Macromolecule2006, 39, 6825-6831 6825

Kinetics and Mechanism of 2-Ethoxy-2-o0xo0-1,3,2-dioxaphospholane
Polymerization Initiated by Stannous Octoate

Chun-Sheng Xiao! Yu-Cai Wang," Jin-Zhi Du, T Xue-Si Chen} and Jun Wang* "8/

Hefei National Laboratory for Physical Sciences at Microscale, Department of Polymer Science and
Engineering, School of Life Sciences, bhsity of Science and Technology of China, Hefei,

Anhui 230026, P.R. China, and State Key Laboratory of Polymer Physics and Chemistry,
Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022,

P. R. China

Receied July 9, 2006; Resed Manuscript Recegéd August 3, 2006

ABSTRACT: The ring-opening polymerization (ROP) of the cyclic phosphoester 2-ethoxy-2-oxo-1,3,2-
dioxaphospholane (EEP) in tetrahydrofuran solution with co-initiation of stannous octoate and dodecanol yields
poly(ethylene ethlyl phosphate) (PEEP) with defined linear molecular structure. NMR analyses reveal every
molecule of dodecanol starts growth of one PEEP chain and each polymer chain bears one hydroxyl end group.
Kinetics studies for different co-initiator ratios and temperatures reveal that the ROP is a first-order reaction with
respect to EEP monomer and suggest the formation of active center stannous alkoxide and a coerdination
insertion polymerization mechanism. Side chain transfer leading to branched polymeric structure was observed
particularly when the reaction time was extended after monomer consumption reaching equilibrium due to the
pentavalent nature of phosphorus. By controlling the polymerization conditions, such side reaction can be suppressed
to synthesize polyphosphoester with confined structure. This polymerization procedure is expected to facilitate
the synthesis of polyphosphoesters with defined molecular architectures and properties for further biomedical
applications.

Introduction We have reported that cyclic phosphoester can be polymerized
There are continuous interests in development of polyphos- With initiation of poly(e-caprolactone) macroinitiator obtained
phoesters (PPE) for biomedical applications due to their good Py aluminum isopropoxide initiatiof?. Our kinetics studies
biocompatibility, potential biodegradability, and pendant func- demonstrated that such polymerization is likely by means of
tional possibility::2 Flexibility in adjusting the structures and ~ coordination-insertion, similar to polymerization of cyclic
consequently the physicochemical properties of polyphospho- €sters such as-caprolactone (CL) and,L-dilactide (LA).
esters has led PPE to a wide range of applications from drug Stannous octoate, as one of the most widely used initiators
and gene delivery to tissue engineering. It has been demonstratedior cyclic esters polymerization, has been reported recently to
that water-insoluble polyphosphoesters are promising in delivery induce polymerization of CL, LA, or analogues by formation
of chemotherapeutics and other pharmaceutical agyérats well of stannous alcoholate active centers with ROH or RNK
as in fabrication of tissue engineering scaff6id.On the other co-initiator?8-2” however, its use has not yet been reported in
hand, water-soluble polyphosphoesters, particularly the cationiccyclic phosphoester monomer polymerization. The polymer
polyphosphoesters, have comprised a new family of nonviral chain propagation has been described as simple monomer
gene carrier$!® Amphiphilic polyphosphoesters have also insertion into the-Sn—OR bond in CL and LA or analogues
been synthesized and evaluated recently for drug and geneyolymerizations. Such a process has been widely used in syn-
delivery'? Furthermore, biocompatible and biodegradable theses of polyesters with various architectures including Bk,
hydrogels based on polyphosph_oesters have been syntheS|zegrafted§o,31 star-shape@33and hyperbranched structuréss
and reported for cell encapsulatiois:> We present here the first time that a five-membered cyclic
Synthesis of polyphosphoesters was pioneered by Penczeli)hosphoester ethylene ethyl phosphate, namely, 2-ethoxy-2-oxo-

and his colleagues at the end of the 1970s, initially as analoguesl 3,2-dioxaphospholane (EEP), can be polymerized under co-

of nuclelc_and tel_ch0|c a.C'dS' Iatt_er_on_as bl_om(_ambra_mes_, toward initiation of Sn(Oct) and dodecanol. Kinetics studies suggested
polymer-inorganic hybrids or mimicking biomineralizatidf.

