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Biodegradable Polymeric Materials—Not the
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Biodegradable polymeric materials (BPMs) are of ever
increasing interest because of the many problems associated
with solid wastes. As early as the end of the 1970s first
attempts had been made to develop polymeric materials that
combine good useage properties (such as thermoplastic
processing ability for films, fibers and moulding) of conven-
tional plastics and biodegradability by microorganisms.!! In
the meantime, such “bio-plastics” have become commercially
available or are in the pre-marketing phase. It is in principal
possible to fall back on different sources of raw materials to
produce such polymers. Thus, it is possible to distinguish
between BPMs based on renewable or on petrochemical
sources. Examples of such renewable sources are starch
derivatives and starch blends, polyhydroxybutyrates, polylac-
tic acid, cellophane, cellulose derivatives, caseine, and chitin
polymers. BPMs produced from petrochemical resources are,
for example, aliphatic polyesters such as polycaprolactone
and polybutylene succinate, aromatic —aliphatic copolyesters,
and polyester amides.

Whereas the biodegradability of BPMs based on renewable
resources is plausible, there were doubts as to whether
polymers based on petrochemical sources could also be
mineralized by a natural process caused by microorganisms
such as bacteria or fungi.

Aliphatic polyesters were extensively investigated as to
their biodegradability.’- The primary cleavage of the usually
insoluble polymer chain takes place outside of the micro-
organisms and is catalyzed by specific enzymes that are
produced in the cell and excreted by microorganisms such as
bacteria or fungi. The microorganisms are then able to take up
the fragments in their cells and utilize them as food.

Examinations of the biodegradability of aliphatic—aro-
matic copolyesters have only been known for a few years.[-8]
The chemical structure of such copolyesters examined in the
literature is shown in Scheme 1. Such copolyesters are a very
interesting class of substances in reference to the assessment
of their biodegradation behavior because of their high
aromatic component content. The introduction of the aro-
matic component is useful for improving physical and
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Scheme 1. Formula, nomenclature, and abbreviations of the copolyesters.
[a] E: 1,2-ethanediol, P: 1,3-propanediol, B: 1,4-butanediol, A: adipic acid,
S: sebacic acid, T: terephthalic acid.

mechanical properties. The amount of terephthalic acid in
these copolyesters was up to about 30 wt. % (ca. 25 mol %).
The first investigations for proving biodegradability concen-
trated on the weight losses of specimens. Sheeting was usually
buried in soil or compost and the weight losses were
determined after exposure to the medium (Figures1 and
2).1 According to Ottow both soil and compost are degra-
dation matrices that provide a wide microbial spectrum.'% All

O 4 weeks
T ] 8 weeks
N

Awl% 60| 12 weeks
60
40
20+

04 g v
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Figure 1. Weight loss (Aw) of the copolyesters during burial in soil.
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Figure 2. Weight loss (Aw) of the copolyesters during compost tests.
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copolyesters investigated were attacked in soil and in compost
within 12 weeks (except BTA51:49 in soil). No significant
influence of the diol components used on biodegradability of
the copolyesters was observed. In all cases the content of
terephthalic acid had a significant influence on the rate of
degradation. Reliable statements on the mineralization of a
polymer, that is, the formation of natural intermediates
caused by metabolism of the microorganisms, cannot only
be made by reference to weight losses.

A technical standard, DIN V 54900, recently became avail-
able for the determination of the biodegradability of poly-
meric materials. The tests carried out in accordance with this
standard show whether a polymeric material is biodegraded
(mineralized) or disintegrated into compost components
(Table 1) under the conditions of a controlled composting

Table 1. DINV 54900—Investigation of compostability of polymeric ma-
terials.

Description

part 1 chemical test

part2 evaluation of biodegradability of the polymeric materials in
laboratory tests

part 3 testing of compostability under conditions of practical relevance
including compost quality assessment

procedure. Different procedures are described in part 2 of the
standard for the evaluation of complete biodegradability.
According to the “controlled composting test” a defined
quantity of polymer is mixed with compost and the amount of
carbon dioxide generated by microbial conversion is meas-
ured. As a control the same amount of compost with cellulose
instead of the polymeric material and a sample of the same
compost without ingredients are also tested.

