structure (Fig. 6 and ESI†). For a
defect-free ADMET polyethylene (PC-0.0H), the same reflection
pattern is found.
These findings were confirmed by infrared (IR) spectroscopy. Characteristic absorbances are found at
1472–1473 cm−1 and 1463–1464 cm−1 as Davidov splitting for
the CH2 scissoring vibration and at 718–720 cm−1 and
730–731 cm−1 for the CH2 rocking vibration, which correspond
to a polyethylene-like, orthorhombic crystal modification
(Fig. S35†).43,44
As all randomly spaced polycarbonates display the same
crystalline structure, the inclusion model for ethylene copolymers of Sanchez and Eby was probed to describe the melting
and crystallization behavior.45 While methylene groups
(–CH2–) are regarded as repeat units that can crystallize in a
lattice, randomly distributed carbonate groups (–OC( O)O–)
are considered as non-crystallizable units, which are found in
the crystalline regions as defects as well as in the amorphous
regions. When the defect units are distributed in a homogeneous fashion in both phases, the melting point depression
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with respect to the mole fraction of defects and the lamellar
thickness should follow the relationship
!
"
ε
2σ
0
T m ¼ Tm
1
X
C
0
0l
ΔHm
ΔHm
where Tm is the melting temperature of the copolymer, T0m is
the equilibrium melting temperature of pure polyethylene,46
ΔH0m is the heat of fusion for linear polyethylene, XC is the
mole fraction of carbonate groups in the copolymer (accordingly the mole fraction of methylene units is XM = 1 − XC), σ is
the surface free energy of the crystal surface, and l is the lamellar thickness. Carbonate groups incorporated into the crystal
lattice create an energy penalty ε, which reduces the crystal
packing energy by the defect free energy.47 For long-spaced
polyesters Duchateau and coworkers demonstrated that the
decrease of melting temperature for polymers with growing
ester content largely originates from the energy penalty caused
by the disturbing units incorporated into the crystal lattice and
only to a lesser extent by changes of the lamellar thickness
(which is also aﬀected by the number of defect units).48
Comparable to long-spaced polyesters,34 a plot of the
melting points (Tm) for the randomly long-spaced polycarbonates (PC-42.9H to PC-0.0H) versus the mole fraction of carbonate units (XC) is indeed linear, corresponding to Tm =
(133–1033 × XC) °C (Fig. 7). As is clearly evident, the Tm of
PC-50.0H (PC-20) from homopolymerization of the symmetric
monomer 3 does not coincide with the series of irregular polycarbonates with a random distribution of carbonate groups
along the polymer chain (as discussed further below). In agreement with its regular spaced structure, the melting point follows
the behavior of PC-18, PC-19 and PC-23 (Fig. 9, blue labels).
Long-spaced polycarbonates display significantly lower
melting points and lower crystallinities than the corresponding

model equation) for carbonate groups compared to ester
groups in the crystal lattice, leading to less defect-free crystalline areas and reduced van der Waals interactions between the
polymer chains. Notably, this is also reflected in an enhanced
solubility of polycarbonates compared to polyesters.
Thermal and crystalline properties of long-spaced polyacetals

Fig. 7 Peak melting points of random long spaced polycarbonates
(blue) and polyesters (red) for comparison34 vs. the mole fraction of
defect groups (carbonate groups or ester groups, respectively).

polyesters with a comparable number of functional groups
incorporated into the polymer chain (Fig. 7; for polyesters Tm =
(133–683 × XE) °C is found,34 where XE is the mole fraction of
ester groups). This lower propensity for crystallization is also
reflected by a higher solubility. Polycarbonates containing 37.5
or more carbonate groups ( per 1000 methylene units) exhibit
suﬃcient solubility in chloroform at room temperature to
allow NMR analytics (Fig. 4 bottom), while comparable polyesters only dissolve at elevated temperatures. This stronger
depression of the melting points by carbonate vs. ester groups
can be attributed to a lower ability for polar layer formation.
Schmidt-Rohr and coworkers investigated the crystalline morphology of polyester-22,4 extensively by solid-state NMR
spectroscopy and small angle X-ray scattering (SAXS).49 They
observed wide-ranging diester layer formation (layering of –OC(O)CH2CH2C(O)O– units), which controls chain dynamics and
the morphology of these polyethylene-like polymers to a noticeable extent. Layer formation of ester groups can be explained by
dipole–dipole interactions between the functionalities of
neighboring polymer chains,50 resulting in crystalline and conformational packing order by the formation of anisotropic
interchain bonding during the crystallization process. Layer
formation reduces the disturbing eﬀect of the ester moieties
by establishing defect-free areas of crystalline hydrocarbon
chains (in contrast to the case of totally random distribution
of ester groups throughout the solid). For carbonate groups,
comparable interchain bonding and layer formation in polymers can be expected. However, a carbonate group displays
less polarity than an ester group51 due to the further electron
withdrawing oxygen atom attached to the carbonyl functionality, while the steric demand remains comparable. Consequently, the ability to form carbonate layers in a polyethylenelike crystal lattice is expected to be reduced by comparison to
ester containing polymers. This translates to a stronger disturbing eﬀect (and higher energy penalty ε in the Sanchez–Eby

