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ABSTRACT. Phosphonated polymers with a well-defimadlecular weight, composition, and
architecture have been prepared via ring openingtimesis polymerization (ROMP) of diethyl
phosphonate norbornene imides at room temperatur¢hé first time. ROMP gave a broad
range of phosphonated homopolymers, statisticdlock and triblock copolymers based on
poly(norbornene imide)s with low polydispersity (2:1.32) Complete hydrolysis of diethyl
phosphonate poly(norbornene imide)s under mild itmmd yielded the phosphonic acid
derivatives. Thermogravimetric analysis indicatgghithermal and thermo-oxidative stability of
the polymers. Free standing and transparent filitis good mechanical stability were obtained
from the phosphonic acid functional homopolymersblatk and triblock copolymers.
Combining these basic properties with the advawstagentioned above make ROMP a
promising pathway for accessing a wide diversitypbbsphonated macromolecular structures.
These new phosphonated polymers will open new petisges in advanced application areas
such as medicine and membrane science, which esquirigh level of control over polymer

structure.

1. Introduction

Phosphonic acid functional polymers are interesfimg/arious medical applications such
as implant coatinggl,2] and membrane technologies such as waterigatidn, [3] and fuel
cells [4-6] due to the unique combination of agiditability, proton conductivity, and metal
binding of the phosphonic acid functionality. Deepihese attractive properties and potential
applications, there is a current lack of directhpatys to prepare well-defined phosphonic acid
functional polymers from phosphonated monomers, g also lack of knowledge of the

fundamental properties of such materials. This isstly due the unusual polymerization



behavior of phosphonated monomers leading to diffees during synthesis [6-10]. Direct access
to phosphonic acid functional polymers with cordgdlmolecular properties is critical in order
to obtain polymer libraries of complex macromolecubrchitectures for structure-property
relationship studies, which will open perspectivesew applications.

Various polymerization techniques including aniorj&;8,11,12] condensation [13] and
free radical polymerization, [7,14-19] as well astolled radical polymerization [20,21] have
been employed to prepare phosphonic acid functipogimers by direct polymerization of
phosphonated monomers. Among these techniques,rotiedt radical and anionic
polymerization have the potential to produce polgsngith well-defined structures. Still, these
techniques have shown to give homopolymers, bloc# graft copolymers with limited
conversions and degrees of polymerizations of phasgied monomers [6,8,11,12,21]. These
efforts significantly improved the ability to prepaphosphonated polymers with varying
macromolecular architectures. However, they did leatd to truly living polymerization
reactions, which are crucial for precise contratrathe polymer structure.

More recently, rare-earth metal mediated polyméomahas been employed to vinyl
phosphonates as an alternative [22-24]. High mdédecweight (My ~ 1x10 g/mol)
homopolymers as well as diblock and statisticalotgpers with low polydispersity and degree
of polymerization close to the initial monomer-tatalyst ratio were obtained at 30 °C. Diblock
copolymers were prepared in nearly quantitativedyiga sequential polymerization, where a
vinyl phosphonate was added after complete polyzagon of methyl methacrylate. Statistical
copolymers were made by simultaneous addition fééreint dialkyl vinyl phosphonates. These
results present new and exciting opportunities yathesize macromolecular architectures

directly from phosphonated monomers. Still, theetaarth metal mediated polymerization has



severe limitations. These limitations include thahility of the polymerization to yield diblock
copolymers via sequential polymerization if the +pdrosphonated monomer (e.g. methyl
methacrylate) is added after the polymerizationpbbsphonated monomer, and statistical
copolymers by simultaneous addition of phosphonateti non-phosphonated vinyl monomers.
This has been ascribed to the strong binding ofsphonates to the rare-earth metal center,
which inhibits the coordination of an acrylic monemat the active sité? These features
currently limit the level of complexity of the maenolecular architectures accessible via rare-
earth metal mediated polymerization, and the fléiggbin fine-tuning the polymer properties.
For example, triblock copolymers having phosphanattes either at the end or in the middle of
the polymer chain are currently inaccessible viee-earth metal mediated polymerization.
Moreover, the catalyst used in rare-earth metaliated polymerization is not commercially
available, which further limits the access to wa#kned phosphonated polymers.

ROMP is a controlled living polymerization methddht leads to a large diversity of
functional polymers with precisely controlled prapes without requiring protecting group
chemistry because of the high functional tolerawicine olefin metathesis catalyst [2Bhis is a
distinct advantage over other living polymerizatigechniques, such as anionic polymerization
and controlled radical polymerizations. Despitesthenteresting features, the literature on
ROMP of phosphonated monomers is very limited. Tiret report on the compatibility of
ROMP with phosphonated monomers was published ©9.20h this study, low molecular
weight amphiphilic block copolymers from a phospétedl and non-phosphonated oxa-
norbornene imide were synthesized via ROMP [26]weler, since then, this topic has not
received further attention until a very recent pdilon of a study with a focus on the biological

properties of poly(norbornene)s [27]. The analysisthe molecular weights and molecular



weight distributions via size exclusion chromat@imna (SEC) indicated that the polymers
obtained in both studies have low polydispersitiediich hinted a living nature of the

polymerization. None of these studies reported ¢welution of monomer conversion or

molecular weight during the polymerization, which necessary to prove the living ROMP.
Although previous reports briefly point out ROMP as alternative pathway to phosphonated
polymers, the advantages of ROMP were not fullyidied and exploited to extent the ability to

prepare phosphonated polymers that are currentigcassible using other polymerization
methods due to synthetic limitations. Moreover, fiasic properties of the resulting materials
were not investigated. It is worth to note thatatosted polyphosphoesters, [28] fatty acid
derived phosphorous-containing polyesters, [29] pimosphonic acid functionalized polyolefins
[30] were prepared using step growth metathesis polywation technique, which allowed

precise placing of phosphorous containing functitea into the polymers. Although Grubbs-

type catalysts are used in both step growth metmthgolycondensation and ROMP, these
techniques are different.

