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ABSTRACT: Biodegradable polyethylene mimics have been
synthesized by the introduction of pyrophosphate groups into
the polymer backbone, allowing not only hydrolysis of the
backbone but also further degradation by microorganisms.
Because of cost, low weight, and good mechanical properties,
the use of polyolefins has increased significantly in the past
decades and has created many challenges in terms of disposal
and their environmental impact. The durability and resistance
to degradation make polyethylene difficult or impossible for
nature to assimilate, thus making the degradability of
polyolefins an essential topic of research. The biodegradable
polypyrophosphate was prepared via acyclic diene metathesis
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polymerization of a diene monomer. The monomer is accessible via a three-step synthesis, in which the pyrophosphate was
formed in the last step by DCC coupling of two phosphoric acid derivatives. This is the first report of a pyrophosphate group
localized in an organic polymer backbone. The polypyrophosphate was characterized in detail by NMR spectroscopy, size
exclusion chromatography, FTIR spectroscopy, differential scanning calorimetry, and thermogravimetry. X-ray diffraction was
used to compare the crystallization structure in comparison to analogous polyphosphates showing poly(ethylene)-like
structures. In spite of their hydrophobicity and water insolubility, the pyrophosphate groups exhibited fast hydrolysis, resulting
in polymer degradation when films were immersed in water. Additionally, the hydrolyzed fragments were further biodegraded
by microorganisms, rendering these PE mimics potential candidates for fast release of hydrophobic cargo, for example, in drug

delivery applications.

B INTRODUCTION

Polyethylene (PE) is the most produced commodity polymer
today." With the invention of Karl Ziegler in the past century,”
perfectly linear PE was accessible that changed our everyday
life drastically.” PE and other polyolefins are resistant to most
chemicals and environmental conditions; they do not degrade
hydrolytically or by enzymes.* The durability of PE is an
attractive feature and has driven its success not only in
lightweight materials and packaging but also in biomedical
applications, for example, for long-term implants.” However, if
littered in nature, PE plastic parts do not degrade over a period
of decades to centuries.”

Biodegradable alternatives to commodity polymers are
discussed today heavily for packaging applications.’ In
contrast, in the biomedical field, degradable polymers have
found already several applications if degradation of the device
is desired, for example, for sustained drug release,” temporary
prostheses,” or tissue engineering.” For such uses, polyesters,
polyamides, or polysaccharide derivatives and others have been
applied, which can be degraded by different enzymes in vivo."
Furthermore, the biocompatibility not only of the polymer but
also of its degradation products are crucial for the use in the
biomedical field.""
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Combining properties of PE, such as crystallinity and
thermoplasticity, with controlled degradation would be a
desirable platform for biomedicine and the plastic sector.
Others and we have prepared potentially degradable PE
mimics, which are polymers based on long aliphatic alkyl
chains, which are spaced by heteroatom linkages that may
allow degradation into smaller fragments.'” For full biominer-
alization, these smaller fragments should eventually be
resorbed by the body or degraded by microorganisms.'>"*
Such potentially degradable groups, esters, and acetals, for
example, have been installed into PE mimics already,"*'® but
polymers do not or only very slowly degrade.'® Recently, we
have prepared PE mimics with phosphoesters/amide linkages
between the aliphatic chains, since their degradation rate might
be adjusted by variation of the binding motif.'” Polyphosphor-
odiamidates were found to be much more hydrolysis-labile
than polyphosphoesters.'® However, in such nonpolar PE
mimics, degradation under physiological or environmental
conditions is very slow, rendering them as too stable for certain
applications, in which degradation is demanded.'” Recently,
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Mecking and co-workers synthesized long-chain polyphos-
phoesters by polyesterification and reported that a low number
of pyrophosphate linkages were formed during the process.
These bonds—undesired in polyphosphoesters (PPEs)—were
however responsible for a partial degradation of the materials
at mild hydrolysis conditions. Upon immersing polymer films
in basic or acidic conditions, cleavage occurred selectively in
anhydride groups, and the phosphoester bonds remained intact
during the course of their study.'” To date, no polypyr-
ophosphates have been reported as degradable mimics for PE
with a potentially very fast hydrolysis.

Herein, we present a biodegradable aliphatic polypyrophos-
phate PE mimic. The hydrophobic and semicrystalline PE-like
material exhibited fast hydrolysis rates under mild conditions.
Additionally, we proved that microorganisms occurring in
activated sludge from the sewage plant further degraded the
degradation products after hydrolysis. The readily cleavable
pyrophosphate group was introduced to the monomer, which
was polymerized by acyclic diene metathesis polycondensation
without cleaving of the pyrophosphate bond. Hydrogenation of
the unsaturated product from the ADMET polycondensation
was performed without any further catalyst addition by a
modified Grubbs catalyst to produce the saturated PE mimic.
This is the first example of a PE mimic with very fast hydrolysis
conditions of polymer films. The degradation products are
soluble in neutral and basic aqueous solution and undergo
further microbial degradation, which renders polypyrophos-
phates an interesting class of polymers for degradation on
demand in biomedical or other packaging applications where
fast dissolution of the matrix is desired.