As for long-spaced polyesters and polycarbonates, the melting
and crystallization points of polyacetals increase and resemble
linear polyethylene as the number of acetal groups is reduced
(Table 7 and Fig. 9, green labels). In contrast to long-spaced
polyesters (red labels) and polycarbonates (blue labels), only
the melting and crystallization traces of polyacetals with an
acetal content of 10 per 1000 CH2 units or less display relatively sharp and distinct melting points (for DSC curves of all
polyacetals, see ESI†). For PA-39.1H, PA-29.9H and PA-21.3H
very broad thermal transitions are observed, which cover temperature ranges of more than 50 °C. For the regular spaced
PA-50.0H (= PA-20) besides the major thermal transitions a
second, minor transition is found, resembling the behavior of
PA-18 and PA-19.
To further investigate the crystalline structures, WAXD analysis was performed on regularly and randomly spaced polyacetals (Fig. 8). For the regular polyacetals PA-18, PA-19, PA-23
and PA-50.0H (= PA-20) various reflexes with shifting intensities are found, which cannot be assigned to defined crystal
structures. This agrees with the observation of two melting
transitions for these polymers. Similarly, for the random polyacetals PA-39.1H and PA-29.9H undefined crystal structures are
found, in line with the broad melting and crystallization transitions found by DSC. Eventually, for PA-21.3H and polyacetals
with further reduced numbers of acetal units a shift of the
WAXD reflexes to 2θ angles of 21.5° and 23.9° with the
expected intensity ratios for the 110 and the 200 plane of the
orthorhombic, polyethylene-like crystal structure is observed.
Concurrent observations resulted from IR spectroscopy
(Fig. S36†). For PA-50.0H, PA-39.1H and PA-29.9H no Davidov
splitting for the absorbances for the CH2 scissoring vibration
(1472–1473 cm−1 and 1463–1464 cm−1) and for the CH2
rocking vibration (718–720 cm−1 and 730–731 cm−1) can be
observed. When the number of acetal groups is further
reduced, the splitting grows along with the transformation to
an orthorhombic crystal structure.
The heterogeneous crystalline morphologies observed for
polyacetals (with a higher acetal content) suggest that an
inclusion of the acetal moieties into a polyethylene-like crystal
is not an appropriate description. Overall, acetal functions
impact the melting point even more pronouncedly than carbonates, Tm = (133–1412 × XA) °C (where XA is the mole fraction of acetal groups in the copolymer, see Fig. S37 in the
ESI†).
Though the steric demand of acetal groups is not higher
than for carbonate and ester groups, acetals obviously impact
the polymer crystalline structure more extensively, resulting in
more heterogeneous crystalline morphologies for polyacetals
with high acetal contents. While the reduced melting
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Table 7

Thermal properties of saturated long spaced polyacetalsa

Compound

Tm (°C)

Tc (°C)

ΔH (J g )

PA 50.0H
PA 39.1H
PA 29.9H
PA 21.3H
PA 9.8H
PA 4.9H
PA 1.5H
PA 0.0H

80b
76c
84 97c,d
104c
120
126
131
134

66b
63c
74c
93c
107
112
114
117

162
142
171
178
226
233
275
276

a

−1

Determined at a heating/cooling rate of 10 °C min−1. Peak Tm
determined from the second heating cycle. b A second, minor thermal
transition is found at Tm 59 °C and Tc 45 °C. c Broad melting and
crystallization transitions are observed. d No distinct melting point can
be determined.

temperatures of polycarbonates by comparison to polyesters
can be related to diﬀerent polarities of the functional groups,
the polarity of carbonate and acetal units is rather similar.52
However, the conformational characteristics of these functional groups diﬀer significantly. From studies of short-chain
acetal and carbonate functionalized molecules like dimethoxymethane53 and dimethyl carbonate,54 the thermodynamically
favored conformational arrangements are well understood.
Since the rotation around the (O C)–OR bond in carbonate
(and ester) functionalities is hindered, only cis- and transrelated conformations are possible. Assuming that the conformational behavior of dimethyl carbonate can be translated to
the carbonate groups in polycarbonates, the good agreement
with the all-trans zigzag conformation of the CH2 units

Fig. 8 WAXD patterns of regular polyacetals PA-18 (A), PA-19 (B), PA-23 (C) and PA-50.0H (= PA-20) (D) as well as long spaced random polyacetals
PA-39.1H (E), PA-29.9H (F), PA-21.3H (G), PA-9.8H (H), PA-4.9H (I) and PA-1.5H (J).

Fig. 9 Peak melting points of random long spaced polyacetals PA-39.1H to PA-0.0H (dark green) and polycarbonates PC-42.9H to PC-0.0H (dark
blue) versus number of defects per 1000 methylene units, together with regular spaced polyacetals PA-18, PA-19, PA-23 and PA-50.0H (from homo
polymerization of monomer 2) and regular spaced polycarbonates PC-18, PC-19, PC-23 and PC-50.0H (from homopolymerization of monomer 3).
Additionally, random long spaced polyesters from a previous study34 are shown for comparison. The dashed lines are merely a guide to the eye.

