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Unsaturated poly(phosphoester)s via ring-opening
metathesis polymerizationt

Tobias Steinbach,?”¢ Evandro M. Alexandrino® and Frederik R. Wurm*®

For the first time, ring-opening metathesis polymerization of novel 7-membered cyclic phosphate
monomers and their copolymerization with cyclooctene is presented. The monomers were investigated
with respect to their metathesis behavior with different Grubbs catalysts and it was found that the
Grubbs third generation catalyst gives the best results resulting in polymers with a molecular weight of
up to 5000 g mol~". Also copolymers with cyclooctene (up to a molecular weight of ca. 50 000 g mol~")
were synthesized and the monomer ratios were varied. The degree of polymerization could be
controlled and the polydispersity index was usually below two. Acidic hydrolysis of the copolymer
showed a complete shift of the molecular weight distribution to higher elution times in SEC, indicating
a random incorporation into the poly(cyclooctene) backbone of the phosphate monomers and the
possible degradation of the phosphate bonds along the backbone. Further, potentially degradable
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Introduction

Degradable polymers are a growing field in modern materials
science due to limitation of natural resources and due to the
long half-life times of commodity plastics in nature." Also for
the biomedical field, for example as drug carriers, in tissue
engineering or also when renal clearance of (macro)molecules
is necessary, degradable - or partly degradable - polymers are of
high interest.»*> Within the field of degradable polymers, poly-
esters are the most common materials with poly(lactide) prob-
ably being the most prominent example.*? In recent projects, we
have been focusing on the development of novel potentially
biodegradable and biocompatible polyphosphoesters (PPEs).*
PPEs can be degraded by several enzymes such as phosphatases
and phosphodiestereases and/or by basic or acidic hydrolysis.>®
In spite of this obvious benefit, PPEs are only scarcely found in
recent studies, even if they are easily accessible and allow the
feasible synthesis of a great variety of (functional) materials.® In
contrast polyesters based on carboxylic acids face the problem
that functional cyclic lactones require multi-step syntheses or
conventional polycondensation needs to be applied which also
excludes many functional groups and limits the molecular
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nanoparticles were prepared by a solvent evaporation miniemulsion technique.

weight in many cases.”® Almost 40 years ago, the group of
Penczek developed the first strategies towards (mainly water-
soluble) PPEs via polycondensation and ring-opening poly-
merization approaches.”'® These materials were not investi-
gated in detail for at least two decades but can be found in
modern literature in a few elegant reports in the fields of drug
delivery or DNA transfection, for example.® We recently devel-
oped a route towards (un)saturated hydrophobic PPEs via
acyclic diene metathesis polymerization (ADMET) of several
phosphate monomers and we are currently investigating their
performance in bioapplications.*

Some benefits of PPEs over conventional polyesters will be
briefly mentioned here: (1) the additional functional group that
is inherently brought in by the use of a pentavalent P-center
(phosphorus triesters); (2) the high tendency to generate water-
soluble polymers due to the hydrophilic phosphate building
block; and (3) the general low degree of crystallinity (compared
with highly crystalline materials such as PLA).

The combination of phosphorus chemistry with metathesis
allows tailoring of the polymer functionality due to the high
functional group tolerance of modern ruthenium metathesis
catalysts and is currently under investigation in our group.
Herein, we present an expansion of the metathesis polymeri-
zation towards PPEs from a step-growth acyclic diene metath-
esis (ADMET) polymerization to the chain-growth ring opening
metathesis polymerization (ROMP)."* We present different
monomers, Le. seven-membered cyclic phosphates, and their
polymerization behavior is investigated. They are also copoly-
merized with cis-cyclooctene to yield high molecular weight
polyesters with reasonable polydispersity. Further the copoly-
mers were used in a miniemulsion solvent evaporation

This journal is © The Royal Society of Chemistry 2013
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process™* to generate potentially biodegradable nanoparticles
which can be used to encapsulate hydrophobic drugs or labels
which are released slowly due to hydrolysis and enzymatic
degradation.

