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Abstract

Polyethers are subject to oxidative degradation. An examination of the possible degradation mechanisms suggests a protective
substitution, which has been shown to be effective on short chain polyglycols. Inserting a methylene group at the end of triethylene
and tripropylene glycols, between the hydroxyl and ether groups, has a stabilising effect on their degradation in air. At 70 °C,
degradation is completely stopped in modified triethylene glycol, while modified tripropylene glycol shows diminished degradation.

© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Polyethylene glycol; Polypropylene glycol; Stabilisation; Degradation; Oxidation; Gas chromatography; Mass spectrometry; Waterlogged

wood

1. Introduction

Poly(ethylene glycol), also known as PEG, and, at
molecular weights greater than 35,000, poly(ethylene
oxide) PEO, is generally regarded as a labile polymer at
high temperatures and especially in oxidative conditions
[1-9]. It has previously been demonstrated that tetra-
ethylene as well as polyethylene glycols may also
undergo disturbingly fast oxidative degradation in air
under moderate heating (70-80 °C) [1,10-14]. This oxi-
dation has been attributed to a central cleavage around
the ether bonds [1,2,5,14,15]. The mechanism is con-
sidered to be analogous to peroxide-forming reactions
in ethers, which have been thoroughly described by
Riecke and co-workers [16,17]. Many reports show that
formic acid and formaldehyde are always released dur-
ing degradation of PEG, indicating that a C—C cleavage
reaction is involved [1,4,9,13—15,18]. It has previously
been shown that, during ageing in air at 70 °C in the
dark, one oligomer of PEG, tetraecthylene glycol is
mainly decomposed to formic acid and its derivatives,
and that the main degradation mechanism at this
temperature is an oxidation of the terminal hydroxyl
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group, rather than an attack on the central ether groups
[12].

PEG is the main preservative used to treat historic
waterlogged wood. When used in aqueous solutions
with increasing concentration over time, the role of
PEG is to replace water in the cells of waterlogged
wood, thus imparting strength and structure to the
material. In freeze-drying of waterlogged wood, PEG is
used to modify the crystallisation behaviour of water.
The treatment has been used on objects ranging from
miniature wooden artefacts to large wooden hulls;
Hafors [19] has discussed one of the earliest treatments,
that of the Swedish warship Wasa.

PEG is susceptible to microbiologal degradation
[20,21]. During conservation treatment, where PEG is
dissolved in water for extended periods of time, this
degradation may be considerable, giving rise to massive
growth especially on the edges of baths of PEG. During
impregnation of waterlogged wood PEG is also heated,
and this alone can, under unfortunate conditions, result
in a complete decomposition of the polymer in as little
as 16 h [10].

Such degradation damages the physical properties of
PEG, resulting mainly in decreased stiffness of the pure
polymer and lowering of the melting point. These physi-
cal parameters are necessary for successful conservation
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of waterlogged wood. In a specific conservation treat-
ment, the overall loss of PEG after impregnation, due to
microbial activity, heating and probably other factors as
well, was judged to be 20% [22].

In this article PEG oligomers, which still have the
original chemical properties of PEG, are analysed, these
are (see Fig. 1):

E: Triethylene glycol methyl ether, Cas. no. 112-35-6,
this leaves one hydroxyl group free for oxidation.

E,: The same molecule as E, with one extra methyl-
ene (—CH»—) group inserted vicinal to the hydroxyl
group, giving the structure 3-(2’-[2”-methoxyethoxy]-
ethoxy)-propan-1-ol.

P: Tripropylene glycol methyl ether, Cas. no. 20324-
33-8. Note that tripropylene glycol methyl ether is a
mixture of 8 isomers.

P,: The same molecule as P, but with a 1-3 rearran-
gement at the terminal hydroxyl group relative to the
ether group. This molecule is 3-(2'-[2”-methoxy-
propoxy]propoxy)-propan-1-ol, with four possible
isomers.

Overall, the differences between E and E,—and P and
P,—is the repositioning of the terminal hydroxyl group
from the B- to the y-position relative to the ether group.
The oxidation of the terminal hydroxyl group of these
analogues of PEG during accelerated thermal ageing
tests, together with the oxidation of the ether groups, is
the subject of this article.

