
pubs.acs.org/MacromoleculesPublished on Web 12/30/2009r 2009 American Chemical Society

Macromolecules 2010, 43, 845–855 845

DOI: 10.1021/ma902119p

Pseudoperiodic “Living” and/or Controlled Cationic Ring-Opening
Copolymerization of Oxetane with Tetrahydropyran: Microstructure of
Polymers vs Kinetics of Chain Growth

Hassen Bouch�ekif,*,‡,† Marcia I. Philbin,§ Eamon Colclough,§ and Allan J. Amass*,‡

†Department of Chemistry, Biomolecular Sciences Program, Laurentian University, 935 Ramsey Lake Rd,
Sudbury, Ontario PE 2C6, Canada, ‡Aston University, School of Chemical Engineering & Applied Chemistry
(CEAC), Birmingham B4 7ET, United Kingdom, and §QinetiQ (DERA) Fort Halstead, Sevenoaks,
Kent TN14 7BP, United Kingdom

Received September 24, 2009; Revised Manuscript Received December 4, 2009

ABSTRACT: The “living” and/or controlled cationic ring-opening bulk copolymerization of oxetane (Ox)
with tetrahydropyran (THP) (cyclic ether with no homopolymerizability) at 35 �C was examined using
ethoxymethyl-1-oxoniacyclohexane hexafluoroantimonate (EMOA) and (BF3 3CH3OH)THP as fast and slow
initiator, respectively, yielding living and nonliving polymers with pseudoperiodic sequences (i.e., each
pentamethylene oxide fragment inserted into the polymer is flanked by two trimethylene oxide fragments).
Good control over number-average molecular weight (Mn up to 150 000 g mol-1) with molecular weight
distribution (MWD∼ 1.4-1.5) broader than predicted by the Poison distribution (MWDs>1þ1/DPn) was
attained using EMOA as initiating system, i.e., C2H5OCH2Cl with 1.1 equiv of AgSbF6 as a stable catalyst
and 1.1 equiv of 2,6-di-tert-butylpyridine used as a non-nucleophilic proton trap.With (BF3 3CH3OH)THP, a
drift of the linear dependenceMn(GPC) vsMn(theory) to lower molecular weight was observed together with the
production of cyclic oligomers, ∼3-5% of the Ox consumed in THP against ∼30% in dichloromethane.
Structural and kinetics studies highlighted amechanismof chains growthwhere the rate ofmutual conversion
between “strain ACE species” (chain terminated by a tertiary 1-oxoniacyclobutane ion, A1) and “strain-free
ACE species” (chain terminated by a tertiary 1-oxoniacyclohexane ion, T1) depends on the rate at which
Ox converts the stable species T1 (kind of “dormant” species) into a living “propagating” center A1 (i.e.,
ka
app[Ox]). The role of the THP solvent associated with the suspension of irreversible and reversible transfer

reactions to polymer, when the polymerization is initiated with EMOA, was predicted by our kinetic
considerations. The activation-deactivation pseudoequilibrium coefficient (Qt) was then calculated in a pure
theoretical basis. From the measured apparent rate constant of Ox (kOx

app) and THP (kTHP
app = ka(endo)

app )
consumption,Qt and reactivity ratio (kp/kd, ka(endo)/ka(exo), and ks/ka(endo)) were calculated, which then allow
the determination of the transition rate constant of elementary step reactions that governs the increase of
Mn with conversion.

Introduction

The cationic ring-opening polymerization of cyclic ethers via
active chain end (ACE) mechanism has received considerable
attention since the 1950s.1 The mechanism kinetics have been
established for many systems, based on the concentration of the
propagating species (tertiary oxonium ions), which were deter-
mined either by phenoxy end-capping2-5 or by proton,6-10

carbon,11 and/or fluorine12-18 NMR spectroscopy. In the poly-
merization of oxolane (THF)19,20 and oxepane (OXP),21 e.g.,
initiated by 1,3-dioxolan-2-ylium salts (a very rapid and quanti-
tative initiator), a true equilibrium polymerization22 was pro-
posed, without apparent chain-ends annihilation, producing a
straight “living” polyether. In those systems, reversible transfer
(i.e., depropagation) contributes to the fall offMn’s to the equili-
brium value and subsequently a widening of molecular weight
distribution, which is initially Poison type and eventually reaches
a broad exponential/Flory-Schulz “most probable” distribution
at the equilibration.7,8 If polymer with predictable Mn and nar-
row molecular weight distribution (Mw/Mn) are required, poly-
merization in those systems must be limited to low conversion.