Results and discussion
Monomer synthesis

For the synthesis of PPEs via ROMP, a cyclic phosphoester is
mandatory. The smallest possible ring size is therefore a seven-
membered ring that is readily available from cis-1,4-butenediol
and phosphodichlorides. Due to the third phosphoester, a
pendant group can be introduced prior to ring closure. Cyclic
seven-membered phosphate monomers were synthesized by
nucleophilic ring closing reaction of ethyl or phenyl dichlor-
ophosphate with cis-1,4-butenediol. The reaction was carried
out in a diluted THF solution (ca. 5 g L™ ") with slow addition of
the diol via a syringe pump over a period of 3-4 h to favor ring-
closure over polycondensation (Scheme 1).

The crude reaction mixture was purified via silica gel chro-
matography to yield the desired unsaturated monomer in
reasonable yields (higher than 60%) and high purity. Fig. 1
shows a representative '"H NMR (400 MHz) spectrum of 2 in
CDCl; (further characterization data can be found in the ESI,
Fig. $1-557).

Polymerization

Monomers 1 and 2 were investigated with respect to their
performance in ROMP. In a previous publication we have
investigated the ADMET polymerization of several phosphate-
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Scheme 1 Synthetic approach to 7-membered unsaturated cyclic phosphates.
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Fig. 1 "H NMR (400 MHz) spectrum of 2 in CDCls.
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based monomers to high molecular weight unsaturated PPEs.*
If diallyl-phenyl-phosphate was used as the respective mono-
mer, no polymerization was observed. This was attributed to the
negative neighboring group effect of the allylester that can
complex the catalyst to form an inactive species for metathesis
reactions™ and indicated by a direct color change from purple
to brown and not even oligomers were observed but only the
intact monomer was recovered. When only one more methylene
unit was incorporated, i.e. the dibutenyl ester, the polymeriza-
tion proceeded under typical ADMET conditions.***

7-Membered cyclic monomers 1 and 2 presented herein
resemble very closely these allyl esters after ring-opening, so
their behavior in homopolymerizations was questionable but it
was envisioned that metathesis could be more effective than the
acyclic derivative due to the ring strain of an unsaturated seven-
membered cyclic phosphate.

We carried out homopolymerizations of monomers 1 and 2
with the Grubbs 1% generation catalyst as the respective initi-
ator (in solution, r.t.), but almost no polymerization was
observed, only the presence of ca. 10-20% oligomers (M, <
1000 g mol~" from SEC, also compare "H NMR in the ESIY).
When the same reaction was performed with the Grubbs 29
generation catalyst, a slow polymerization was observed, but
again without reaching 100% conversion. SEC proved a molecular
weight of ca. 2000 g mol™* with a high PDI > 2 indicating transfer
reactions and quenching of the active species which can be
attributed to the allyl system complexing the catalyst as mentioned
above. A similar behavior was reported for different seven-
membered cyclodioxepins and cyclic amides (Scheme 2).*>™*

When the Grubbs 3™ generation catalyst'® was used under
the same conditions, almost full monomer conversion for both
monomers (1 and 2) was achieved (>90% from 'H NMR). Fig. 2
shows the zoomed-in 'H NMR spectra of polymerization
mixtures of 2 with different catalysts. After ring-opening, the
resonance for the methylene group of the ethyl side chain shifts
to higher field (signal “c” in Fig. 1, from ca. 4.2 ppm in the
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Scheme 2 Ring-opening metathesis polymerization of 1 with different Grubbs-
type catalysts.
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Fig. 2 Zoom-in 'H NMR spectra of 2 and poly(2); the resonance of the methy-
lene side chain shifts to higher field after ring-opening.

monomer to ca. 4.1 ppm in the polymer) and can be used to
determine the degree of ring-opening, ie. the monomer
conversion. It can be clearly seen that only the Grubbs 3™
generation catalyst results in a reasonable degree of conversion.
However, SEC elugrams still showed a broad molecular weight
distribution (PDI = ca. 2) and molecular weights usually lower
than 5000 g mol ", which could not be increased by changing
the catalyst : monomer ratio. This molecular weight limitation
could be due to transfer or back biting reactions or catalyst
deactivation by coordination (negative neighboring group
effect)'* which is currently under deeper investigation.