They have studied extensively the synthesis and elucidated man){)hats pc(nl)yrtner!tzhagog of thlls. C%Chc phglsphoeshter .EEFf) ;In '“"?“ed
of the mechanisms of different routes, including anionic and y Sn(Oct) with do ecanolis by a simifar mechanism foflowing
cationic ring-opening polymerizatioA$!8polycondensatiof2° the stannous alkoxide species formation.
and polyadditior?! Until now these methods were still the main
approaches for synthesizing polyphosphoester biomaterials,
though interfacial polymerizatiéhand recently reported enzyme Materials. 2-Ethoxy-2-ox0-1,3,2-dioxaphospholane (EEP) was
catalyzed polymerizatiGf?*are possibly alternative methods.  synthesized as previously described in the liter&tarel purified
with two consecutive vacuum distillations. Dodecanol (Sinopharm
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Polymerization Procedure.The polymerization was conducted o

: : ; [ a i

in a 25-mL reaction flask carrying a Teflon stopcock. The flask ot b £ I f j

was treated with trimethylchlorosilane solution in methylene W°¥P\\°/\f/otp\/ o
chloride for 12 h, flame dried under vacuum, and purged with O\g 0\

nitrogen three times before use. In a typical polymerization, EEP h

monomer (2.0 g, 13.2 mmol) was introduced into the flask using a £ htb

syringe, followed by adding 10 mL of THF via a stainless steel
capillary under nitrogen atmosphere. The mixture was subsequently
stirred in a bath at the designed temperature. To this solution was
added dodecanol (0.66 mmol in 1.3 mL of THF) through a syringe,
followed rapidly by addition of Sn(O¢t)0.33 mmol in 0.66 mL
of THF). Samples (5Q:L each) were taken out at various time
intervals and quenched immediately into and stored in liquid
nitrogen until analyses.

Characterizations. Samples were diluted with 1 mL of chloro-
form and immediately analyzed by gel permeation chromatography.
The GPC system is composed of a Waters 1515 pump and a Waters: p— : B —— : : T
2414 refractive index detector equipped with Waters Styragel high-60 55 50 45 40 35 30 25 20 15 Loppm
resolution columns ((HR4, 1xHR2, 1xHR1, and XHRO.5).
Chloroform was used as mobile phase at a flow rate of L mL-tnin -~ B

- - LT 2 I 3 9 6
at 40 °C. Molecular weights and molecular weight distributions Hsc\/(/\)s\/\o{/"\\o/\/"j\ﬂ/"\y\m
were analyzed using Waters Breeze software. Monodispersed T P "\
polystyrene standards were used to generate the calibration curve. 0\ 0\
5

Monomer conversion was determined at the same time by
monitoring the disappearance of the peak centered at the elution
volume 36.377 mL in the RI detector using Waters Breeze HPLC 3 3
software. The monomer concentrations at different reaction time
were determined by peak height comparison to a standard curve
with known EEP concentrations. The equilibrium concentration of

monomer was obtained when monomer was no longer consumed 4
with further extension of reaction time. 8
Samples for NMR analyses were obtained by precipitation of - R

concentrated reaction mixture into toluene/ether (8:1, v/v), which
were further dried overnight under vacuut, 3P, and*3C NMR 2
spectra were recorded on a Brucker AV300 NMR spectrometer at 7
room temperature with CDglas solvent and TMS as internal , . ,
reference. Phosphoric acid (85%) was used as external reference 0 60 50 10 30 2 10 ppm
for 3P NMR analyses.

. . c 2
Results and Discussion I 9
O R oo A
Synthesis of PEEP and CharacterizationThe synthesis of s ¢ /\ ° N noH
poly(ethyl ethylene phosphate) (PEEP) through polymerization a K °\
of EEP monomer initiated by Sn(Oggind dodecanol is shown
ineq 1.

i

0. 0 Sn(Oct), and Dodecanol
N, - -
/ P\ THF

7 OCH,CHs,

CH3(CH2)11O—€P—OCH20H20>—H )
n a
OCH,CHs

X . 12 8 4 0 -4 -8 -12 -16 -20 -24 ppm
In a typical procedure, EEP was polymerized under [GEP]