A type of copolyester marketed by BASF AG since early
1998 under the trademark Ecoflex® (Scheme 2) was examined
according to the standard mentioned above.l'l The results

P9 =8
il I i
/= (CH,); — O —C ~(CHy), — C—0— /m~(CH2)4—C—C—®70—/—I\‘/|—

Scheme 2. Formula of the copolyester Ecoflex®. M, for example, is a
branching agent or a chain extender.

n

according to part 2 of the standard are shown in Figure 3. The
degradation rates (amount of CO, produced relative to the
theoretical amount), were measured in three parallel reactors.
After 124 days the amounts of CO, were 93% (PS1), 95%
(PS2), and 96 % (PS3). The mean value of the degradation
curves is shown in Figure 3 and is 95 % at the end of the test.
The result of the compostability test according to
DIN V54900, part3 (disintegration of the material under
practical composting conditions), is shown in Figure 4. The
carbon of the polymer is not necessarily converted to 100 %
carbon dioxide during composting, which can be explained as
follows: In addition to the formation of carbon dioxide during
mineralization of a substance, some parts of the carbon can be
converted into biomass. Furthermore, remaining carbon could
be caused by non or partial degradation of the polymer. A
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Figure 3. Biodegradability of Ecoflex according to DINV 54900, part 2.
Plastics such as Ecoflex have to be classified as fully biodegradable when at
least 60 % of the total organic carbon of the polymer has been converted
into carbon dioxide during a test interval of no more than 180 days. y:
Amount of degradation [%] (fraction of the theoretical amount of CO,
produced).
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Figure 4. Investigation of the compostability of the copolyester Ecoflex®
according to DIN V 54900, part 3.

sufficiently exact measurement of biomass in such a complex
medium such as compost is not possible. By contrast, the
measurement of residual polymer is different. The residual
polymer can be quantified by gel permeation chromatography
(GPC; Table 2) after taking aliquots from the compost and
extracting with a suitable polymer solvent. After extraction
the quantities of residual polymer in aliquots from the three
parallel test reactors, with reference to the total amounts of
inserted polymer, were 2.3, 1.3, and 3.4 %. The quantities of
extracted polymer in the parallel control tests were between
0.00 and 0.02 per 100 g of polymer-compost mixture. Thus,
these values were under the detection limit of identification of
less than 0.1 g per 100 g. Altogether, in these tests (without

determination of biomass) the average rate of recovery was
about 97 %.

The stoichiometric composition of the extracted residual
polymer was analyzed by *C NMR spectroscopy. A signifi-
cant increase in the amount of the aromatic acid would point
to a slow or nondegradation of aromatic polymer components.
Within the accuracy of the method employed, no change in
the stoichiometric composition was observed at the end of the
test. Inhomogenities within the solid compost matrix, for
example too wet, too dry or not well ventilated zones, or
polymer particles that adhered to the wall of the reactor, are
plausible explanations for the existence of residual polymer.
The high rate of mineralization (about 95 % of the theoretical
amount of CO, produced) shows that the material is bio-
logically attacked and that most of it is degraded by
combustion. However, no accurate conclusions can be drawn
as to the degradation behavior of individual chain compo-
nents.

For unequivocal proof of complete biodegradability the
degradation behavior of the longer aromatic sequences in the
copolyester must be proved selectively, since it is well known
that high molecular weight pure polybutylene terephthalate
(for example, Ultradur®) is not a biodegradable plastic.
According to Cowie the following theoretical sequence
distributions result from a random copolyester with an acid
ratio of 50/50 (Figure 5).['”! As shown in Figure 5, from 100 M,
and 100 M, sequences of the 50/50 copolyester 50 single, 25
double, 12 triple, and only 6 quadruple sequences are in the
chain. If the polymer chain is cleaved by biodegradation,
longer aromatic sequences might remain as nondegradable or
difficult to degrade residues (Scheme 3).

50
y7% 401
30
B W, (%)
20+ Wy (%)
10
ol
1 2 3 4 5 6
n—»

Figure 5. Sequence distributions of a copolymer. Ratio of monomers
[M,]:[M,] = 50:50. W,,, =Number [ %] of the M, sequences as a function of
the sequence length n; Wy, =number [%] of the M, sequences as a
function of the sequence length n.