In the current paper, we present the advantageeatsires of ROMP with regard to
synthesis of phosphonated polymers with controlteolecular structures and exploit these
features to prepare phosphonated polymers, in wthiehionic groups are directed to certain
parts of the polymer chain. To this end, we preppéa@mopolymers as well as statistical, diblock
and triblock copolymers from phosphonated and nowsphonated norbornene imides. This is
the first report on phosphonated triblock copolysnevhich are currently inaccessible via other
polymerization methods directly from phosphonateshomers. In addition, we report on the
basic properties of the resulting polymers. To #sl, we studied the thermal stability, film

forming ability and water uptake of the resultinglypners. The ability to prepare polymers with



controlled spatial distribution of phosphonic acainbined with knowledge on their properties is
essential to develop advanced materials based osppbnic acid polymers with new and
improved features for implant coatings, water peation and fuel cells.
2. Materials and Methods
2.1 Materials

The following reagents and solvents were used esived: cis-5-norbornene-exo-2,3-
icarboxylic anhydride (Sigma Aldrich, 95%), diettBdbromoethylphosphonate (Sigma Aldrich,
97%), potassium carbonate (Sigma Aldrich, 99%), tame (Across, 99.8%),
(H2IMes)(PCy)(Cl),Ru=CHPh (Sigma Aldrich), ethyl vinyl ether (Sigmé&lAch, 98%), lithium
bromide (Sigma Aldrich), tetrahydrofuran (Sigma wdti, HPLC grade), N-methyl pyrrolidone
(Sigma Aldrich, HPLC grade), dimethyl acetamideg(®a Aldrich, HPLC grade), chloroform
(Sigma Aldrich, HPLC grade), toluene (Sigma Aldri¢hPLC grade) and dimethyl sulfoxide
(Acros, HPLC grade). N,N’-dimethyl formamide, andldromethane were purified by passage
through solvent purification. Catalyst ([f{Wes)(pyrk(Cl);Ru=CHPh], [31] diethyl (2-
aminoethyl)phosphonate, [32] N-(butyl)-cis-5-noneme-exo-2,3-dicarboximide, [33] and
diethyl (6-bromohexyl)phosphonate [34] were pregaecording to literature.
2.2. Methods

NMR spectra of the monomers and polymers were decbon a Bruker 400 MHz
spectrometer, whereas ROMP kinetics was followedaoBruker 500 MHz spectrometer.
Chemical shifts are expressed in parts per millismg residual solvent protons as internal
standard (5.32 ppm for GBI, 7.28 ppm for CDG| 4.80 ppm and 3.30 ppm fos-thethanol,
2.50 ppm for g-dimethyl sulfoxide). Coupling constants, J, arporéed in Hertz (Hz), and

splitting patterns are designated as s (singlggpdblet), t (triplet), and m (multiplet).



Conventional SEC was performed using an AgilentOlRBinity system equipped with
an ERC refractive index detector and a set of SB{nker Standard Service GmbH (PSS)
columns (GRAM1000, GRAM1000, GRAM100 16n, 8 x 300 mm with a separation range of
300 to 1 x 106 g md). Calibration was done using polystyrene standasi=e exclusion
chromatography-multiangle laser light scatteringCSMALLS) measurements were performed
on an Agilent 1260 Infinity system coupled to a DAVEEOS laser light scattering detector
(Wyatt Technologies) equipped with a He-Ne lasesraping at a laser wavelengthJef= 685
nm and an ERC refractive index detector. Chromajagc separation was performed by using a
PSS GRAM linear M 10 pm column (8 x 300 mm) witsegparation range of 500 to 1 x 106 g
mol™. The mobile phase for all SEC experiments was dirNethylformamide (DMF) with 1
g/L lithium bromide (LiBr). An injection volume of00 pL and 25 pL of 0.25 wt % polymer
solutions (prepared in DMF/LiBr at room temperajfwtared for 1 h) for conventional SEC and
SEC-MALLS, respectively, and a flow rate of 1.0 min™ was used for all measurements. All
samples were cleaned prior by filtration throughFETnembrane filters with a pore size of 0.45
pm (Millipore, Millex-FH). All measurements wererdad out at 60 °C. In SEC-MALLS the
refractive index increment of the samples was dateed under the assumption of a
nondissipative mass recovery. All data were reabrded evaluated by using PSS-WinGPC
UniChrom (PSS).

Thermogravimetric analysis (TGA) was conducted gisen Q500 thermogravimetric
analyzer from TA Instruments. The thermal stabitifypolymers was investigated between room
temperature and 600 °C under both nitrogen andrbe.scan rate was 10 °C/min and 1 °C/min
for measurements under nitrogen and air, respégtitée polymers were annealed at 150 °C

for 10 min prior to the scanning cycle. Differeht&anning calorimetry (DSC) was performed



to determine J of polymers using TA Instruments Q1000 DSC. Eaatm@e was examined
using sealed pans with a heating and cooling rat® §C/min. Prior to the glass transitiong)T
measurement, phosphonated polymers were first dhéaten 40 to 200 °C, and then cooled to -
70 °C. Ty was determined from the second heating curve mdxdady ramping the polymers from
10 to 200 °C. To follow phosphonic acid anhydrideniation in phosphonic acid functional
polymers, the following temperature program was legesl: 40 °C—20 °C— 100 °C— 20 °C
— 150 °C— 20 °C—200 °C—20 °C.
2.3 Monomer Synthesis and Homopolymerization

Synthesis of N-(ethyl diethyl phosphonate)-cis-5hoonene-exo-2,3-dicarboximidé)(
(Procedure a in Scheme 1). A two-neck round-boflask was charged with cis-5-norbornene-
exo-2,3-dicarboxyimide (1g, 6.0 moles), potassiarbonate (1.65 g, 11.9 mmoles) and 10 mL
dry acetone under nitrogen. Diethyl (2-bromoethydgphonate (0.2 mL, 2.7 moles) was added
after refluxing the mixture for 1 h, and the mixdwvas allowed to reflux for 2 days. Potassium
carbonate was filtered off, and acetone was remoRedfication with flash chromatography
using hexane/ethyl acetate (1:1) afforded the mbd0.46 g, 52%).
(Procedure b in Scheme 1). A round-bottom flask wlerged with cis-5-norbornene-exo-2,3-
anhydride (0.5 g, 3.0 mmoles). To the flask waseddgl 75 mL toluene, followed by diethyl (2-
aminoethyl)phosphonate (0.82 g, 4.5 mmoles.) amthylamine (9QuL, 0.3 mmoles). A Dean-
Stark trap was attached to the flask, and the irachixture was heated to reflux. Once
complete consumption of cis-5-norbornene-exo-2}3ydnde was observed by thin layer
chromatography, the reaction mixture was concesdrahder reduced pressure. The residue was
dissolved in 10 mL CKCl, and washed with 0.1 N HCI (5 mL) and brine (5 mC)e product

was purified by silica gel chromatography (1:1 hees ethyl acetate) to yield 1. (0.24 g, 50%)



'H NMR (400 MHz, CDCY) &: 6.26 (2H, t, J = 1.8 Hz), 4.19-4.00 (4H, m), 3383 (2H, m),
3.25-3.23 (2H, m), 2.65 (2H, d, J = 1.3), 2.15-1(®d, m), 1.48 (1H, dt, J = 9.9), 1.31 (6H, t, J=
7.0), 1.24-1.19 (1H, m).
¥C NMR (100 MHz, CDGJ) & 177.42, 137.62, 61.89 (d, J=6.46), 47.81, 45.247% 32.77(d,
J=1.1), 23.98 (d, J = 140.24), 16.37 (d, J = 5.93)
3P NMR (161 MHz, CDGJ) § 26.50.