The main characteristic of equilibrium polymerization is also
found in the living polymerization of THF9,10 and OXP18 ini-
tiated with superacid esters, though reversible termination (i.e.,
macroionsTmacroester equilibrium) has only a slight influence
on the molecular weight distribution of the polymer formed
under equilibrium conditions.7,8,22 The three-6,23-28 and four-
membered5,7,8,12,13,29-37 cyclic ethers monomers are highly stra-
ined rings, and thus no polymerization equilibrium can be expec-
ted (i.e., polymerization are almost quantitative); only the
macroester canbe observed in reversible termination,6,12,13 and inter-
and intramolecular transfer reactions occur more significantly.

Recently, we reported a new synthetic route that allows
“living” and/or controlled cationic ring-opening polymerization
oxetane (Ox) in 1,4-dioxane (1,4-D) (cyclic ether which has no
homopolymerizability) solvent.38,39 In this system (Scheme 1c),
the solvent is used to end-cap the strain tertiary 1-oxoniacyclo-
butane ions A1 (rate constant kd), producing a less reactive
terminal tertiary 1-oxonia-4-oxacyclohexane group T1. As T1
is less reactive, then there is greater discrimination between the
more nucleophilic oxygen atom in Ox (rate constants ka(exo) and
ka(endo)) and in 1,4-D (rate constant ks) than the less nucleophilic
polymer chain ether oxygen atoms (see Figure 1),42,46 suspending
reversible transfer, backbiting, and intermolecular transfer reactions
as it occurs in normal polymerization of Ox in non-nucleophilic
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dipolar aprotic solvent (Scheme 1a).5,7,8,12,13,29-37 Using phen-
oxypropyl-1-oxonia-4-oxacylohexane hexafluoroantimonate
(structure equivalent to T1) as initiator yielding fast and instant
initiation (i.e., ki g ka(exo)> ka(endo)), poly(oxetane-co-1,4-diox-
ane) (which possess 2% of 1,4-D fragment) with predictable
number-average molecular weight (up to 160 000 g mol-1) and
narrow PDI (∼1.2-1.3) was produced successfully.38,39 The use
in 1,4-D of initiator (e.g., (BF3 3CH3OH)1,4-D) yielding growing
R-(hydroxyl)polyoxetane oxonium ions (Scheme 1b) was found
to not be beneficial for the control of the polymerization as a
subsystem39 of cyclic oligomers formation can also proceed from
those growing chains failing to reach the sufficient length to
entropically40,41 disfavor the end-to-end ring closure reaction.
Further investigations in dichloromethane (DCM) showed that
cyclic oligomers formation by initiated end-biting reaction can be
enhanced against chain growth by using diphenyl ether (i.e., less
nucleophilic than polymer chain ether oxygen atoms) as end-
capping agent.

Because the oxygen atom in tetrahydropyran (THP) (cyclic
ethers that do not homopolymerize11) is more nucleophilic than
the oxygen atoms of 1,4-D42-46 but also less nucleophilic than the
oxygen atom of the oxetane molecule, the cationic ring-opening
polymerization of Ox in THP solvent was then examined using
ethoxymethyl-1-oxaniacylohexane hexafluoroantimonate (EMOA)
(structure equivalent to T1) and (BF3:CH3OH)THP as initia-
tor, yielding respectively living and nonliving polymers. In this
article, we report the preparation of an amorphous copolymer
(i.e., poly((oxetane)x-co-(tetrahydropyran)1-x) withx<0.3) with
pseudoperiodic sequences (i.e., each pentamethylene oxide frag-
ment inserted into the polymer is flanked by two trimethylene
oxide fragments)), well-controlled DPn (= Δ([Ox] þ [THP])/
[initiator]0), and MWDs broader than predicted by Poison dis-
tribution (MWDs > 1 þ 1/DPn). Our results on copolymer
microstructures obtained at the triad level will be discussed and
use to evaluate and to test the model developed to describe the
bulk copolymerization of Ox with THP. For this purpose, an

experimental designwas envisaged inwhich the copolymerization
of Ox with THP exhibit a “living” and controlled character. This
is illustrated in the Figure 3 when the bulk copolymerization of
Ox with THP is initiated by EMOA at 35 �C. In this study, the
activation-deactivation pseudoequilibrium coefficient (Qt) de-
scribing the process of “equilibration” (i.e., T1þTHPf ksT1þ
THP) and mutual conversion between A1 and T1 was calculated
in a pure theoretical basis. From the measured apparent rate
constant of Ox (kOx

app) and THP (ka(endo)
app ) consumption, Qt and

reactivity ratio (kp/kd, ka(endo)/ka(exo), and ks/ka(endo)) can then be
calculated, which then allows the determination of the transition
rate constant of elementary step reactions involved in the process
of chains growth (Scheme 2).