[Sn(Oct)y]o:[dodecanol} = 20:0.5:1 fa 1 h in THF at 40°C. Figure 1. NMR spectra of the PEEP in CDEI(A) *H NMR, (B) °C
Polymer PEEP was obtained by precipitation in toluene/ether NMR, (C) *'P NMR. Polymerization was carried out under [EEP]
(8:1, v/v) and analyzed by NMR. The data shown in Figure 1 1-0 mol L%, [Sn(Octilo = 0.025 mol L, and [dodecanai]= 0.05

f . : . : -~ mol L™t in THF at 40°C.
are consistent with PEEP chain microstructure with expectation.
As shown in Figure 1A, resonances at 4.28, 4.18, and 1.37 ppm
with rough intensities ratio of 4:2:3 can be assigned to the protons conjoint to the hydroxyl end group of polymer chains
protons f, g, and h (including proton b), respectively. Resonancesand the intensity ratio of i to a is 2:3, indicating that every
of protons from initiator dodecanol {&) appearing in Figure = molecule of dodecanol starts growth of one polyphosphoester
1A demonstrated that dodecanol had been involved in the ring- chain under the above polymerization conditions; therefore, the
opening polymerization of EEP because dodecanol itself is well- molecular weights can be calculated by a comparison between
soluble in toluene/ether (8:1, v/v). It should be emphasized that the intensities of the protons a andthb from the dodecy! tail
the resonance at 3.79 ppm (i) is the contribution of methylene end group and phosphoester units. CDV
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Figure 2. GPC chromatograms of aliquots removed from the reaction mixtures: (A) fEEF] mol L%, [dodecanol] = 0.05 mol L%, and
[Sn(Oct}]o = 0.025 mol L%, 25°C in THF; (B) [EEP} = 1 mol L%, [dodecanol = 0.05 mol L%, and [Sn(Oct]o = 0 mol L™, 40°C in THF.

13C NMR also revealed that resonances of carbon atoms from Sn(Oct}, when polymerization was carried out under the
the dodecanol and the repeat phosphoester unit were allotherwise identical conditions, the depletion of dodecanol was
presented as assigned in Figure 1B. It should be emphasizednuch slower, which was evidenced by GPC analyses shown in
that resonances at 61.3 and 67.9 ppm must be from the carbongigure 2B. In fact, the overlayed GPC chromatograms in Figure
of methylene conjoint to the hydroxyl end group. THe NMR 2A also showed a peak with elution volume of 33.050 mL, most
spectrum of this polymer shown in Figure 1C gave a strong likely being a contribution of the intermediate formed by the
resonance at5.10 ppm, assigned to the phosphorus atoms in reaction between the hydroxyl group from dodecanol and one
polyphosphoester except the phosphorus atom connected to thenit of EEP (1 mer). Although this peak is also present in Figure
dodecanol, which generated the signal-at.05 ppm. 2B, it is worth noting that a lower molecular weight compound
Mechanism and Kinetics of EEP Polymerization.Cyclic with retention time at 33.733 min, which is not present in Figure
phosphoester monomer, which has been previously polymerized2A, was detected when the reaction was not catalyzed by Sn-
under cationic or anionic polymerizatidhi® was recently (Oct). On the basis of this observation, we assume that in the
polymerized by aluminum alkoxide intiato#€5Kinetics studies ~ absence of Sn(Oct}here may be a reaction between EEP and
showed polymerization initiated by aluminum alkoxide macro- dodecanol, as shown in eq 2.
intiators was controllable by means of coordinati@nsertion
(the results will be reported elsewhere) propagation. Polymer- / \
ization of e-caprolactone or lactide in both bulk and solution 5
with alcohol and Sn(Oct)is probably the most often used \P/ THF
synthesis method, and several initiation pathways have been / AN
proposed’ By MALDI-TOF mass spectrometry, Kowalski et O OCH,CH3
al. directly observed the formation of OctSnOR and revealed
that the actual initiator is the tin(Il) alkoxic®:27:38To inves- 0 /—‘\
tigate the mechanism of EEP polymerization with co-initiation | 5
of dodecanol and Sn(Oegt)we first compared the reactions of + O\P/
7\