Synthesis of N-(hexyl diethyl phosphonate)-cis-Bhoonene-exo-2,3-dicarboximide)(
A two-neck round-bottom flask was charged with &iserbornene-exo-2,3-dicarboxylic imide
(0.5g, 3.0 mmoles), potassium carbonate (0.85 @, n6oles) and 4 mL dry N,N-dimethyl
formamide under nitrogen. Next, the mixture wastéeat 50 °C for 1 h before adding diethyl
(6-bromohexyl)phosphonate (0.46g, 1.5 moles) inLLNvN-dimethyl formamide. The mixture
was refluxed for 2 days. Potassium carbonate weerdd off, and acetone was removed.
Purification with flash chromatography using fitséxane and then ethyl acetate yielded the
product. (1 g, 86%).
H NMR (400 MHz, CDC}) § 6.0 (2H, t, J = 1.8 Hz), 4.20-4.02 (4H, m), 3.2H(t, J= 7.44),
3.31-3.26 (2H, m), 2.68 (2H, d, J = 1.1), 1.84-1(08H, m).
13C NMR (100 MHz, CDGJ) & 178.07, 137.83, 61.42 (d, J=6.2), 47.80, 45.17724238.57,
30.11 (d, J= 16.77), 4.56, 26.04 (d, J=17.15),249.31 (d, J=5.15) , 16.47 (d, J=5.9).
3p NMR (161 MHz, CDGJ) § 32.4.

Synthesis of Homopolymer$-8). Monomersl and2 were polymerized via ROMP in
the presence of ruthenium olefin catalydt[(H2IMes)(pyrk(Cl);Ru=CHPh]. In a typical
polymerization, a vial was charged with phosphothaterbornene imide and a stirbar under

nitrogen flow. A volume of CkCl, was added to the vial to obtain a 0.1 M monomértsm.



The desired amount of catalyst as a stock solutid®H,Cl, was then injected into the vial. The
stock solution of catalyst was prepared to conthm required quantity of catalyst in 1/10th
volume of the monomer solution. The polymerizatwars quenched by addition of ethyl vinyl
ether after full conversion of monomer to polymerfallowed by thin layer chromatography.
The reaction mixture was stirred for an additioddl min before precipitation into diethyl
ether/hexanes (1:1). The products were recovereadebgnting off the supernatant and scraping
the gooey solids off of the sides of the beakeeylere dried under vacuum for 24 h.

5-7.'H NMR (400 MHz, CDC}) 3 5.8 (b), 5.53 (b), 4.12 (b), 3.1 (b), 3.30 (b}, 3(b), 3.03 (b),
2.83 (b), 2.76 (b), 2.12 (b), 1.68 (b), 1.35 (b).

5- 7. 3P NMR (161 MHz, CDGJ) 5 26.93 (b).

5- 7. %P NMR (161 MHz, g-dimethyl sulfoxide)s 27.18 (b).

8. 'H NMR (400 MHz, CDC}) 6 5.80 (b), 5.54 (b), 4.10 (b), 3.45 (b), 3.29 @Y7 (b), 2.77 (b),
2.69 (b), 2.43 (b), 1.77-1.48 (b), 1.47-1.24 (b).

8. 3P NMR (161 MHz, CDGJ) & 32.25 (b).

8. 3P NMR (161 MHz, gdimethyl sulfoxide)s 36.60 (b).

ROMP Kinetics of Phosphonated Norbornene Imidese phlymerization kinetics of
phosphonated norbornene imides was followed'iaNMR spectroscopy using a 500 MHz
Bruker NMR Instrument. Stock solutions of monomérg0.15 mM) and2 (0.17 mM) and
catalyst in CDCI, were prepared in oven-dried NMR tubes fitted vgiéptum screw caps under
nitrogen atmosphere. The concentration of catalgkttion was adjusted such that to contain the
required quantity of catalyst in 1/10th of the waoki of the monomer solution. The catalyst
solution was then added rapidly to the NMR tubetlgh the septum-screw cap via syringe and

then NMR tube was inverted twice to ensure mixind placed in the NMR spectrometer. The
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polymerization was monitored until complete constiomp of 1 and 2 were observed. All
experiments were run without lock, and number ahsger spectrum was 1.
2.4 Copolymerization

Synthesis of Diblock Copolymer®-10). To prepare9, a vial was charged with N-
(butyl)-cis-5-norbornene-exo-2,3-dicarboximid€142.4 mg, 0. 64 mmoles) and a stirbar under
nitrogen flow. CHCI, (11.7 mL) was added to the vial. The desired arhotinatalyst (2.9 mg,
3.9 umoles) as a stock solution in &LHp (1 mL) was then injected into the vial. The reati
was allowed to proceed at room temperature undiergein flow until complete conversion of N-
(butyl)-cis-5-norbornene-exo-2,3-dicarboximide Monomer1 (206.2 mg, 0.63 mmoles) was
dissolved in 450 pL dichloromethane, and 400 pL tlms solution was added to the
polymerization medium. The polymerization was qumEtcafter complete disappearancd bly
addition of ethyl vinyl ether. The block copolymeas isolated after precipitation in a mixture of
diethyl ether/hexane (1:1). To prepd@ monomerl (47.49 mg, 0.14 mmoles) was dissolved in
CH,CI, (3 mL). The catalyst (0.7 mg, 0. 99 pmoles) atakssolution in CHCI, (0.3 mL) was
injected to the vial. After complete consumptionlpf solution of N-(butyl)-cis-5-norbornene-
exo-2,3-dicarboximide4 (26 mg, 0.12) in 0.1 mL Ci€l, was introduced to the reaction
medium. The polymerization was quenched, and thegnmy was isolated as described in the
synthesis o8.
9- 10. *H NMR (400 MHz, CDCJ) § 5.78 (b), 5.54 (b), 4.12 (b), 3.74 (b), 3.46 GE8 (b), 3.04
(b), 2.78 (b), 2.70 (b), 2.10 (b), 1.82-1.4 (bB5L(b), 0.94 (b).
9- 10. *'P NMR (161 MHz, CDG)) § 26.85.