Experimental Section

Materials. Oxetane (Alfa Aesar, 99%), tetrahydropyran
(Aldrich, g98.0%), and dichloromethane (DCM) Hi-dry
(Romil Pure Chemistry Co., >99.9%) were dried over calcium
hydride for 48 h and distilled before use. Ox and THP were
further purified by refluxing over sodium/benzophenone radical
anion and then distilled before use. Boron trifluoride-methanol
complex (Aldrich, 50% w/w in methanol) and silver hexa-
fluoroantimonate (Alfa Aesar, 97%) were stored in an argon
glovebox and were used without any further purification.
Ethoxymethyl chloride (EMCl) (Aldrich, 95%) was dried over
molecular sieves and subsequently over calcium hydride and
then distilled just before use. 2,6-Di-tert-butylpyridine (DtBP)
(Aldrich,g97.5%) was vacuum-distilled at 90 �C to remove any
monosubstituted pyridine. High-purity argon was used to provide
an inert atmosphere under which all reactions were carried out.

Synthesis of Initiator. The syntheses in situ of C2H5OCH2-
(THP)þ[SbF6]

- (ethoxymethyl-1-oxoniacyclohexane hexafluo-
roantimonate, EMOA) and C2H5(OCH2)

þ[SbF6]
- (ethyloxa-

carbenium hexafluoroantimonate, EOCA) were based on the
reported synthesis described by Burgess et al.47

Preparation of EMOAStockSolution.As an example, EMOA
stock solution (16.45 mM) was prepared under argon in the

Figure 1. Order of basicity of oxygen atoms41-44 present during the cationic ring-opening polymerization of oxetane.

Scheme 1. Mechanism Proposed in Cationic Ring-Opening Polymerization of Oxetane via Active Chain End (ACE)Mechanism in Dichloromethane
(DCM), in 1,4-Dioxane (1,4-D), and in Tetrahydropyran (THP) at 35 �C
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glovebox, the flask protected from the light, by reaction of
AgSbF6 (373mg, 1085 μmol) with EMCl (93mg, 978 μmol), and
60mL of THP used as solvent. The colorless mixture was stirred
for at least 3 h at room temperature; AgBr precipitated imme-
diately. Because tertiary 1-oxoniacyclohexane salts (or tetrahy-
dropyranium salts) cannot be prepared under rigorous exclu-
sion of moisture, ∼1.1 mol equiv of DtBP (240 μL, 1085 μmol)
was used as a non-nucleophilic proton trap in order to neutralize
the acid produced during the reaction between cationic species
and the traces of water.48

Preparation of EOCA Stock Solution. The preparation of
60 mL stock solution of EOCA (16.4 mM) by the reaction of
968 μmol of EMCl (91.5mg) and 1065 μmol ofAgSbF6 (366mg)
in the presence of 1065 μmol of DtBP (240 μL) was identical to
the preparation of EMOA, except that DCM was used as
solvent instead of THP.

Preparation of BF3:CH3OH Stock Solution. A 60 mL stock
solution of BF3 3CH3OH (109 mM) in DCM or THP was
prepared in the glovebox.

Polymerization Procedure. All polymerizations were carried
out, as described in our previous article,38,39 under a dry argon
atmosphere in a glass calorimeter reactor39 equipped with a
magnetic stirrer and fitted with greaseless Rotaflo stopcocks.
The reactor was previously flamed under vacuum. Then, a 50 mL
solution ofOx inTHPor inDCMwas introducedunder vacuum
through the connected monomer storage flask. The water from
the thermostat bath at 35 �Cwas continually passed through the

outer double jacket. When the system was balanced to 35 �C,
3.8 mL of stock catalyst solution was injected into the calori-
meter by means of a bleed valve system. After a proper interval,
samples of the polymerizating solution were taken using an
anaerobic sampling technique and then quenched by a solution
of 10-2 M sodium hydroxide in water. The quenched reaction
mixture was extracted with DCM and sequentially washed with
water to neutralize the pH and to remove the initiator residues
and salts. The DCM sample containing the polymer was then
dried over MgSO4. The dried polymer solution was filtered and
the filtrate washed with dry DCM. The polymer was recovered
from the organic layer by removal of the solvent to constant
weight. The polymer yield (wgt(polymer)) was determined gravi-
metrically, and the conversion in Ox (xOx) was calculated
from the THP copolymer composition in mole (FTHP) and
weight (GTHP) percent. As an example, the results obtained with