B RESULTS AND DISCUSSION

Monomer Synthesis. We prepared a novel pyrophosphate
monomer (1) for the ADMET polycondensation via a three-
step synthesis (Scheme 1). The first step was the esterification
of ethyl dichlorophosphate with 1 equiv of 10-undecen-1-ol in
the presence of triethylamine (Et;N) to produce ethylundec-
10-en-1-yl phosphorochloridate (1a). The resulting la was
then hydrolyzed to the free phosphoric acid derivative (1b).

Scheme 1. Synthesis of Monomer 1 and Its Subsequent
Polymerization by Acyclic Diene Metathesis (to P1) and
Hydrogenation (to P1-H)
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The A,-type pyrophosphate monomer was obtained by
coupling of two molecules of 1b with dicyclohexylcarbodiimide
similar to a literature protocol®” to give 1 as an off-white oil
(Scheme 1).

The monomer was obtained in high purity after column
chromatography. The "H NMR spectrum of 1 shows at 5.7 and
4.9 ppm the signals for the terminal double bond and at 4.2
ppm the protons next to the pyrophosphate. The upfield
signals at 2.0, 1.6, and 1.3 ppm result from the protons of the
P-carbon of the pyrophosphate, the protons adjacent to the
double bond, and the remaining protons of the alkyl groups
(Figure 1a). *'P NMR spectroscopy proved the formation of
the pyrophosphate as a single resonance at —12.95 ppm, which
is a typical chemical shift for aliphatic pyrophosphates (Figure
la).”' For comparison, we prepared the phosphate analogue
bis(undec-10-en-1-yl) ethyl phosphate (2) and polymerized it
according to the literature.””

ADMET Polymerization. During the past years, acyclic
diene metathesis (ADMET) was established as a reliable
method for the synthesis of PPEs, allowing the adjustment of
main and side chains with the high functional group tolerance
of olefin metathesis with modern Grubbs-type catalysts.”**
We polymerized 1 and 2 via ADMET polycondensation with
Grubbs catalyst first to the respective unsaturated polymers
(P1 and P2; characterization data of P2 can be found in the
Supporting Information). After polymerization, the addition of
ethyl vinyl ether did not only terminate the reaction but also
generated an active Ru catalyst for hydrogenation.”> The
hydrogenation was performed without any further addition of
catalyst at a hydrogen pressure of 70 bar for ca. 24 h to yield
the hydrogenated polymers P1-H and P2-H (Scheme 1 and
Scheme S2). Successful polymerization was proven by 'H
NMR spectroscopy with the formation of the internal double
bonds in the backbone at 5.3 ppm and the disappearance of the
terminal double bonds at 4.9 and 5.7 ppm (Figure 1a). GPC
showed an apparent molecular weight of M, = 13000 g mol™"
(M,,/M, = 1.9) for P1. Additionally, the NMR spectra prove
that the pyrophosphate group remained untouched during the
ADMET procedure and the subsequent hydrogenation: The
resonances for the methylene groups next to the pyrophos-
phate at 4.2 ppm in the '"H NMR spectra remain unchanged.
In addition, no change of the 3P NMR resonance at —12.95
ppm after polymerization and hydrogenation was detected
(Figure 1a). After hydrogenation, the double-bond resonances
disappeared from the '"H NMR spectra, and only the protons
around the pyrophosphate at 4.2 and 1.7 ppm and the protons
from the alkyl chains at 1.2 ppm remained; GPC detected an
apparent molecular weight of M, = 9000 g mol™" (M,,/M, =
1.9) for P1-H.

Solid-State Characterization. The thermal stability of
both synthesized polymers was examined by thermal
gravimetric analysis (TGA). The polypyrophosphate (P1-H)
proved a distinctively lower thermal stability compared to the
polyphosphate (P2-H). P1-H showed an onset of degradation
at ca. 280 °C, while P2-H started to decompose at ca. 320 °C.
The char yields of both polymers are in agreement with the
phosphate weight content.