9- 10. P NMR (161 MHz, gdimethyl sulfoxide) 27.19 (b).
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Synthesis of Triblock Copolymer21-22). To prepare2l, a vial was charged with
monomerl (138.9 mg, 0.42 mmol) and a stirbar under nitrofiew. CH,Cl, (12.3 mL) was
added to the vial. The desired amount of catals88 mg, 3.9 umoles) as a stock solution in
CH.Cl, (0.5 mL) was then injected into the vial. MonomMg101.35 mg, 0.46 mmol) was added
in 0.5 mL CHCI, to the polymerization medium after complete consuom of 2. After
complete polymerization off, monomerl (113.36 mg, 0.35 mmol) was introduced to the
reaction in 0.5 mL CECl,. The polymerization was quenched after completappearance of 4
by addition of ethyl vinyl ether. The block copolgmwas isolated after precipitation in a
mixture of diethyl ether/hexane (1:1). To obt&BR a vial was charged with N-(butyl)-cis-5-
norbornene-exo-2,3-dicarboximide(61.4 mg, 0.28 mmoles) and a stirbar under nitnaitgew.
CH,CI, (12.5 mL) was added to the vial. Mononie(182 mg, 0.56 mmoles) was introduced to
the polymerization medium in 0.5 mL GEl, after complete consumption of monorderAfter
polymerization ofl was complete, monomet (47.56 mg, 0.22 mmoles) were added to the
medium in 0.5 mL ChkCl,. The polymerization was quenched and the polynmes isolated in
the same manner ag.

21 'H NMR (400 MHz, CDCJ) § 5.78 (b), 5.53 (b), 4.12 (b), 3.72 (b), 3.45 @8 (b), 3.05
(b), 2.77 (b), 2.70 (b), 2.12 (b), 1.84-1.41 (hB5L(b), 0.94 (b).

21 *P NMR (161 MHz, CDG)) § 26.87.

21.3'P NMR (161 MHz, g-dimethyl sulfoxide) 27.17.

22. 'H NMR (400 MHz, CDCJ) § 5.78 (b), 5.53 (b), 4.12 (b), 3.74 (b), 3.45 @RI (b), 3.03
(b), 2.77 (b), 2.70 (b), 2.12 (b), 1.76-1.45 (hB5L(b), 0.94 (b).

22.3'P NMR (161 MHz, CDGJ) § 26.94.

22.3'P NMR (161 MHz, g-dimethyl sulfoxide)s 27.22.
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Synthesis of Statistical Copolymerkl{12). To preparell, a vial was charged with N-
(butyl)-cis-5-norbornene-exo-2,3-dicarboximid€13.60 mg, 62.0 mmoles), (154.6 mg, 472.3
mmoles), and a stirbar under nitrogen flow.2CH (5.1 mL) was added to the vial. The desired
mount catalysB (3.62 mg, 4.9 mmol) was introduced in 0.50 mL CH. The reaction was
allowed to proceed at room temperature under retrofjow until complete conversion. The
polymerization was quenched, and the polymer walatisd as described in the synthesi®.of
To prepar€el2, the same procedure as described in the syntbe$kwas appliedl (150.4 mg,
459 mmol),4 (12.0 mg, 54.72), and catalyst (1.15 mg, 1.6 pmebe used.

11. 'H NMR (400 MHz, CDC)) § 5.78 (b), 5.54 (b), 4.12 (b), 3.72 (b), 3.47 @RI (b), 3.14
(b), 3.05 (b), 2.85 (b), 2.78 (b), 2.13 (b), 1.62, (.36 (b), 0.90 (b).

11. %P NMR (400 MHz, CDGJ) § 26.91 (b).

11. %P NMR (161 MHz, g-dimethyl sulfoxide) 27.16 (b).

12. *H NMR (400 MHz, CDCJ) 5 5.78 (b), 5.2 (b), 4.12 (b), 3.1 (b), 3.46 (bRB(b), 3.05 (b),
2.86 (b), 2.77 (b), 2.16 (b), 1.64 (b), 1.35 (bBA(D).

12. %P NMR (161 MHz, CDGJ) § 26.91 (b).

12. %P NMR (161 MHz, g-dimethyl sulfoxide) 27.17 (b).

2.5 Hydrolysis

Hydrolysis of Phosphonated Poly(norbornene imidég17 and23-24). To hydrolyze
the phosphonated homopolymers, a dry vial was edawgth 5, 6, 7 or 8 (150 mg) and dry
CH.ClI, (6.5 mL) under nitrogen flow. Bromotrimethylsilafie2 mL) was added dropwise. The
mixture was heated at 32 °C overnight. After remgvexcess bromotrimethylsilane under

reduced pressure, GEI, (10 mL) and methanol (15 mL) were added to theltieg polymer,

13



and was allowed to react at room temperature fdn.4Bhe solvent was removed under reduced
pressure, and the remaining solid was washed W}CG.

15. %P NMR (161 MHz, g-dimethyl sulfoxide}s 22.46 (b).

16. '"H NMR (400 MHz, d-methanol) 5.45 (b), 5.25 (b), 3.36-2.99 (b), 2.81 (b) 2.6, .39
(b), 1.1 (b), 1.45 (b), 1.4 (b), 1.14 (b), 1.01. (b)

16. 3'P NMR(161 MHz, ¢-methanol)s 28.47 (b).

16.*'P NMR (161 MHz, g-dimethyl sulfoxide)s 28.47 (b).

13.*'P NMR (161 MHz, ¢-dimethyl sulfoxide)s 23.29-21.45 (b).

14.*'P NMR (161 MHz, ¢-dimethyl sulfoxide)s 24.03-20.59 (b).

To hydrolyze the diblock copolym&; a dry vial was charged with (130 mg) and dry
CHCl, (8.2 mL) under nitrogen flow. Bromotrimethylsilafie3 mL) was added dropwise. The
mixture was heated at 32 °C overnight. After remgvexcess bromotrimethylsilane under
reduced pressure, GEl, (4.33 mL) and methanol (13 mL) were added to #salting polymer,
and was allowed to react at room temperature foh48olvent was removed under reduced
pressure, and the remaining solid was washed WH}CG to obtainl7. Triblock 21 and22 was
hydrolyzed as described in the case of diblock tyopers to obtair3 and24, respectively.