These results clearly demonstrate that the seven-membered
unsaturated cyclic phosphates can be polymerized via ROMP,
but that the polymerization is far from a living process; this
further corroborates with recent results for analogue cyclic
phosphoamidates, which were used to “terminate” a living
ROMP of a norbornene polymerization (i.e. oligomerization at
the chain end was observed).’® The herein presented seven-
membered cyclic phosphates could also be used as a second
short block in other ROMPs yielding a terminal OH-group after
acidic hydrolysis or enzymatic degradation; this is currently
under investigation.

In the next experiments, the copolymerization of 1 and 2
with cis-cyclooctene (CO) as a comonomer was investigated.

To the best of our knowledge, there are no reports on
the living polymerization of cis-cyclooctene primarily because

O

Scheme 3 Copolymerization of 2 with cis-cyclooctene.
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significant chain transfer from secondary metathesis of the
unhindered polymer backbone occurs during ROMP, making it
difficult to polymerize in a controlled fashion. This is due to the
rather low ring strain of 29 k] mol " of cis-cyclooctene,'® which
lowers its activity for living ROMP. However, the ROMP of CO
and its derivatives represents a straightforward route towards
linear polyolefins due to the availability of suitable starting
materials and substantial ring strain of the eight-membered
ring.>*** A copolymerization with the cyclic unsaturated phos-
phate presented herein should be feasible and was investigated
in the following (Scheme 3). Table 1 lists all comonomer
compositions and the molecular weights as well as thermal
characterization.

Different comonomer ratios were investigated and up to 30%
phosphate monomer could be incorporated into the PCO
backbone with a reasonable molecular weight (up to 50 000 g
mol ') and molecular weight distribution (ca. 1.7-2) and full
conversion. If higher amounts of phosphate monomer were
used, incomplete conversion and broad molecular weight
distributions were observed. The thermal properties of the
copolymers were investigated by differential scanning calorim-
etry. With increasing degree of incorporation of the phosphate
monomer, the melting temperature of PCO is lowered from ca.
62 °C for pure PCO (with a molecular weight of 30 000 g mol™")
to 40 °C when 20% of 2 are copolymerized with CO. This is
reasonable as the phosphate comonomers along the polymer
backbone can be regarded as defects for the crystallization of
PCO, thus lowering the melting points.

Fig. 3 shows an overlay of the '"H NMR spectra of the
homopolymer of 2 (P7, top), the homopolymer of cyclooctene

Table 1 Molecular characteristics of polyphosphoester-containing polymers
prepared in this study

#  Monomer Ratio C:Pugeo® Ratio C:Pamr’ M PDI* T,.¢
P1 — 100 100 30000 1.75 62
P2 2 9:1 10:1 43200 1.72 55
P3 2 5:1 5:1 27200 1.75 n.d.
P3b 2 5:1 5:1 41100 1.75 45
P4 2 4:1 4:1 14600 1.95 40
P5 2 7:3 9:3 18700 1.87 n.d.
P6 1 0 0 2500 1.95 —*
P7 2 0 0 5500 1.90 —*
PS 1 8:2 8:2 40000 1.90 54

¢ Monomer molar ratio between CO and 1 or 2. ® Molar ratio between
CO and 1 or 2 determined from 'H NMR. ¢ Number average of the
molecular weight (g mol ") and polydispersity index determined via
SEC in chloroform vs. PS standards. ¢ Melting points determined via
differential scanning calorimetry (* = no melting point observed).
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(P1, bottom), and copolymer P4 (with a theoretical ratio4: 1 =
CO: 2). Clearly, the copolymer spectrum shows all resonances
for PCO and P(2).