The crystallinity as an important factor for many properties
of PE in dependency to the molecular weight has been
reported.”**” The crystallinity of P1-H and P2-H was analyzed
by DSC; both polymers are solids at room temperature. P1-H
exhibited a melting endotherm at T,(P1-H) = 38 °C with a
melting enthalpy of AH,, = —67 J g”', while P2-H showed a
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Figure 1. Characterization data of pyrophosphate monomer and polymers. (a) 'H and *'P (inset) NMR spectra of 1, P1, and P1-H with peak
assignments (measured in CDCl; or CD,Cl,, 300 MHz, 298 K). (b) IR spectra of 1 and P1-H. (c) GPC elugrams of P1 and P1-H in THF (RI

detection).

distinct higher melting event at T, of 51 °C with a similar
melting enthalpy of AH,, = —69 J g, indicating a similar
degree of crystallinity. Compared to 100% crystalline poly-
ethylene with AH,, = 293 J g”/, the crystallinity of P1-H and
P2-H was determined to be 23% and 24%, respectively.
However, the lower melting point of P1-H is appointed to the
size of the pyrophosphate group compared to the phosphate
group, which both act as defects during the crystallization of
the polymers. The crystallization behavior of PPEs has already
been studied in our group and has been compared to
polyethylene.”® PPEs with such a long alkyl chain are
considered to have a similar lamellar crystalline structure as
polyethylene with a pseudohexagonal crystal structure. In
agreement with the results by DSC measurement, the XRD
measurement showed a similar degree of crystallinity and a
similar crystal structure between both polymers (Figure 2c)
and toward PE. In detail, a lattice spacing of 0.43 and 0.41 nm
can be found by XRD with the peak positions at 20 of 21.32°
and 21.70° for P1-H and P2-H, respectively. The appearance
of the pseudohexagonal phase indicated that the crystal lattices

1

168

of P1-H and P2-H are slightly inflated compared to the
orthorhc;rgnbic phase of PE, which exhibits an XRD peak at 20
= 20.5°.

Polymer Degradation. PPEs are potential candidates for
the development of degradable materials as they can be
degraded either hydrolytically or in the presence of enzymes,
for example, by phosphodiesterase 1.°°~** The mechanism of
hydrolysis of PPEs depends on their structure, and either
random hydrolysis of the main and side chain esters or a
backbiting mechanism was reported.”*

To evaluate hydrolysis of the PPPs, we cast polymer films,
immersed them into aqueous buffer solutions with different pH
values, and analyzed their weight loss. Molecular information
during the degradation was collected from the *'P NMR
spectra after dissolving the dried films after certain incubation
time in CDCl;. The degradation of P1-H and the analogue P2-
H was studied at basic, acidic, and neutral conditions at 37 °C
(Figure 3). Fastest degradation and dissolution of the P1-H
films occurred under basic conditions (pH = 13); a rapid
weight loss resulted in the complete dissolution of the film
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Figure 2. Bulk properties of polypyrophosphates and analogue
polyphosphates. (a) TGA of P1-H and P2-H with a heating rate of 10
K min~". (b) DSC of P1-H and P2-H with a heating (second run)
and cooling rate of 10 K min™". (c) X-ray diffractograms of P1-H and
P2-H. (d) Structures of P1-H and P2-H.

after 2 h (Figure 3c,d). When P1-H films were immersed into a
PBS solution at pH 7.0, the polymer films initially swelled, and
an increased mass was obtained. After 4 h, however, a rapid
weight loss was detected until total dissolution after 7 h. This
rapid weight loss might be rationalized with the degradation
products dissolving over time, where the swollen polymer film
reaches a state not stable enough to keep the integrity of the
film, followed by quick disassembly. *'P NMR of the dried
films clearly proved the hydrolysis of the pyrophosphate bond
during the overall investigation. In addition, the degradation
time from the *P NMR spectra for full hydrolysis of the
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pyrophosphate bonds was comparable to the full weight loss of
the P1-H films. When the films were immersed into an acidic
solution (pH = 0), no weight loss of the P1-H films could be
measured, and the film became opaque during the treatment
(Figure 3b). *'P NMR spectra of the dried polymer films
confirmed, however, a decreasing pyrophosphate signal and an
increasing phosphoric acid signal over time (Figures S9 and
$10). In addition, the degradation rate was slower compared to
basic or neutral conditions (Figure 3d). We assume that under
acidic conditions the water-insoluble and partially protonated
degradation product was formed, which exhibits higher
crystallinity and turned the film opaque. DSC measurement
from the dried film after degradation confirmed a higher
crystallinity compared to the initial casted polymer film (Figure
3c). P1-H films before degradation exhibited several melting
events between 35 and 60 °C (and AH = —74 ] ¢g”', measured
from the first heating run), while the degraded film melted at
102 °C with a higher melting enthalpy of AH = 147 J g7/,
indicating the formation of crystals of the P1-H degradation
products.