1824

preferred in polyethylene-like orthorhombic crystal structures
becomes obvious. Even the random incorporation of >50 carbonate groups per 1000 methylene units does not lead to significant changes in the crystalline structures (Fig. 6). Diﬀerently,
in acetal groups a gauche conformation is preferred as a result
of the anomeric eﬀect.53 Since the gauche conformation is not
compatible with the all-trans CH2 conformation, a high
density of acetal units disturbs the formation of an orthorhombic structure, leading to heterogeneous polymer crystals
associated with broad melting transitions (Fig. 8). Only
for small densities of acetal groups in the polymer chain
(<22 acetal groups per 1000 methylene units), orthorhombic
crystal structures and more narrow thermal transitions are
observed.
Impact of random vs. regular spacing on crystalline and
thermal properties
Wagener and coworkers extensively compared precisely and
randomly branched or functional-substituted polyethylenes. As
shown for alkyl branches with various chain lengths42,55 and
polar functionalities,56,57 precisely branched polyethylenes
exhibit significantly lower melting points than their randomly
branched counterparts with the same overall degree of branching. However, precisely branched polyethylenes exhibit more
narrow thermal transitions, which arise from higher ordered
and more homogeneous polymer crystals due to more narrow
lamellae thickness distributions.58
Analogous to the behavior observed for polyesters,34,59 randomly spaced polycarbonates and polyacetals studied here do
not follow this behavior (Fig. 9). For the regularly spaced polycarbonates significantly higher melting points are found than
expected from linear extrapolation of data from randomly
spaced polyacetals. PC-18 and PC-19 (containing 55.6 and 52.6
carbonate groups per 1000 methylene units, respectively)
exhibit melting temperatures similar to the randomly spaced
PC-42.9H from ADMET copolymerization. This eﬀect is even
more pronounced for polyacetals. The regular polymers PA-18
and PA-19 (containing 55.6 and 52.6 acetal groups per
1000 methylene units, respectively) exceed the melting point of
PA-39.1H by 6 to 7 °C, despite a significantly higher density of
acetal groups in the polymer chain.
Again, the behavior of polycarbonates can be accounted for
by an ability of carbonate groups to form layers within the
solid semicrystalline polymer. Uniform spacing in the case of
regularly spaced polar groups facilitates dipole–dipole interactions and polar layer formation. This in turn promotes the
occurrence of defect-free regimes of aliphatic polymer chains
in the polymer crystal, resulting in stronger overall van der
Waals interactions and higher melting points, consequently.
For polyacetals the regular arrangement of the acetal functionalities does not lead to higher ordered crystalline structures (Fig. 8). Nevertheless, higher melting points than
expected are observed. Comparable to polycarbonates a regular
spacing between the functional groups favors the formation of
defect-free regimes of aliphatic polymer chains, resulting in
increased van der Waals interactions.

Conclusions
Long-chain polyacetals and polycarbonates can be obtained
conveniently by one-pot procedures via reaction of
α,ω-diols with diethoxymethane or dimethyl carbonate. These
approaches follow previous detailed studies of shorter
chain congeners.17,25,26 Their generic adaptability to higher
melting, less soluble long-chain α,ω-diol monomers and
corresponding polymers is demonstrated by studies of various
diols, ranging from C18 to C23. This is underlined by a meaningful and conclusive analysis of molecular weights by NMR
end group analysis and GPC analysis vs. linear polyethylenes
as an appropriate standard. Reasonably satisfactory molecular
weights of Mn 104 g mol−1 are obtained in these selfpolycondensations.
In relatively short term studies of hydrolytic degradation of
the solid polymers over two to four weeks, the polyacetals only
degrade to a significant extent under strongly acidic conditions. By contrast, polycarbonates also degrade in a basic
environment. Remarkably, in all cases the length of the longchain methylene sequence influences the rate of this slow
heterogeneous degradation. This appears to be useful for
adjusting the balance of a desired long-term slow degradation
vs. stability and mechanical performance during the intended
lifetime in applications of such novel materials.
Complementary studies of randomly spaced polyacetals
and polycarbonates from ADMET copolymerizations in
combination with exhaustive post-polymerization hydrogenation decisively illuminate the solid-state structures and allow
for far-reaching predictions of the thermal behavior of longchain polyacetals and polycarbonates in general. Long-chain
polycarbonates display polyethylene-like solid state structures. The impact of carbonate moieties on melting and crystallization points is more pronounced than for ester groups.
This can be related to the lower polarity of carbonate groups,
resulting in a less pronounced propensity for formation of
ordered layers of the functional groups. Other than polycarbonates and polyesters, long-chain polyacetals form more
complex and less uniform solid state structures and only
adopt a polyethylene-like structure at very low contents of
acetal groups.
While we have not elaborated application-relevant properties like mechanical behavior and melt processing, the
thermal properties and the semicrystalline solid state structures suggest that these polymers may be useful thermoplastic
materials. They may be imparted with a tailored slow degradation rate as a specific feature of these hydrophobic largely
hydrocarbon polymers.
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