However, several other resonances can be detected. The
appearance of different resonances for double bonds and
methylene signals adjacent to them is expected due to the
incorporation of both monomers in the polymer chain resulting
in different dyad distributions. The signal pattern is similar to
previously reported copolymers of CO and carborane-contain-
ing oxanorbornenes.”” From detailed 2D NMR investigations of
the P(PE-co-CO) copolymers (all spectra can be found in the ESI,
Fig. S9-S117) all additional signals could be assigned. Fig. SOt
shows a representative TOCSY-H-NMR of polymer P3 in CDCl;
(at 700 MHz). As expected for a ROMP, cis and trans double
bonds (mainly ¢rans) can be detected in the resulting polymers;
for the PCO segments (also compare inset in Fig. S12t) these
resonances are at 5.41 ppm for the trans and 5.37 ppm for the
cis-oriented double bonds. Also the neighboring methylene
units are affected by this orientation and two separate reso-
nances can be detected at 1.4 and 1.3 ppm, respectively. In a CO-
phosphate dyad the double bond signals shift downfield due to
the proximity of the ester group to 5.8 and 5.6 ppm, respectively.
For the very few double bonds between two phosphate units in
the copolymer, their resonance can be detected at 5.95 ppm
(lowest field due to the proximity to two ester groups). For the
CP (or PC) and the PP dyad the methylene units next to the
double bonds can also be distinguished at 4.6 and 4.5 ppm,
respectively. The side chain ethyl group of the phosphate brings
additional resonances at ca. 4.1 and 1.36 ppm. These signal
assignments can be further verified by 'H-*'P 2D NMR
(Fig. S117). In a high resolution 700 MHz spectrum one can also
detect the signals of the initiator (aromatic peaks at ca. 7.3 ppm)
and the olefinic end group at ca. 6.2 ppm. The end groups are
mainly attached to CO-units as a strong coupling to the meth-
ylene units in the aliphatic region can be detected but no
coupling to phosphate-resonances (Fig. S127). Fig. 4 summa-
rizes the chemical shifts for the three different possible dyads.

P2 (M, 43 200 g mol ') was subjected to an acidic hydrolysis
with hydrochloric acid in THF. The resulting crude product was

This journal is © The Royal Society of Chemistry 2013
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"H NMR overlay (300 MHz in CDCls): top, homopolymer of 2; middle, copolymer of 2 and CO (ratio 1 : 4); bottom, homopolymer of CO.
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Fig. 4 Signal assignment of different resonances in the copolymer.

dried and the molecular weight was determined via SEC. Fig. 5
shows the respective molar mass distributions before and after
hydrolysis proving a complete shift of the distribution to lower
molecular weights indicating a rather random incorporation of
2 in the polymer backbone with an M, of 4000 ¢ mol™ " after
hydrolysis. These results further suggest the possibility of the
hydrolytic or enzymatic degradation of the phosphoester bonds
in possible (bio)applications.

As a potential application P2 was exemplarily used in a
solvent evaporation miniemulsion procedure to produce
potentially biodegradable nanoparticles which could be used
for the encapsulation of hydrophobic drugs.'»'*** Heteroge-
neous metathesis polymerization was previously used to
prepare potentially biocompatible nanoparticles.”*** The poly-
mer was dissolved in chloroform and dispersed in water

Polym. Chem., 2013, 4, 3800-3806 | 3803
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Fig. 5 Molecular weight distributions from SEC (in CHCls, vs. PS standards) of P2
and the hydrolyzed product.

containing SDS via ultrasound (for details compare the Experi-
mental section) to generate a stable miniemulsion. Then the
organic solvent was evaporated over a period of several hours to
precipitate the polymer as a stable nanoparticle dispersion.
Excess of surfactant was removed by dialysis and the particles
were analyzed. By variation of the amount of surfactant and
volume of the dispersed phase the particle size was varied. The
hydrodynamic diameters of the particles in aqueous dispersion
after dialysis were found to be 76 nm (procedure 1) and 140 nm
(procedure 2) by dynamic light scattering. The stability of both
systems was similar after the dialysis process with zeta-potential
values of —49.2 + 11.7 mV for the particles from procedure 1
and —65.2 £ 5.7 mV for the particles from procedure 2. Fig. 6
shows a representative SEM image of the particles (synthesized
via procedure 2); the size distributions determined via dynamic
light scattering can be found in the ESI (Fig. S14 and S151). As

Fig. 6 Scanning electron micrographs of the nanoparticles obtained through
the miniemulsion/solvent-evaporation approach using polymer P2.
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expected, spherical particles were obtained. The size measured
by SEM corresponds well to the values obtained from dynamic
light scattering. As the polymer is rather soft (from DSC
measurements) also the particles are soft and tend to agglom-
erate during the drying step.