Scheme 2. Elementary StepReactions Regulating the Pseudoequilibrium between Strain (A1) andNonstrain (T1)TertiaryActive-Chain End Species in
“Living” and Controlled CROP of Oxetane in THP

Figure 2. Cumulative copolymer composition in tetrahydropyran
(FTHP) vs conversion in oxetane (xt

Ox) dependences plotted at various
initial molar fraction of oxetane (fOx), for the bulk copolymerization of
oxetane (Ox) with tetrahydropyran (THP) at 35 �C initiated by (2)
(BF3:CH3OH)THP or by (3, tilted2,#,$,9,4) C2H5OCH2Cl/AgSbF6

in the presence of 2,6-di-tert-butylpyridine (DitBP) ([EMCl]/[AgSbF6]/
[DtBP] 1/1.1/1.1). Experiments: S1 (fOx=0.16744, [EMCl]0=1.115mM)
(4); S2 (fOx = 0.1363, [EMCl]0 = 1.115 mM) (9); S3 (fOx = 0.1363,
[EMCl]0=0.5 mM) ($); S4 (fOx=0.1363, [EMCl]0=2.3 mM) (#); S5
(fOx= 0.09435, [BF3:CH3OH]0= 0.77 mM) (2); S6 (fOx= 0.046 15,
[EMCl]0 = 1.115 mM) (3); S7 (fOx= 0.0123, [EMCl]0 = 1.115 mM)
(tilted 2). For additional experimental data, see Tables S1-S3 (series
S1-S7) in Supporting Information.

Figure 3. (i) Number-average molecular weight (Mn(GPC)) and mole-
cular weight distribution (Mw/Mn(GPC)) vs Mn(th) (= [Ox]0/[EMCl]0-
(MOxþ FTHPMTHP)xt

Ox) dependences. (ii) Number-average molecular
weight at the “equilibrium” (Mn(GPC),(t=l)) vs [Ox]0/[EMCl]0 dependence,
for the oxetane (Ox) polymerization initiated byC2H5OCH2Cl/AgSbF6

in the presence of 2,6-di-tert-butylpyridine (DtBP) ([EMCl]/[AgSbF6]/
[DtBP] 1/1.1/1.1 (n/n/n)) in (/) dichloromethane (DCM) and in (#, $,
0, 2, 3) tetrahydropyran (THP) at various initial molar fraction of
oxetane (fOx) at 35 �C.The conversion inoxetane (xtOx) and composition
of copolymer in THP (FTHF) were detrmined by 1H NMR. Experi-
ments: S1 (fOx=0.16744, [Ox]0=1.81M, [EMCl]0=1.115mM) (2); S2
(fOx=0.1363, [Ox]0=1.452 M, [EMCl]0=1.115 mM) (0); S3 (fOx=
0.1363, [Ox]0 = 1.452 M, [EMCl]0 = 0.5 mM) ($); S4 (fOx= 0.1363,
[Ox]0=1.452 M, [EMCl]0=2.3 mM) (#); S6 (fOx=0.046 15, [Ox]0=
0.479 M, [EMCl]0 = 1.115 mM) (3); S8 (fOx = 1, [Ox]0 = 1.21 M,
[EMCl]0 = 1.115 mM)39 (/). Straight line indicates the Mn assuming
that one polymer chain forms per molecule of initiators. The dotted
straight line represents the linear regression for the Mn’s at the
“equilibrium” (81 < xt=l

Ox < 85%). For additional experimental data,
see Tables S1-S3 (series S1-4,6) in Supporting Information.
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[Ox]0=1.452 M, [THP]0=9.2 M, [EMOA]0=1.115 mM, and
[DtBP]0=1.125 mM were as follows: x∼19h

Ox =80.1%, FTHP=
23.3%, Mn(GPC)=70 500 g mol-1, and Mw/Mn=1.42 (sample
S2.8, Table S1 in Supporting Information).