2. Methods and materials
2.1. Ageing and analysis of samples

Ageing of the PEG and PPG oligomers in a chamber
which excludes light and which imparts a maximum

degradation rate, was done in the following way: 2 ml is
placed in a borosilicate vial which is closed with a

H_o/\/o\/\o/\/o\ E

H_O\/\/O\/\O/\/O\ E

H_O/YO\)\O/YO\ )
H_O\/\/OM,LO/\(O\ P,

Fig. 1. The structure of triethylene glycol monomethyl ether, E, 3-(2'-
[2”-methoxyethoxylethoxy)-propan-1-ol, E,, tripropylene glycol
monomethyl ether, P and 3-(2'-[2”-methoxypropoxy]propoxy)propan-
1-ol P,.

Teflon®/silicone septum. Teflon® tubing (1/16 inch)
penetrates the septum to the bottom of the vial. Dried
and purified air containing less than 5% relative
humidity bubbles through the vial at a rate of 10 ml/
min. The details are given in Ref. [11]. In the ageing
experiment, care should be taken to exclude traces of
metal ions as they tend to induce degradation of the
ether bonds in the polymer structure, thereby disturbing
the oxidation experiment by introducing a “false” oxi-
dation of the oxidation resistant polymer. This can dis-
turb the interpretation of the ageing experiment. After
ageing, 2 ul of sample were taken at different time
intervals and added to 1.00 ml of acetone. All samples
were analysed on a gas chromatograph [12].

2.2. Chemicals

Triethylene glycol dimethyl ether 99% from Aldrich
(T 5,980-3)

Triethylene glycol monomethyl ether(E) 95% from
Aldrich (31,379-2).

3-(2'-[2"-methoxyethoxy Jethoxy )-propan-1-ol ~ (E.)
was synthesised using the following method (William-
son ether synthesis):

A round bottomed, two-necked flask (100 ml), is
equipped with a pressure equalising funnel and a double
surface condenser. The condenser is equipped with a
drying tube filled with CaCl,. Nitrogen gas is supplied
via the funnel at 100 ml/min. All solvents are dried over
molecular sieve 0.4 nm before use. Diethylene glycol
monomethyl ether (30 g, Aldrich 10,990-8) and 10 ml
xylene (Fisher x/0250/17) is added to the flask and flu-
shed for at least 12 h with N,. Sodium (5.7 g) is added
and under vigorous stirring the temperature is raised to
100 °C. After 2-h the stirring is stopped and the reaction
mixture is cooled to room temperature. Residual
sodium is removed from the reaction mixture and, after
flushing with N, for 15 min; 3-chloro-1-propanol (20.8
ml, Aldrich C 4,640-3) is added slowly under vigorous
stirring. After the addition is complete, 2.0 g of
NaHCOj; is added and the stirring continued for a fur-
ther 10 min. The reaction mixture is now transferred to
centrifuge tubes. After centrifugation, the supernatant is
collected and kept in refrigerator. The content of the
desired component in the supernatant is approximately
50% (based on GC peak area). Purification is done by
vacuum distillation, twice. A two-necked 50 ml pear
shaped flask is connected to a capillary tubing (5 m, 0.15
mm id, connected to a N, source) that extends down to
the bottom of the flask, and to a 10 cm plain fractio-
nating column with an internal diameter of 1.2 cm filled
with fenske rings. Condensation of the distillate is done
in a double surface condenser, which is connected to a
desiccator containing 50 ml beakers. The different frac-
tions are collected in the beakers by rotating the desic-
cator. The fraction of interest is collected at 66 Pascal
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and 109.7-110.3 °C. Purity of the collected component is
better than 96% (based on GC peak area).

Characterisation of the synthesised component: High
resolution MS (FAB) of the collected component gave a
MH™* molecular weight of 179.1279, compared with a
theoretical value of 179.1283 for the composition
CgH1904. This suggests that the molecular formula of
the analysed component is CgH;gO4.

C, H (and N) analysis of the collected component
gave a content of C: 52.99% and H: 10.29%. Theore-
tical values of CgH;gO4 are: C: 53.91% and H: 10.18%.

Tripropylene glycol monomethyl ether (P) (mixture of
eight isomers, Aldrich 30,286-4).

3-(2'-[2"-Methoxypropoxy [propoxy ) propan-1-ol (P,)
(four possible isomers) was synthesised using the same
experimental design as for the synthesis of E,. The fol-
lowing amounts of reagents were used:

40.0 g dipropylene glycol monomethyl ether (Aldrich
28,328-2) and 10 ml xylene.