17.'H NMR (400 MHz, CDCJ) & 5.78 (b), 5.53 (b), 3.47 (b), 3.29 (b), 3.05 Q4 (b), 2.80
(b), 2.69 (b), 2.43 -1.98 (b), 1.54 (b), 1.28 @™B3 (b).

173'P NMR (161 MHz, ¢-dimethyl sulfoxide) 28.47 (b).

23. %P NMR (161 MHz, g-dimethyl sulfoxide)s 23.65-21.24 (b).

24. %P NMR (161 MHz, g-dimethyl sulfoxide)s 23.51-21.22 (b).

2.6 Analysis of Polymer and Membrane Properties
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Solubility Test. The solubility of polymers were awated in dichloromethane,
chloroform, N,N-dimethyl formamide, 1-methyl-2-pglidinone, N,N-dimethylacetamide,
dimethyl sulfoxide, toluene, tetrahydrofuran, anatev using 5 wt/v % polymer solutions in the
corresponding solvent.

Film Preparation and Characterization. Films frdv@ phosphonated homopolymers (
8) and block copolymer9j were cast from a dilute solution of the polymershloroform (7
wt/volume %) on glass, and were dried under redycedsure at room temperature. Films from
phosphonic acid functional homopolymefs @nd 16) were cast from dilute solutions of the
polymer in dimethyl sulfoxide (5 wt/v %). Films fro phosphonic acid functional diblock
copolymer 17) were cast from dilute solutions of the polymedimethyl sulfoxide (5 wt/v %)
and N,N-dimethyl formamide (2.3 wt/v %). Films frophosphonic acid functional triblock
copolymer R4) were cast from dilute solutions of the polymer dmethyl sulfoxide (2.5
wt/v %). In all cases, the solutions of phosphatix functional polymer in the desired solvent
were poured into a petri dish, which is placed iatooven at 80 °C under nitrogen atmosphere
until complete dryness (48 h for films casted frdimethyl sulfoxide and 24 h for films cast
from N,N-dimethyl formamide). Free standing phosmhoacid films were obtained after
detachment of the films from Petri dish upon sogkinwater at room temperature or at elevated
temperatures if necessary.

The water uptake of phosphonic acid functional silmas determined gravimetrically
using Eq 1 for the phosphonic acid functional padyrfilms after casting. Dry weights @4)
were determined after drying the membranes in awacoven at 30 °C until constant weight,
while wet weights (Me) were recorded after soaking the films in MilliA@ater at various

temperatures ranging from 20 to 100 °C. The filnesenkept at each temperature at least 45 min
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to reach an equilibrium. The wet films were weightfter excess water was removed using
tissue paper.
Wuate=[(Wwer Wary)/ War] x100% Eq 1.
3. Results and Discussion
3.1 Monomer Synthesis and Homopolymerization

Substituted exo-norbornenes were chosen as themmesadn the present work because
of their ability to undergo living ROMP, as well #teir ability to be easily functionalized. We
synthesized two phosphonated norbornene imidesdiffégrent side chain lengths (n=2 and n=6
in Scheme 1). The phosphonated imide with the shtkyl chain () was prepared by
condensation of the exo-anhydride with diethyl (@@ethyl)phosphonate, as well as by
reacting exo-norbornene imide with diethyl (2-bratityl)phosphonate in the presence of
potassium carbonate (Scheme 1). The phosphonaidé imth the long alkyl chain2j was
obtained by reacting the exo-imide with diethylbi@mohexyl)phosphonate in the presence of
potassium carbonate. N-alkylation of exo-imides imore versatile approach compared to the
condensation route to obtain phosphonated norbermmamdes with longer side chain length
because phosphonated alkyl halides are more readdgssible compared to primary amines
bearing a phosphonate functionality.

O

NH  + Br/Hn\P(O)(OEt)Z a
@]
@O nm
N._,P(O)(OEt)
b/' oJr)E 2

o)

1n=2,2n=6
e

@)

Scheme 1Synthetic pathway to monomers.
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We monitored the polymerization kinetics of bothrmamers by*H NMR spectroscopy
in CDCl, in an NMR tube. The ruthenium olefin metathesis talyat
[(H2IMes)(pyry(Cl);RuCH=Ph] 8) was chosen as the initiator due to its abilityproduce
extremely low polydispersity polymers, and its gdmehchtop stability [25]. We determined the
time-dependence of the monomer conversion by cdngpdhe integral of the olefin proton
signals in the'H NMR spectra of the monomer with those resultirayrf the polymerization.
First order polymerization kinetics was observeithvihe slope of the line fkserved(mMin™)]
corresponding to the polymerization rate of eachthef monomer (Figure 1). These findings

proved the living nature of ROMP of phosphonatetbamene imides for the first time.
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Fig.1. Log plot of the homopolymerization @fand2 [1] = 0.00015 M; B]= 0.00017 M, targeted degree
of polymerization forl= 297 and for2 = 398; slope for1= 0.00106 & and slope fo2= 6.2x10-4™,

Dashed lines present the linear fit of the data.
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To demonstrate the capability of ROMP to form aaddrorange of phosphonated
norbornene imides with controlled molecular weightl low polydispersity, three polymers of
varying molecular weights were prepared by treatimgnomerl with varying quantities of
catalyst3 in CH,Cl, on the benchtop (Scheme 2a). Quenching with etinyl ether, and
precipitation into ether/hexanes (1:1), affordeel desired products in excellent yields (~100%).
A representative NMR spectrum with peak assignmentshown in Figure 2. The complete
conversion of monomer to polymer was indicatedHgytbtal disappearance of the characteristic
signal from the monomer olefin protons at 6.26 ppna the concurrent appearance of the
backbone double bond (cis/trans) signals at 5.9B5%81 ppm.H NMR spectra of polymers
with different molecular weights have the sameuest. The molecular weight and molecular
weight distribution analysis was performed usingCS&S well as SEC-MALLS, and indicated
that the polymers have low polydispersity, and that molar mass depended on monomer-to-
catalyst ratio (Table 1). We also determined thgrele of polymerization of the low molecular
weight homopolymer§ and6 by comparing the integrals of the methylene pratigmals in the
phosphonate ester with those of the phenyl pro&sising from the initiator in théH NMR
spectra. Very similar results were obtained whem ititegrals of the backbone olefins were
compared with the phenyl protons arising from thiéiator. Consequently, the theoretical and
experimental values for the degree of the polyna¢ion were in good agreement. End group
analysis was not possible for samlevith the highest molecular weight since no endugso

were detected in the spectra even after a high euoflscans.
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Table 1