Table 2. Analysis of residual polymer from 100 g of a dried mixture of compost and polymer for the investigation of compostability of the copolyester

Ecoflex according to DIN V 54900, part 3.

Sample Initial amount of polymer Residual polymer Residual polymer [% ]
[g/100 g mixture] [g/100 g mixture] average
measurement 1 measurement 2 average
PS1 15 0.39 0.30 0.35 23
PS2 15 0.15 0.22 0.19 1.3
PS3 15 0.57 0.44 0.51 34
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8- aromatic repeated unit - aliphatic repeated unit

Scheme 3. Degradation of an aliphatic—aromatic copolyester with a
random distribution of the monomers along the polymer chain.

To answer the question of complete biodegradability
special microorganisms that are able to degrade the copo-
lyester were isolated from compost (Scheme 4).[% Tt was
possible to use these organisms in an aquatic test system,

Inoculum Enrichment Isolation

suspensions of mixed cultures single-colonies

BTA-films different

innoculation techniques

mineralsalt-agar
compost extract-agar

complex media

mature compost

bioflims grown on
BTA-films incubated in
compost reactor

compost harvested
from compost reactor

Scheme 4. Scheme for screening and isolation of microorganisms that are able to degrade the copolyester.

which is an excellent medium for analyzing polymeric
residues. The polymer chain of the copolyester Ecoflex was
cleaved with these microorganisms within a few days, and at
the end of the test only water soluble intermediates were
found. Although the cleavage of the copolyester chain was
very fast, the microorganisms were not able to mineralize the
fragments. The intermediates therefore accumulated in the
aqueous media. The tests were stopped at different times and
the water-soluble fragments produced were characterized by
GC/MS after derivatization (Table 3) to show the course of
the degradation. It could be shown that the isolated micro-
organisms are able to degrade the polymer chain completely
into the monomers. A subsequent complete metabolization of
the monomers was possible by adding a mixed culture of
microorganisms, which represented the whole spectrum of
ubiquitous microorganisms, from the compost to the test
solution (Table 3, Test4). In these test solutions no inter-
mediates were detected by GC analysis.

Angew. Chem. Int. Ed. 1999, 38, No. 10
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Table 3. Fragments of Ecoflex after degradation with isolated pure strain
(test 1-3) and with pure and mixed cultures from compost (test 4). x =
detected; —=not detected.

Testl!)  Monomers! Aliph. oligomersl Arom. oligomers!*!

B A T BA ABA BT BTB
1 X X X X X X X
2 X X X X X - -
3 X X X - - - -
4 _ _ _ _ _ _ _

[a] Test 1: 1750 mg polyester in 80 mL media. Intermediates from isolated
pure culture after 21 days. Enzyme activity stopped by pH shift (in situ
building of high amounts of acids during degradation). Test 2—4: 350 mg
polyester in 80 mL media. Intermediates from isolated pure culture after
7 days (test2) and after 21 days (test 3). Test 4: Residues after a 7-day
innoculation by isolated pure culture and a 14-day innoculation with
compost eluate. [b] A: Adipinic acid, B: 1,4 butanediol, T: terephthalic
acid. Intermediates from the cleavage of M (see Scheme 4) are not
considered. According to test 4 no intermediates were detectable by GC
analysis.

The process in which individual organisms are able to
perform only one degradation step, and other organisms the
next, and that the microorganisms live off the metabolic
products of others is called symbiosis (which means different
organisms living together to their
mutual benefit). It has not been
proved that a symbiosis really hap-
pened in this case. It is likely that the
copolyester structure “accidently”
looks like the structure of natural
substrates. This means that the poly-
mer chain could be degraded by the
excreted enzymes, but the microor-
ganisms are not able to digest the
soluble fragments in their cells.

It could be shown with the descri-
bed degradation tests that microor-
ganisms that are ubiquitously present
in compost are able to degrade ma-
terials from petrochemical sources,
for example, the aliphatic—aromatic
copolyester Ecoflex®, into natural
products. Consequently, what is deci-
sive for biodegradability is only the structure and not the
origin of the raw material.