Interestingly, in organic solution, the degradation of P1-H
was at least 1 order of magnitude slower than in the films. We
dissolved P1-H in 0.5 mL/0.1 mL THF-dy/D,0O and added
0.05 mL of trifluoroacetic acid or diisopropylethylamine as a
base (Figure 3e). Degradation was studied over a period of
several months. Under acidic conditions, P1-H degraded
completely after 2 months (¢, = 7.6 days). Under basic
conditions, a t;, = 17.6 days under these conditions was
determined. In addition, an equilibrium between pyrophos-
phate and phosphate was reached after 3 months (Figure 3e).
Even if pH values are hard to compare between water and an
organic solvent, the slower degradation kinetics of P1-H in
solution compared to the polymer film might be rationalized
by aggregation of the polymer in solution. The solution of P1-
H in THF/water was a clear solution, but dynamic light
scattering proved the formation of aggregates (>1 pm), in
which the polar pyrophosphate might be protected against
hydrolysis, while in the crystal lattice they are exposed to the
surface and the solvent.

Polymer films of P2-H did not show any degradation under
neutral conditions at 37 °C. In addition, no weight loss was
recorded when P2-H was immersed at pH 13 and 37 °C. To
collect data about molecular degradation, the 'H-3'Pp HMBC
NMR spectrum of P2-H film after degradation at pH 13 was
collected and showed more than 70% hydrolysis to the diester.

As the polyprophosphate PE mimics undergo rapid
backbone degradation by hydrolysis, we evaluated the
biodegradability of P1-H (as powder) in an aqueous
environment with activated sludge from the local sewage
plant (kindly provided from the “Wirtschaftbetrieb Mainz” and
the plant in Mainz-Mombach, Germany). As the medium
possessed a pH value of 7.4, we expected a fast polymer
backbone hydrolysis under these conditions. The resulting
fragments should be biodegradable and ensure a full
biomineralization of P1-H. Figure 3f shows the biodegradation
of P1-H compared to P2-H, which does not undergo a
backbone degradation at pH 7.4 (and acts as a negative
control) and starch (as a positive control). The biodegradation
was measured following the OECD 301F guideline with the
Oxitop system measuring the biochemical oxygen demand
(BOD) over a period of 28 days.” All tests were performed in
duplicate, and the maximum error was +6%. The BOD of
starch after 28 days reached a degradation of 73%. The BOD
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Figure 3. Degradation studies of P1-H. (a) Scheme of P1-H hydrolysis. (b) P1-H film before and after neutral, acidic, and basic hydrolysis. (c)
DSC of P1-H film before and after acidic degradation. (d) Mass loss of P1-H films under acidic, basic, and neutral conditions (black) and *'P NMR
intensity of pyrophosphate P1-H films under acidic and neutral conditions (blue). (e) Degradation of P1-H in 0.5 mL of THF-dg with 0.1 mL of
D,0 and 0.05 mL of TFA or DIPEA. (f) Biodegradation of P1-H, P2-H, and starch in aqueous conditions with microorganisms from activated

sludge.

determined for P1-H reached a degradation of 81% after 28
days, which resembles the material as “readily biodegradable”,
a term considered for chemicals with >60% biodegradation
after 28 days.” Initially, a lag time was detected, which might
be due to hydrolysis of the polymer and consumption of other
nutrients in the mixture by the microorganisms. When P1-H
was hydrolyzed to smaller fragments, the microorganisms were
able to further mineralize them, resulting in an increase of the
BOD value. Under the same conditions, P2-H showed
negligible biodegradation with 3% which is in the error
value, which is probably attributed to the phosphoester bond,
which does not undergo hydrolysis at neutral conditions during
30 days. As the polymer itself is very hydrophobic, degradation
by microorganisms from the sewage plant seems to be very
low.
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B SUMMARY

We prepared the first pyrophosphate-containing polyethylene
mimic that is readily biodegradable. The polymer was prepared
by acyclic diene metathesis polycondensation of 1, followed by
hydrogenation. The saturated semicrystalline polymer (P1-H)
is water-insoluble but undergoes rapid backbone hydrolysis
under neutral, basic, or acidic conditions when polymer films
were immersed in water. The resulting degradation products
were further identified as readily biodegradable by micro-
organisms according to the OECD 301F guideline. P1-H is the
first long-chain polyphyrophosphate that resembles the
crystallinity of polyethylene but is readily degraded. These
materials might be interesting for a quick release under mild
conditions in the biomedical field or also for advanced
packaging. In addition, they broaden the field of phosphorus-
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containing polymers with a very labile linkage in the main
chain compared to structurally very similar polyphosphoesters.
A combination of pyrophosphate- and phosphate-based
polymers might also be used to control degradation and/or
release rates.
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