Molecular characteristics and composition of polygne

Entry MI/[C] M, (g/mol) M, Mu? My targetted PDP DFf P:NF P:NP
(g/mol) (g/mol) (g/mol) (mol%) (mol%)

5 29 9060 9970 26500 9644 1.10 26 100:0 100:0
6 93 28100 30700 43900 30729 1.09 86 100:0 100:0
7 312 80500 98200 12720 102138 1.22 NA 100:0 100:0
8 312 79200 114400 143400 119918 1.22 NA 100:0 100:0
9 282 80500 98200 83630 75014 1.22 NA 41:59 37:63
10 264 80300 10400 109900 73675 1.28 NA 55:45 56:44
11 107 34200 37500 44300 33871 1.10 83 88:12 87:13
12 323 91300 110500 133800 102225 121 NA 89:11 90:10
21 311 87174 112448 117000 89231 1.29 NA 63:37 65:35
22 269 71800 94600 118600 74643 1.32 NA 52:48 46:54

@ PDI: = polydispersity index determined by SEC.
b determined using conventional SEC-MALLS.
¢ DP= degree of polymerization determined MeBNMR spectroscopy.

4 p= phosphonated NP= non-phosphonated feed corgposftmonomers.

¢ P= phosphonated NP= non-phosphonated composifi@olgmer calculated frontH NMR

spectroscopy data. NA= not applicable, M= monor@ewatalyst.

To show the applicability of ROMP to a variety digsphonated norbornene imides, a

high molecular weight polymer was synthesized be benchtop from the phosphonated

norbornene imid@ bearing a long alkyl chain (n=6). THel NMR spectrum of the resulting

polymer indicated full conversion of the monomeig(fFe 3). The resulting polym@&had a low

polydispersity as determined by SEC and a moleonkight depending on the monomer-to-
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catalyst ratio, as evidenced via SEC-MALLS (Tablg The Ty of the phosphonated
poly(norbornene imide) with short side chains (nw2s found to be 75 °C (Figure 4), whereas
the Ty of the long chain counterpart (n=6) was 25 °C.SEnfindings demonstrated for the first
time that ROMP can yield low as well as high molacwveight phosphonated polymers with
low polydispersity and predetermined molecular Weidhis is a distinct advantage of ROMP
compared to controlled radical and anionic polymedron, which failed to yield polymers with

predetermined molecular weight and low polydisgpengp to now [6,8,20,21].
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3.2 Copolymerization

Copolymerization is a well-established strategytuoe the polymer properties. To this
end, we synthesized both statistical and block lyopers from phosphonated norbornene imide
1 and N-(butyl)-cis-5-norbornene-exo-2,3-dicarboxde via ROMP (Scheme 2-3). Statistical
copolymers were prepared by treating a solutiothefphosphonated norbornene imidén=2)
and N-(butyl)-cis-5-norbornene-exo-2,3-dicarboxieid in CH,Cl, with the catalyst under
nitrogen on the benchtop (Scheme 2b). We prepavedandom copolymers with very similar
compositions but different molecular weighid @nd12). Full conversion of the monomers to
polymers was achieved. Thd NMR spectra of these copolymers show similarufezs to those
of the block copolymers with integral values depegdon the copolymer composition. The

targeted and experimental molecular weights wergomd agreement, and the polymers had a
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low polydispersity (Table 1). Statistical copolynzetion was confirmed by the singlg, &t
~82 °C observed in the DSC traces (Figure 4). Ad¢ point of the study, it was unknown
whetherll and12 were random copolymers or if they possessed degradomposition. These
findings indicate the living nature of the copolyimation. ROMP is currently the only
polymerization method that has been reported thl yieell-defined statistical copolymers from
phosphonated and non-phosphonated monomers witldefeled structures.

Diblock copolymers were prepared by sequential operizations of the phosphonated
norbornene imidd and N-(butyl)-cis-5-norbornene-exo-2,3-dicarboxie under nitrogen on
the benchtop in C¥Cl, (Scheme 3a). We prepared two block copolymers withilar
compositions § and10), where we varied the order of monomer additiosttaly whether that
affects the polymerization. The complete disappea@aof the characteristic monomer olefin
protons (at 6.26 ppm foi, and 6.30 ppm fo#d), and the simultaneous appearance of the
backbone double bond (cis/trans) signals at 5.90%aR5 ppm indicated full conversion of the
monomers to the polymers (Figure 5). The specttaoti block copolymer8 and10 displayed
characteristic features of each monomer residue.ekample, the methylene groups in the
phosphonate were seen between 4.33 and 3.96 pgha,thw methyl protons in N-(butyl)-cis-5-
norbornene-exo-2,3-dicarboximicé resonated between 1.03 and 0.87 ppm. The backbone
protons arising from the norbornene imide unitr@f monomers overlap. The composition of the
block copolymers was determined via NMR spectroscopy by comparing the integrals @f th
methylene proton resonances in the phosphonate fastgionality with those of the backbone
double bonds. The experimentally determined valuese very close to the theoretical ones
(Table 1). These results indicated the succes$feklxopolymerization of monomefisand4,

which was independent of the order of monomer aidifTwo distinct T at 75 °C for the
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phosphonated block and 115 °C for the non-phosgiednblock were observed in the DSC
traces for both diblock copolymé and10 (Figure 4). For comparison, we also recorded the
DSC trace of poly(norbornene N-butyl imide) homgpoér 20. These findings provide an
additional evidence for the successful block copasization. ROMP is more advantageous than
the rare earth metal mediated polymerization bexaidists ability to yield block copolymers
from phosphonated and non-phosphonated monomers asittrolled molecular weight and
composition, independent on the order of monomditiad.