Kinetic Studies with EMOA Initiating System. This study was
carried out as described above by adding the reagents in the
following order: Ox (50- xmL, 1.947M in THP), THP (xmL),
and EMOA (3.8 mL, EMCl/AgSbF6/DtBP 1/1.1/1.1 (n/n/n) in
THP) for a total volume of polymerization of 53.8 mL. In the
copolymerization experiments carried out with 1.115 mM of
EMOA (3.8 mL, 15.8 mM in THP), 0, 9.9, 22.4, 37, and 43.1 mL
of THPwere respectively added to theOx stock solution (1.947M,
in THP solvent) to attain an initial concentration inOx (THP) of
1.81 (9), 1.452 (9.2), 1 (9.6), 0.472 (9.9), and 0.25 (20) M,
respectively. Similarly, the copolymerization of 1.452 M of Ox
with 9.2 M of THP (40.1 mL, 1.947 M in THP) by 0.5, 1.115, or
2.3 mM of EMOA was carried out by subsequent addition of
9.9 mL of THP and 3.6 mL of an EMOA stock solution of 32.5,
15.8, or 7.1 M, respectively.

Incremental Monomer Addition Technique. As an example
chain extension polymerization in THP was carried out as des-
cribed in the Polymerization Procedure section using 25 mL of
9/1 v/v Ox/THPmixture (1.545M in THP) and 1.9 mL of EMOA
stock solution in THP (60 mL, 16.45 mM in THP) containing
of DtBP (240 μL, 17.1 mM). The initial concentrations were
[Ox]0=1.452 M, [THP]0=9.2 M, [EMOA]0=1.115 mM (i.e.,
[EMCl]0/[AgSbF6]0=1.1), and [DtBP]0=1.227 mM. After 19
and 21 h an aliquot of ∼1 mL was taken using the anaerobic
sampling technique (e.g., x21h

Ox =84%,Mn=73 150 gmol-1, and
Mw/Mn=1.36) followed by the addition of 3 mL of a monomer
stock solution (7mL, 11.1M) containingofDtBP (10μL, 6.7mM);
x21þ14h
Ox =158%,Mn=154 300 gmol-1, andMw/Mn=1.41. For

additional experimental data see Figure 4.
Measurements.The copolymer compositions andmicrostruc-

tures were determined from 1H and 13C NMR spectra, which
were obtained on a Bruker AC 300 spectrometer operating at
300.13MHz for 1H and 75.97MHz for 13C. CDCl3 (Cambridge
IsotopeLab. Inc.) wasusedas the solventwithTMS(δ=0.00ppm)
and CDCl3 (δ=77.0 ppm) used as internal reference for 1H and
13C spectra.

Gel permeation chromatography (GPC) was performed on a
Knauer instrument equipped with a Waters model 510 HPLC
pump, a differential refractometer as detector, and two gel
columns (supplied by Polymer Laboratories) used in series,
5 μ-PL gel columns with exclusion limits of 103 Å, and a mixed
B column. Tetrahydrofuran (THF) was used as eluent at a flow
rate of 1.0 mL min-1. The measurements were carried out at
ambient temperature, and the average molecular weights (Mn and
Mw) were derived from a calibration curve based on polystyrene
standards (600 to 106 g mol-1). From the measured absolute
molecular weight, this calibration leads to an error below 5%,
which is an acceptable range for GPC analysis, when the value
obtained for poly(oxetane-co-tetrahydropyran) is multiplied by
a factor of∼0.8. The absolute molecular weights were measured
using aWaters HPLC system equipped with a model 515 pump,
a model 2410 differential refractometer, an online 18-angle laser
light scattering (MALLS) detector (DAWN DSP, Wyatt Tech-
nology Inc.), and three GPC TOSOH Bioscience polysty-
rene columns connected in the following series: TSK. Gel
G-5000HXL, 4000HXL, and 3000HXL. The columns used sepa-
rate polymers in the molecular weight range between ∼103 and
106 g mol-1 with high resolution. THF (Aldrich) was used as an
eluent at a flow rate of 1.0 mL min-1 at room temperature. The
measurements were performed at room temperature. Data
acquisition was performed using ASTRA version 4.81 software.
The instruments were calibrated using narrowmolecular weight
polystyrene standards. The dn/dc of pseudoperiodic poly-
(oxetane0.76-co-tetrahydropyran0.24) solutions in THF was de-
termined to be 0.0654mL g-1 at 650 nm in THF at 25 �C using a
differential refractometer.