Dodecanol

@

PN
EEP initiated with dodecanol at 2% either with Sn(Oct) or CH3(CHp)110 \ OCH,CH,0H
without Sn(Oct) in THF. The reactions were followed by GPC OCH,CH3 o O(CHy)11CH3
analyses of aliquots taken out at various time points. It was
observed in Figure 2 that EEP consumption rates were signifi- However, in the presence of Sn(Qgtjnost probably, these
cantly different. In the presence of Sn(Q¢96% of EEP was results suggested that there might be a much faster or unique
consumedn 4 h and clear RI signals of polymeric products interaction between dodecanol and Sn(@d8ading to active
were observed after a few minutes reaction. In contrast, only stannous alkoxide response for the chain initiatiom-zapro-
around 4% of EEP was consumed after 24 h reaction and nolactone or lactide polymerization, as observed by other
polymeric product could be detected by GPC analysis in the groups36:38.39
absence of Sn(Oct)These results demonstrated that Sn(£ct) According to the mechanism proposedeCL or LA polym-
catalyzed EEP polymerization was possibly by formation of erization initiated by Sn(Octland alcohol either in solution or
active stannous alkoxide species, which has been reported tdn bulk,26:36.:3940purposely added alcohol first complexes and
further initiate the polymerization in cyclic ester monomers subsequently reacts with Sn(Qg¢tproducing a stannous alkox-
polymerization. Another possibility might lie in the activation ide species. Reaction of this stannous alkoxide with monomer
of EEP monomer by Sn(Ogt)When we carefully looked into by means of coordinatieninsertion generates the first actively
the GPC chromatograms shown in Figure 2A, we found that propagating chain end (1 mer*) consisting of both the initiating
the peak of dodecanol at elution volume of 35.318 mL alcohol fragment and the active propagating center derived from
disappeared in 5 min, indicating that dodecanol took part in the first monomer unit and stannous alkoxide. Considering the
the reaction in a very short time. However, in the absence of possible active stannous alkoxide formation as analyzed ag%\@
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Scheme 1. EEP Polymerization Mechanism: Initiation and Propagation
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Figure 3. Kinetics of EEP ring-opening polymerization initiated with
Sn(Oct) and dodecanol. Conditions: [EER} 1.0 mol L2, [Sn(Oct}]o

= 0.025 mol %, [dodecanof] = 0.05 mol L%, THF solvent; (A) effect
of reaction temperature 4¢9C (M), 25 °C (@), 0 °C (a); (B) EEP
conversion at various reaction time, 40 (M), 25°C (@), 0 °C (a).

as well as the similar cyclic ester structure of EEP monomer,

]

HF
_ = Oct—Sn—O—CHz—CHQ—O—P\—O(Cth1CH3
(0]

—

|C|’
—_— Oct—Sn4<O—CHZ—CHZ—O—PQ»O(CHQM1CH3 4)
n
0

—

the polymerization with Sn(Octland alcohol, the linearity of
these plots is consistent with polymerization process that is first-
order in EEP consumption with reaction time and can be de-
scribed by

d[EEP]
dat

sz_

whereR; is the rate of polymerization andyyis the apparent
propagation rate constant. Since the relationships shown in
Figure 3A are linear, the slopes of these plots are equal to the
Kapp The kapp increases by a factor of 20 upon increasing the
polymerization temperature from 0 to 4Q, and an Arhennius
analysis revealed that the relationship betwkgpand polym-
erization temperature is consistent with the following equation,
where Inkapp is linearly dependent on T/

kpd[EEP] — [EEPL,)

Ea
Kopp= A EXP| — BT

Figure 3B shows the conversion dependence of EEP on
reaction time. Practically, at 4TC approximately 90% conver-
sion of EEP can be achieved in 30 min, while only less than
40% conversion of EEP was observed &Qunder otherwise
identical polymerization conditions.

Figure 4 shows another set of kinetics plots, obtained from
polymerization carried out with fixed initial EEP concentration
but varied [Sn(Oct]o/[dodecanolj ratios. In one series of
experiments the starting concentration of Sn(@utas kept
constant. As shown in Figure 4A, where the concentration of
dodecanol was varied from 0.0125 to 0.10 motLresults of
the kinetic measurements are presented in the form of semi-
logarithmic coordinates. The data indicate the same first-order

we proposed the mechanism of EEP polymerization including kinetics of the polymerization as demonstrated above, showing
chain initiation and propagation as shown in Scheme 1. Stannousthe same linear dependence df([M] o — [M] eq/(IM] — [M] e}
octoate and dodecanol were believed to form a new active on polymerization time.

center, the stannous alkoxide as shown in eq 3.

Sn(Oct), + CHy(CH,),,0H = CH,(CH,);;0SnOct+ OctH
(3)

The kapp Was plotted against the ratio of [dodecagf8n-
(Oct)]o and shown in Figure 4B. At lower starting concentra-
tions of [dodecano] the rate increases nearly proportionally
to [dodecanol]. When a certain ratio is reached, the rate be-
comes independent of [dodecanollhis phenomena is similar
to that observed in the polymerizationeeCL or LA co-initiated

The 1 mer* species was then formed and the polymer chain with Sn(Oct} and alcohoP8:27:38

was propagated (eq 4).