Exploiting the unique ability of ROMP to polymerizphosphonated and non-
phosphonated monomers independent on the ordeheofrtonomer addition, we prepared
triblock copolymers with phosphonated segmentseeitit the chain end21) or in the mid-
chain @2) by sequential ROMP from phosphonated norbornemdei 1 and N-(butyl)-cis-5-
norbornene-exo-2,3-dicarboximideunder nitrogen on the benchtop in £LH (Scheme 3b).
The complete disappearance of the characteristtomer olefin protons (at 6.26 ppm fgrand
6.30 ppm for4), and the simultaneous appearance of the backbonble bond (cis/trans)
signals at 5.78 and 5.53 ppm indicated full conearsf the monomers to the polymers (Figure
6a). The'H NMR spectra of triblock copolymers in their esiemm (21 and22) contain the same
features as that of diblock copolyme®safid10). The polymer composition determined frobh
NMR spectrum as described for the diblock copolycese is very similar to feed composition
(Table 1). Analysis of molecular weight and molecuilveight distribution of the triblock
copolymers using SEC as well as SEC-MALLS indicatieat triblock copolymers have low
polydispersity and molar masses depending on theomer-to-catalyst ratio (Table 1). In
addition, to confirm triblock copolymerization, weok a sample from the polymerization

medium before adding the monomers to make the seiginent, and analysed the molecular
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weight and molecular weight distribution of thisrgde. Comparing the molecular weight of the
sample taken before addition of the monomers fer tthird block and triblock copolymer
indicated an increase of the molecular weight (@abland Table S1). DSC traces of triblock
copolymers 21 and22) contain only the Jof the phosphonated segment. These results iedicat
that the success of ROMP in yielding triblock copaérs with pre-determined molecular weight
in addition to low polydispersity. Such triblockpmymers bearing phosphonated sites either in
the mid-chain or at the chain end remained up W im@accessible via other polymerization
technigues such as rare-earth mediated polymerzati
3.3. Hydrolysis

Phosphonic acid functional polymers were obtaingd tieating the phosphonated
polymers with trimethylsilyl bromide in dry G&l, overnight at 32 °C to yield trimethyilsilyl
esters, which were then cleaved in a mixture ob@and methanol (Scheme 4). Complete
hydrolysis of ester groups was confirmed'bBlyNMR spectroscopy. The signals from methylene
and methyl protons of the phosphonate functionadliey absent in tht#H NMR spectra of the
homopolymer 15) (Figure 2).*H NMR spectra of homopolymet ), diblock (L7) and triblock
copolymers after hydrolysi28-24) did not contain any signals arising from the nykthe
protons in the phosphonate ester group (Figure 8).9n addition, a decrease in the integration
was observed between 1-2 ppm due to the loss ofiyinprotons in the ester group. The
resonance due to the phosphonic acid moiety wasredd at a higher field than that of
phosphonate ester in tA# NMR spectra of polymers. Also, the bandwidthhef tesonances of
the phosphonic acid functional polymers was brodan their phosphonated counterparts. This
may be due to hydrogen bonding and/or aggregationegses. No gf'was detected by DSC

analysis of the phosphonic acid derivatives. Thiaynbe due to the formation of the
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intermolecular anhydride bonds above 100 °C, wholild obscure any glass transition by the

broad endothermic contribution of the water evapona This has been previously observed

with various polymers containing phosphonic andogylic acid groups [35].
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Scheme 4 Hydrolysis of phosphonated poly(norbornene imid®sagents and conditions: (a)

3.4 Basic Polymer Properties

Polymer Solubility. The solubility of the polymersas investigated since it is an

important parameter for both analysis and procgssirpolymers (Table S2). In the ester form,

the homopolymers and copolymers showed a good iitjup-5 wt/v percent) in various
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organic solvents irrespective of their molecularighe composition, and architecture. The
solubility properties of the polymers changed dcadly after hydrolysis. All phosphonic acid
functional polymers homopolymers, diblock and statal copolymers displayed good solubility
in dimethyl sulfoxide (~5 wt/v percent). Howevengtsolubility of phosphonic acid functional
polymers in other organic solvents decreased duéhéopresence of the hydrophilic and
hydrogen bonding phosphonic acid groups. High maécweight phosphonic acid functional
homopolymers with both short and long alkyl sidainok were insoluble in organic solvents
other than dimethyl sulfoxide. Lower molecular weidpomopolymers obtained from the short
alkyl side chain monomers dissolved also in N-miethyrrolidone. Although the hydrolysis
increased the hydrophilicity of the polymers, tiss is insufficient to make the polymers water
soluble in most cases. Low molecular weight phosghacid functional homopolymers with
short side chains (n=2)3 and14 dissolved to a small extent (~0.1 wt/v percentyvater, while
the higher molecular weight samd8 was insoluble in water at room temperatures amyeb
The high molecular weight phosphonic acid homopelyt6 obtained from the phosphonated
norbornene imide with long side chain monorevas insoluble in water. The low solubility of
phosphonic acid functional poly(norbornene imidis)snost probably due to the hydrophobic
nature of the polymer backbone.

Phosphonic acid functional copolymet3-19 displayed a higher solubility in organic
solvents than their homopolymer counterparts. ibloopolymerl?7 in the acid form were
soluble in in N,N-dimethyl formamide, whereas pHuspic acid functional homopolymels-

15 obtained from the same monomer was insoluble ig gblvent at the same concentration.
Hydrolyzed statistical copolymer$8-19 with both low and high degree of polymerization

dissolved in N-methyl pyrrolidone. Morover, the lawolecular weight polymet8 was also
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soluble in N,N-dimethyl formamide. Triblock copolgmwith outer hydrophobic segments and
inner phosphonated segme@d) in the acid form dissolves in N,N-dimethyl formiale, N-
methyl pyrrolidone, dimethyl sulfoxide and dimettadetamide while the triblock copolymer
with outer hydrophilic segments and inner hydropbategment Z3) is soluble in N-methyl
pyrrolidone, dimethyl sulfoxide and dimethyl acetden Among the copolymers, only the
phosphonic acid functional statistical copolymethwihe lower degree of polymerizatid8
dissolved in water (< 0.1 wt/v percent). Theseifigd indicated that variations of the alkyl chain
length, and the molecular weight, as well as th@enter composition by copolymerization, are
useful parameters to tune the solubility of phosphacid functional poly(norbornene imides).
The water soluble polymefs$-19 did not show any cloud point between 20 and 95° C.

Thermal Stability of the Polymers. All phosphonatead phosphonic acid functional
poly(norbornene imide)s are thermally stable upi¢h temperatures under both nitrogen and air
atmosphere (Figure 7-8). For the phosphonic aclgnpers, a slow weight loss was observed
above 160 °C under nitrogen, which was due to ¢dinedtion of phosphonic acid anhydrides by
loss of water. It is worth to note that the polymeén the ester form also lost weight above
150 °C. The weight loss was highest for the triklampolymer 22). All phosphonated
poly(norborne imide)s in the ester form degradetivia steps under nitrogen atmosphere. The
first step occurred between 300 and 330 °C fophtbsphonated polymers, and is due to the
degradation of the phosphonates by the formatiahlass of ethylene. The weight loss was
highest for the phosphonated polymer with the hsgipdosphonic acid content, and decreased
with the phosphonic acid content. The observed hteigss and theoretical weight loss
calculated based on the polymer composition argoiod agreement (Table S3). The second

degradation step occured between 323 and 500 #asltmainly due to the C-P bond cleavage
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in polymers. In the case of the copolymers, theightrbe also contribution from the degradation

of the norbornene N-butyl imide segment since pwylfornene N-butyl imide) had a
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degradation step between 398 and 476 °C. The thestahbility of all the phosphonated
polymers decreased under air when compared togeitrcatmosphere. Under air, the first
degradation step was observed between 240 and @8#hile the second degradation step
started at 289 °C and continued to 600 °C until glete degradation. The degradation events
observed under air were the same as describelddatetgradation under nitrogen.