Screening

pure cultures
degradation test

weight loss
of BTA-films

mineralsalt-agar
compost extract-agar
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Radical Dimerization of 5,5'-Diphenyl-3,3',4,4'-
tetramethoxy-2,2'-bipyrrole: & Dimer in the
Crystal, 6 Dimer in Solution.**

Andreas Merz*, Jirgen Kronberger, Lothar Dunsch,
Andreas Neudeck, Andreas Petr, and Laszlo Parkanyi
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The highly electron-rich dimethoxypyrrolel! (DMOP) can
be electrochemically polymerized to give good conducting
films with conductivities that exceed those of all other 3-, 3, 4-,
or N-substituted pyrroles, and often even of polypyrrole
itself.’! According to ESR and spectroelectrochemical studies
the conductivity of poly-DMOP might involve a transport of
the charge carriers not only along the polymer chain but also
across neighboring chains by “interchain hopping”, similar to
the situation in crystalline TTF derivatives and salts of arene
cations where 7 stapling occurs.P!

Spectroelectrochemical experiments with end-capped pyr-
role, thiophene,> ¢ or mixed thiophene —pyrrolel” oligo-
mers provide evidence for equilibria between the correspond-
ing radical cations and spinless it dimers. On the other hand a
detailed investigation of certain diphenyl polyenes by cyclic
voltammetry suggested that the corresponding radical cations
dimerize to ¢ dimers and not to t dimers.”®! In the cited work[®!
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the existence of w dimers of pyrrole and thiophene oligomers
was questioned. Recently, the radical cation of w,w-diphenyl-
a-terthiophene was shown by an X-ray structure to form
endless m staples in which st dimers with shorter distances can
be recognized.’! We now report on diphenyltetramethoxy-
pyrrole 1 whose radical cation crystallizes as a spinless
dimer (1'* - PFy), but dimerizes as a ¢ dimer in solution at low
temperature.

The bipyrrole 1 is obtained as shown in Scheme 1 from
easily accessible pyrrole 3.1l The important steps are the
partial hydrolysis of the of the ester 2['1 and the iododecar-
boxylation of carboxylic acids 3 and 6."'! The introduction of

MeO OMe MeO OMe
b
|
Bn |I3n
2 (R=Me) 4 (86%)

al, 3(R=H, 76%)

MeQO OMe
,:.5 (X = COOMe, 71%)
c 7\ 6 (X =COOH, 76%)
- X N E—7 (X =1, 82%)
Bn
Me
MeO OoMe
d Y !
" o N __Ph - Ph Ph
N \ /)
|
Bn
OMe OMe
Me
8 (68%) 1 (87%)

Scheme 1. a) BuOK/H,O (1/1), THF, 0°C, 12 h; b) L/KI, Na,CO;, 12 h,
RT, extraction with Et,O; ¢) PhB(OH),, Pd[PPh;],, 1,2-dimethoxyethane;
d) Cu powder, melt, 200°C; e) 1. Na, liquid NH;, 2. EtOH.

the phenyl end group is achieved by a Suzuki coupling!'? and
an Ullmann coupling in the melt to give 8.3l The benzyl group
is an ideal protective group for the pyrrole nitrogen atom
because a twist in the bond between the pyrrole units makes
the intermediates less prone towards oxidation. The removal
of the benzyl groups in 8 is achieved smoothly with Na in
liquid NH; and quenching with aqueous NaHCO,.['*l Using
analogous steps higher oligopyrrole homologues with or
without end caps are obtained from 2.3

The bipyrrole 1 crystallizes from a solution in CH;0OH in
two different polymorphic crystals. At 90°C the tetragonal
needles 1a turn, without melting, into the monoclinic cuboids
of 1b, which melt at 171-172°C. Both crystal structures
(Figure 1)l are dominated characteristically by hydrogen
bonds between the NH protons of the pyrrole rings and the
oxygen atoms of the inner methoxy groups. In 1b the almost
planar D,, molecules are stabilized in an anti conformation of
the pyrrole rings by H bonds. In the tetragonal modification
1a the syn oriented bipyrroles are arranged with a 90° turn
along a C, axes by intermolecular H bonds. The H bonds are
also seen in the '"H NMR spectra of 1 as a broad singlet at 6 =
8 (6 =7 for the corresponding signal in DMOP!!a<l),
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