Experimental part
Chemicals

All chemicals were purchased from Sigma Aldrich and used as
received if not otherwise mentioned. Dichloromethane, tetra-
hydrofuran and triethylamine were dried and stored under
argon. Grubbs catalyst 1% generation, Grubbs catalyst 2"¢
generation, and Grubbs catalyst 3" generation were purchased
from Sigma Aldrich and stored under argon.

Instrumentation and methods

All the NMR experiments were carried out with a 5 mm BBI "H/X
z-gradient on a 700 MHz spectrometer with a Bruker Avance III
system or on a Bruker AMX400. For 'H NMR spectra, 128
transients were used with an 11 ps long 90° pulse and a
12 600 Hz spectral width together with a recycling delay of 5 s.
The "*C NMR (176 MHz) and *'P NMR (283 MHz) measurements
were carried out with an 'H powergate decoupling method
using a 30° degree flip angle, which had a 14.5 us long 90° pulse
for carbon and a 25.5 ps long 90° pulse for phosphorus. The
spectral widths were 41.660 Hz (236 ppm) for >C and 56.818 Hz
(200 ppm) for *'P, both nuclei with a relaxation delay of 2 s. The
spectra of proton, carbon and phosphorus were recorded in
CDClI; at 298.3 K and were referenced as follows: for the residual
CHCl; at 6 (*H) = 7.26 ppm, CDCI; ¢ (**C triplet) = 77.0 ppm
and triphenylphosphine (TPP) § (*'P) = —6 ppm. The assign-
ment was accomplished by the "H,"H COSY (correlated spec-
troscopy) 2D method. The spectroscopic widths of the homo-
nuclear 2D COSY experiments were typically 14 000 Hz in both
dimensions (f1 and f2) and the relaxation delay was 1.2 s. The
temperature was kept at 298.3 K and/or regulated by a standard
'"H methanol NMR sample using the topspin 2.1 software
(Bruker).

Size exclusion chromatography (SEC) measurements were
carried out in CHCI; consisting of a Waters 717 plus autosam-
pler, a TSP Spectra Series P 100 pump, a set of three PSS SDV
columns (104/500/50 A), and RI and UV (275 nm) detectors were
used. Calibration was carried out using polystyrene standards
provided by Polymer Standards Service. The glass transition
temperature was measured by differential scanning calorimetry
(DSC) on a Mettler Toledo DSC 823 calorimeter. Three scanning
cycles of heating-cooling were performed (in a N, atmosphere,
30 mL min~") with a heating rate of 10 °C min™".

The average particle size and particle size distribution were
obtained by dynamic light scattering (DLS) in a submicron
particle sizer NICOMP® 380, equipped with a detector to
measure the scattered light at 90°.

The zeta-potential of the nanoparticle dispersion was
measured using a Zetasizer NanoZ using an aqueous 1 x 103
M KCl solution as a dispersive phase.

This journal is © The Royal Society of Chemistry 2013
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The particle morphology characterization was carried out on
a scanning electron microscope (SEM) Zeiss LEO Gemini 1530.
The sample was drop cast in a silica slice and previously covered
with a thin carbon coating layer using a coating system Leica
EM MEDO020.

Synthesis of 1 and 2

To a dried, two-necked 500 mL round bottom flask 2.4 g
(11.4 mmol) of phenyl dichlorophosphate in the case of 1 (or
1.2 g (7.4 mmol) of ethyl dichlorophospahte in the case of 2)
dissolved in 200 mL of dry THF, 8 eq. triethylamine was added
with stirring under an argon atmosphere. The solution was
cooled to 0 °C and then 1.1 equivalents of 1,4-cis-butenediol was
added slowly (3—-4 h) to the solution via a syringe pump in ca.
50 mL THF. The reaction was stirred overnight at room
temperature. The crude mixture was concentrated, filtered and
purified by silica chromatography to give a clear colorless liquid
(for 1: hexanes : acetone : ethyl acetate 4:2:1 Ry = 0.5; for
2 : hexanes : acetone : ethyl acetate 2 : 2 : 1 Ry = 0.55).