Film Formation. We investigated the film formingoperties of high molecular weight
phosphonated homopolymers and block copolymersnspaent films were obtained upon
casting from dilute solutions of the phosphonatedy(morbornene imide)s in chloroform
followed by drying. The resulting films were verticky and could not be detached without
damage. Transparent, free standing, and mechangtalble films were obtained from a dilute
solution of the phosphonic acid functional homopady 16 with long alkyl chain (n= 6) in
dimethyl sulfoxide. A transparent film was formegon casting the phosphonic acid functional
homopolymenr5 with the short alkyl chains (n=2) under the sameditions. However, this film
could not be detached from the glass substrateoutittamage. The higher mechanical stability
of the films obtained from the phosphonic acid tioral poly(norbornene imide)s with longer
alkyl chain may be related to the lower densitypbbsphonic acid group in these polymers.
Block copolymerization of monomer with 4 improved the mechanical stability of the films.
Transparent, free standing and mechanically sfatidsphonic acid functional membranes were
obtained upon casting films from dilute solutiorfstids block copolymerl?7 in N,N-dimethyl
formamide (Figure S1). Casting from dilute solusioof triblock copolymerd4) in dimethyl
sulfoxide yielded transparent, free standing andharically stable films. The thickness of the
films ranged from 70 to 100 um. As a first steglaracterize the phosphonated polymer films,

water uptake was determined gravimetrically astionoof temperature between 20 and 100 °C,
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and the results were correlated with the ion-exghacapacity of the samples (Table 2). The
films obtained from the phosphonic acid functiohamopolymer 16) with an ion exchange
capacity of 3.05 mmol phosphorous/g took up 43 wiwéter at 20 °C, and the water uptake did
increase only very little upon increasing the terapge to 100 °C. The film prepared from
phosphonic acid functional diblock copolymdr7), which has a lower ion exchange capacity
than that of the homopolymet&) absorbed 19 wt% water at room temperature, aadvtiter
uptake reached to the same value (40 wit%) as timeopolymer {6) at 100 °C. Similar
observations are valid for the film prepared fraimblock copolymer with outer hydrophobic
blocks and inner hydrophilic block. The differendasthe water uptake characteristics of the
films may reflect variations in their morphologyhdse results indicate that polymer architecture
is a useful parameter to tune the water-uptake vbetnaof the phosphonated films. Detailed
investigations on understanding how molecular progee of the polymers such as composition
and architecture affect morphology and water upiskiee topic of future work.

Table 2

lon exchange capacity and water uptake of phosplamd functional films.

Entry lon exchange capacity (mmol phosphorous/g) teWaptake at 20 °C (weight %) Water uptake at X0@QWeight %)
Homopolymerl6 3.05 43 49
Diblock copolymerl7 1.2 19 48
Triblock copolymer24 1.7 13 34

4. Conclusions

For the first time, phosphonated homopolymers dbagestatistical, diblock and triblock
copolymers with controlled molecular weight, comfios, and architecture were readily
obtained via ROMP of phosphonated norbornene imadesom temperature. The phosphonic

esters were hydrolyzed under mild conditions to ngjtetively yield the phosphonic acid
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derivatives. The synthetic results highlight theique features of ROMP for synthesis of
phosphonated polymers compared to anionic, coattaldical and rare-earth metal mediated
polymerizations. The resulting polymers have higérmal and thermo-oxidative stability both
in ester and acid form, and were stable up 240f€ 60 °C, respectively. In addition, they
show good film forming properties. Combining thelsasic properties with the synthetic
advantages mentioned above make ROMP a promisitigvag for accessing phosphonated
macromolecular structures with higher complexitsedily from phosphonated monomers, and

allow fine-tuning of material properties in a sgifaiforward manner.
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a b c

Fig.S1. Photographs of phosphonic acid functional membrdnem (a)
homopolymerl6 (b) diblock copolymef7 and (c) triblock copolyme24.

Table S1

Molecular characteristics of the diblock copolymesed to prepare triblock copolymepd-22)

Sample used inM,? (g/mol) M,? My targetted PDI®
preparation of (g/mol)  (g/mol)

22 52500 71500 62619 1.36
21 61512 76512 60293 1.24

apDI: = polydispersity index determined by size es@n chromatography,determined using
conventional multi-angle laser light scattering.



Table S2
Polymer Solubility.

Entry Toluene THF  CECl, CHCL DMF NMP DMAC DMSO HO
Homopolymer7 + + + + + + + + X
Homopolymerl5 X X NT NT X X X + X
Homopolymer8 + + + + + + + + X
Homopolymerl6 X X NT NT NT X X + X
Diblock copolymer9 + + + + + + + + X
Diblock copolymerl?7 X X NT NT X NT NT + X
Homopolymers + + + + + + + + X
Homopolymerl3 NT X NT NT X + X + +
Homopolymer6 + + + + + + + + X
Homopolymerl4 NT X X NT X + X + +
Statistical copolymetl  + + + + + + + + X
Statistical copolymet8  NT NT X NT + + + + +
Statistical copolymet2  + + + + + + + + X
Statistical copolymet9  NT NT NT NT X + + + X
Triblock copolymer22 + + + + + + + + X
Triblock copolymer24 NT NT NT NT + + + + NT
Triblock copolymer21 + NT + + + + + + NT
Triblock copolymer23 NT NT NT NT X + + + NT

THF: tetrahydrofuran; DMF: N,N-dimethyl formamiddMP: N-methyl pyrrolidone; DMAC: dimethyl acetamideMSO:
dimethyl sulfoxide; NT: not tested, X: insolubleseluble.

Table S3

Experimental and theoretical weight loss of theypurs.

Sample Weight loss observed between 308Veight loss calculated based on the

330 °C (wt%) polymer composition (wt%)
20.0 17.1
15.1 16.4

9 7.7 8.0

22 9.3 9.6

21 11.0 13.0

11 14.0 15.6
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