6.2 g sodium.

22.5 ml of 3-chloro-1-propanol.

Other parameters were the same, as was the approx-
imate purity of the collected supernatant.

In the purification step the fraction of interest was
collected at 65 Pascal and 97 °C. The purity of the pro-
duct was better than 95% (GC peak area).

Characterisation of the synthesised components: High
resolution MS (FAB+ CI) of the collected component
gave a MH™ molecular weight of 207.1601, compared
with a theoretical value of 207.1596 for the composition
Ci10H»304. This suggests that the molecular formula of
the analysed component is C;oH»,O4.

Elemental (C, H and N) analysis of the collected
components gave C: 56.59% and H: 10.66%. Theore-
tical values of C;yH»,0O,4 are: C: 58.22 and H: 10.75.

120

100 \/\‘

80

60

Concentration

40

20

Days

Fig. 2. The ageing of triethylene glycol dimethyl ether. The concen-
tration found is given in % of the initial concentration.

3. Results

To examine whether terminal methoxy groups protect
against degradation during ageing, triethylene glycol
dimethyl ether was exposed in the ageing chamber for 8
days at 70 °C. As seen in Fig. 2, no degradation occurred
during this period.

E was examined under the same conditions and, as
seen in Fig. 3, degradation does not occur during the
first 3 days, after which degradation proceeds rapidly.
The degradation process is a first order reaction, as can
be seen when the residual amounts are plotted on a
logarithmic scale (Fig. 4). The half-life of E is 3.1 days
at 70 °C.

By contrast, the analogue E,; does not decompose
under these conditions (Fig. 3). This indicates that the
structure is stable under the given conditions, despite its
free hydroxyl group.

P was also examined at 70 °C and, as seen in Fig. 5,
the decomposition occurs rapidly: after 11 days nothing
is left.

Ageing of P, under the same conditions shows that
decomposition of this structure does still occur, but at a
lower rate. As seen in Fig. 6 the degradation reaction
now proceeds as a first order reaction, with a half-life of
3.5 days.

4. Discussion and conclusion

The physical properties of polyethylene and poly-
propylene glycols depend on their terminal alcohol
groups. Without these the water solubility and other
physical properties change. This structure is therefore
important for the many industrial uses of PEG and
PPG [23].
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Fig. 3. The ageing of E compared to the ageing of E. The reason for
the apparent rise in concentration in E, is the appearance of approxi-
mately 15% of 3-chloro-1-propanol in the sample (TriEG-m-A was
only distilled once before use in the ageing experiment), which evapo-
rated during the ageing experiment. The concentration found is given
in % of the initial concentration.
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To examine the ageing of polyether structures such as
PEG, which has terminal alcohol groups and ethers in
between, it is important to distinguish the reactions of
the alcohol and the ether groups. The ageing of triethy-
lene glycol dimethyl ether at 70 °C shows no degrada-
tion at all, and this suggests that at this temperature, in
the dark, the ether bond can be considered stable as
long as the ether oxygen atom is bound through a non-
substituted carbon.

E has a terminal primary hydroxyl group in B-posi-
tion to an ether group, and the fate of this structure
during ageing can be seen in Fig. 3. It is clear that
introduction of the alcohol group gives rise to oxidation
which seems to be a first order reaction, as seen in Fig. 4.
The reaction can therefore be expected to be of the type
A — B+ C. Glastrup [12] has previously described this
reaction, and a degradation path to explain this reac-
tion. However, inclusion of an extra methylene group
between the terminal hydroxyl and the ether group, as
in E,, gives stability to the structure so that the molecule
now resists oxidation in air. It therefore seems evident
that the determining factor in the oxidation of the
hydroxyl group is its B-position relative to the ether
group. Introducing an extra methylene group and re-
positioning the hydroxyl group to the y-position relative
to the ether group will add considerable stability to this
structure.