1: yield: 1.7 g (7.5 mmol, 66%). "H NMR (300 MHz, CDCl,):
6 (ppm) = 4.78-4.69 (m, 4H (CH,~-CH=CH-CH,-0)), 5.77
(m, 2H (CH=CH)), 7.25-7.13 (m, 5H, Ph). >C NMR (75 MHz,
CDCly): 6 (ppm) = 64.7 (CH,~-CH=CH-CH,-0), 120 (arom),
125.3 (arom), 126.9 (CH=CH), 129.8 (arom), 150.5 (arom). *'P
NMR (162 MHz, CDCly): 6 (ppm) = —2.04.

2: yield: 0.9 g (4.8 mmol, 68%). '"H NMR (300 MHz, CDCl,):
6 (ppm) = 1.33 (t, 3H (O-CH,-CHj,)), *] = 6.0 Hz, 4.18 (m, 2H (O-
CH,-CHj,)), 4.63 (m, 4H (CH,~-CH=CH-CH,-0)), 5.70 (m, 2H
(CH=CH)). *C NMR (75 MHz, CDCl,): é (ppm) = 16.2 (O-CH,~
CH,), 64.1 (CH,-CH=CH-CH,-0), 64.5 (O-CH,-CH3), 127.1
(CH=CH). *'P NMR (162 MHz, CDCl,): 6 (ppm) = 3.78.

Representative procedure for ROMP

In a glass tube the monomers were dissolved in dry dichloro-
methane (100 mg of monomers in 2 mL of solvent) and
the appropriate catalyst was added as a solution (ca. 5 mg
(depending on the targeted molecular weight) in 100 uL
dichloromethane) to the vigorously stirred mixture under an
argon atmosphere. The reaction was stirred for 1 h, then 100 pL
of ethyl vinyl ether was added to terminate the active chain end,
concentrated in vacuo and precipitated in diethyl ether. The
polymers were then dissolved in CH,Cl,, treated with activated
charcoal and filtered over celite. They were isolated and then
precipitated from methylene chloride into diethyl ether and
finally dried. Yields are usually 80-90%.

Procedure for nanoparticle preparation

30 mg of polymer P2 was dissolved in 1.25 g (procedure 1) or
0.62 g (procedure 2) of chloroform. 5 mL of Milli-Q water con-
taining 10 mg (procedure 1) or 5 mg (procedure 2) of sodium
dodecyl sulfate were added to the chloroform solution and
stirred over a period of 60 min for the formation of the pre-
emulsion. Then, the pre-emulsion was subjected to a pulsed
ultrasonication process under an ice bath for 120 s (30 s soni-
cation and 10 s pause) at 70% amplitude in a %4” tip Brason 450
W sonifier. The obtained miniemulsion was kept at 30 °C in an

This journal is © The Royal Society of Chemistry 2013
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oil bath over a period of 8 h to completely evaporate the organic
solvent. The obtained nanoparticle dispersion was further
purified by exhaustive dialysis against water for approximately
15 h before being used for further studies.

Conclusion

In summary we were able to synthesize novel seven-membered
cyclic phosphates which can be applied to the synthesis of
degradable PPEs and copolymers with cyclooctene via ROMP.
Molecular weights and comonomer ratios can be controlled by
the catalyst : monomer ratio as ruthenium alkylidene is acting
as the initiator. This paper is the first report for the synthesis
of polyphosphoesters via ROMP. This broadens the field
of biodegradable polyesters and we believe that with this
approach, the previously established step growth ADMET
protocol can be extended to a chain growth polymerization
strategy and will allow us to synthesize telechelic materials and
copolymers with other typical ROMP-monomers, for example
norbornene-derivatives. We have also demonstrated with a
simple approach that potentially biodegradable nanoparticles
with different particle sizes and size distributions can be
produced from these new polyesters, which can be an inter-
esting option for future applications in the development of drug
delivery systems, particularly for hydrophobic drugs.
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