To further prove our hypothesis, we studied the kinetics of
this polymerization. Figure 3A shows the first-order kinetic
plots for polymerizations at different temperatures, where,[M]
[M], and [M]eq are concentrations of EEP at time 0, tirge
and equilibrium. Using the generally accepted kinetic form for

In another series of polymerization, we kept the initial con-
centrations of EEP and dodecanol constant but altered the feed
ratio of Sn(Oct) to dodecanol. As shown in Figure 4C, a similar
dependence was observed that the rate increased with increasing
[Sn(Octy]o. After a certain [Sn(Oct)o/[dodecanol] was reached,
practically no more increase of rate was observed. CDV
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Figure 4. (A) First-order kinetics dependences for EEP polymerization

initiated with Sn(Oct) and dodecanol. Conditions: [EERF 1.0 mol :
L1, [Sn(Oct}]o = 0.025 mol L%, and [dodecandd](in mol L) = Figure 5 shows the dependence of Mn and PDI on monomer

0.10 @), 0.05 @), 0.025 (), 0.0125 @®): tetrahydrofuran (THF) conversion. The conversion of monomer reached 95% in 60

solvent, 40°C; (B) Dependence dy,0n the [dodecandf[Sn(Oct]o min and the molecular weights increased with the increase of
e Conditions: [EER]= 1.0 mol L%, [Sn(Oct}]o = 0.025 mol monomer conversion. The PDI of the polymer was below 1.2
Ir_e;ti'o-r%'c:)’n‘(li?tigr; é?)[gg%?ffinge ,ﬁﬁi"fﬂtr['go[dsgégﬁgﬁ/[gog%%a?ﬁg at EEP conversion less than 70%. Although the molecular
L1 THE. 40°C. ' ' ' weights distribution became broader with prolonged reaction

time, for example, the PDI of the polymer increased to 1.41
when conversion of EEP was 95% (1 h reaction in THF), no

As analyzed previously by Penczek ef@t’*and Storey  detectable shoulder was found in the GPC chromatograms. It
et al3° for the polymerization of CL and LA with co-initiation s believed that deploymerization competes with polymeriza-
of Sn(Oct} and alcohol, increase of rate results from shifting tion at high monomer conversions, which will result in a
the equilibrium to formation of active species until almost all higher molecular weight distribution for the polymer. In this
of the alcohol is converted in stannous alkoxide. Furtherincreaseexperiment, when the monomer concentration reached the
of [Sn(Oct)]o does not provide any more active species, which equilibrium concentration of 0.036 mol £, corresponding to
is an indication of a coordinatiefinsertion mechanism. In  EEP conversion of 96.4%, the PDI was 1.45, showing a
EEP polymerization, the results were consistent with that competition of chain propagation and depolymerization. How-
observed by Penczek et A&F"¥ and Storey et aP? which ever, with further extension of the reaction time, for example
demonstrated the formation of active stannous alkoxide andto 4 h, as shown in Figure 6, a clear shoulder at high molar
polymerization of EEP proceeds by means of coordination mass was present, and the PDI increased to 1.53, implying that
insertion mechanism. side chain transfer was happening. When the reaction time was

Chain Transfer Side Reactions in EEP Polymerization. further extended to 24 h, such side reaction became more
Unlike tetravalent carbon atoms in aliphatic cyclic esters and apparent, with the PDI increasing to 1.69. Meanwhi\&,
polyesters, the phosphorus atom in EEP and the linear backbonéncreased to 4680, which is significantly higher than that of 20
of polyphosphoester is pentavalent with an additional ethoxyl repeated units as designed. Such an increadd,adnd PDI
side chain through the-FO bond. It is not surprising if the indicates significant side chain transfer besides the chain transfer
side chain transfer reaction occurred during the ring-opening depicted in eq 5, leading to branched polymeric structure as
polymerization. shown in eq 6. CDV
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polymer chain possibly generated owing to the pentavalent

\ I I nature of phosphorus, polyphosphoester with confined structure
OCH,CHs o ———= ~O—P—OCH,CH,—0—P—0™M~  + ~0SnOct ® - ; .
A A OCH,CH, OCH,CH, will still be able to be synthesized through Sn(Qetd alcohol
OCH,CHs initiation by ceasing the reaction before high monomer conver-
0 sion is achieved. This polymerization procedure is expected
YO OCH,CH— 050t 9 9 to facilitate the synthesis of polyphosphoesters with defined
oo g = VO OOKCH—O—R O+ CHCHOSIOG () molecular architectures and properties for further biomedical
A Q—P—OCH,CH; OCH,CH3 O

o

applications.
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Similar results have also been observed by Penczek et al. durin
syntheses of poly(alkylene phosphates) prepared by*Réid
us when using aluminum isoproxide macroinitiator.
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