P also has a terminating hydroxyl group in B-position
to the ether group, as has E, and as seen in Fig. 5, the
degradation of this structure proceeds even faster than
does the degradation of E (Fig. 3). P is completely
decomposed after 12 days and this reaction does not

1000

follow a first order reaction. Therefore, more than one
degradation reaction may be involved. Fig. 5 shows that
the inclusion of a methylene group to the terminal
structure, as in E,, adds stability to the P, molecule.
However, as seen from the graph, the result is only a
lowering of the rate of degradation. This degradation
now follows a first order reaction, see Fig. 6, and it is
probable that the degradation is an oxidative cleavage
of the secondary bound ether groups, as described by
Molodovskii and Neiman [24]. This is also in accor-
dance with previous results, which showed that the
activation energies for the oxidation of polypropylene
oxides are lower than those for polyethylene oxides [1].
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Fig. 5. The ageing of P compared to the ageing of Py. In this experi-
ment the degradation of P is seen to proceed faster than degradation
of E, after 11 days nothing is left of the original components. By
comparison, the degradation of P, proceeds more slowly. After 19
days approximately 3% is left of the original amount. The concen-
tration found is given in% of the initial concentration.
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Fig. 4. Ageing of E plotted on a logarithmic scale. The data from Fig. 3, E, are plotted from day 3 to day 15, in order to exclude initial lag. Also
included in the graph is an automatic trend line created by Excel© of an exponential plot. The plot shows a linear tendency, indicating a first order
decay of the initial product. The calculated half-life of E under these circumstances is 3.1 days.
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Results presented in this article show that the oxidation
of the alcohol group, at least in short chain polyethylene
glycols, is the rate-determining step. The results shown
here and in a previous article [12] are in contrast to
previous authors who conclude, that the oxidative
degradation of polyethylene and polypropylene glycols
always originate at the ether bonds, and that oxidation
of PEG is always a result of chain scission of the C-O
and C—C bonds due to addition of oxygen vicinal to the
ether groups [1,2,5,8,9,14,15]. The results presented here
are in accordance with authors [2,9,14,15] who specify
the main degradation products as water and formic acid
esters (seen in the IR spectrum in [2]). However, the
oxidation reaction described here does not exclude other
types of degradation of PEGs. In long-chain poly-
glycols, with a low hydroxyl/ether ratio, oxidation of
the ether groups may be important. Also other types of
degradation, thermally induced [7] or light induced [9],
give rise to series of homologous short chain poly-
glycols.

In general, this re-positioning of terminal hydroxyl
groups from - to y-positions would add more stability
to polyglycols without fundamentally changing their
solubilities in water and melting points. One can spec-
ulate that introducing 1,3-propylene units in the back-
bone of PEG polymers may inhibit total degradation of
PEG by introducing ‘“‘stop points” at intervals in the
polymer structure. PPGs would probably decompose
more rapidly because of the more labile (CH3)C-O and
(CH3)C-C structure included in the polymer. Never-
theless, 1,3-propylene units terminal and central in the
structure may slow down the oxidative degradation.
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4.1. Evidence from wood impregnated with PEG

PEG has been used for many years as impregnation
material for conservation of waterlogged wood. Size
exclusion chromatography of PEG 4000 from wooden
logs that were impregnated 25 years ago, with internal
standards of fresh PEG 4000 and 600, shows that the
surface PEG now has an average molecular weight of
around 3600 (results not shown). These logs (from the
Skuldelev viking ships [25,26]) have since been exhibited
in daylight and at room temperature. The analysis was
performed without a sample of the original material,
and conclusions must therefore rely on our belief that
the PEG 4000 delivered at that time actually had a
molecular weight of 4000. On that basis, we may assume
that PEG over a 25-year period has decomposed only
10% and that there is therefore more than 150 years left
before PEG liquifies, which happens at a molecular
weight below 1000. This decomposition may well also
be a combination of the oxidation reaction described
here and photooxidation of the ether bonds as described
by Morlat and Gardette [9]. We should not accept as
adequate a material used to impregnate objects of our
cultural heritage that decomposes significantly within
about a century. We should make serious efforts to
improve the material used for impregnation or find
alternative conservation solutions.

Considering other applications, PEG is also used as
coating material in gas chromatographic columns, and
here the maximum temperature normally used is 250 °C.
At this temperature the polymer is extremely sensitive to
traces of oxygen and it is commonly known that even
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Fig. 6. Ageing of Py plotted on a logarithmic scale. The data from Fig. 5, Py, are plotted from day 3 to day 19, in order to exclude initial lag. Also
included in the graph is an automatic trend line created by Excel® for an exponential plot. The plot shows a linear tendency, indicating a first order
decay of the initial product under these conditions. The calculated half-life of P, under these circumstances is 3.5 days.
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minor leakages in the system may lead to the complete
degradation of the column coating in minutes.
Improvement of the stability of polyethylene glycol may
lead to extended use in the future.
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