Differential scanning calorimetry (DSC) measurements of
poly(oxetane) and pseudoperiodic poly(oxetane0.76-co-tetra-
hydropyran0.24) were performed using a DSC Q 100, TA
Instruments (UMD) over temperature range from -110 to
100 �C at the heating and cooling temperature of 10 �C min-1.
Both temperature and heat flow were calibrated with ultrapure
indium. The glass transition temperature (Tg) was calculated
using the inflection tangent as a method in determining the
midpoint between the onset and the end of the step/glass
transition region. The melting point, Tm is determined by the
temperature at the maximum in the (dH/dT) plot near this
transition. Data acquisition was performed using Rheology
Advantage Data analysis version 5.1.42 software.

Results and Discussion

1. Structural Analysis. The copolymerization of THP
(which has no homopolymerizability) with Ox was demon-
strated by 300 MHz 1H NMR spectroscopy. The 1H NMR
(CDCl3, δ ppm) are as followed: 3.47 (t,-OCH2- in Ox),
1.81 (m, -CH2- in Ox), 3.39 (t, -OCH2CH2CH2CH2-
CH2O- in THP), 1.57 (p, -OCH2CH2CH2CH2CH2O- in
THP), 1.37 (p, -OCH2CH2CH2CH2CH2O- in THP). The
triplet at δ 3.46 ppmof similar intensity of the triplet at δ 3.39
was ascribed to the OCH2 group of the oxetane fragment
shifted from 3.47 ppm due to the presence of the THP
fragment in the polymer. The 300 MHz 1H NMR spectra
of polymer obtained are shown in Figures S1 and S2 in the
Supporting Information. Similar results were reported by
Furukawa in the particular case of the copolymerization of
THP with 3,3-bis(chloromethyl)oxetane.49

More structural details obtained by 75 MHz 13C NMR
spectrum (Figures S3 and S4 in Supporting Information)
showed that each pentamethylene oxide fragment inserted
into the polymer was flanked by two trimethylene oxide
fragments. Indeed, in addition to the peaks at δ 67.86 and
30.09 ppm assigned to the -OCH2CH2CH2O- and -OC-
H2CH2CH2O- groups, respectively, peaks at δ 22.79, 29.55,
and 70.87 ppm were assigned to -OCH2CH2CH2CH2-
CH2O-, -OCH2CH2CH2CH2CH2O-, and OCH2CH2-
CH2CH2CH2O- groups, respectively. The peak at δ 67.82
and 67.80 ppm of similar intensity as the peak at δ 70.97 was
ascribed to OCH2 group of the oxetane fragment shifted

Figure 4. GPC RI traces of the original poly(oxetane-co-tetrahydro-
pyran) (P2.1 and subsequently P2.2) and poly(oxetane-co-tetrahydro-
pyran) (P2.3) obtained after the incremental monomer addition experi-
ments in bulk for a initial molar fraction of oxetane (fOx) of 0.1363 at
35 �CwithC2H5OCH2Cl/AgSbF6 as initiating system in the presence of
2,6-di-tert-butylpyridine (DtBP). Experimental conditions: [EMCl] =
1.115 mmol L-1, [AgSbF6]=1.17 mmol L-1, [DtBP]=1.17 mmol L-1

and [Ox]P2.1=[Ox]P2.3=1.452 mol L-1.
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from 67.86 ppm due to the presence of the THP fragment in
the polymer. Similarly, the peak at 30.06 ppm of similar
intensity of the peak at 67.80 ppm is assigned to -OCH2-
CH2CH2O- group shifted from 30.09 ppm due to presence
of THP fragment.

Knowing by gravimetric measurement the polymer yield
(wgt(polymer)) and, by comparison of the integral values of the
-CH2- peaks centered at 1.57, 1.37, and 1.81 ppm, the
copolymer composition in THP fragment inmole (FTHP) and
in weight (GTHP) percent, the conversion in Ox (xt

Ox) and in
THP (xt

THP) aswell as theMn(th) (theoretical number-average
molecular weight calculated by 1H NMR for 100% initiator
efficiency) were calculated using eqs 1, 2, and 3, respectively.

xOx
t ¼ 1- ½Ox�=½Ox�0

¼ wgtðpolymerÞ=wgtðOxÞ � ð1-GTHPÞ ð1Þ

xTHP
t ¼ 1- ½THP�=½THP�0

¼ wgtðpolymerÞ=wgtðTHPÞ � GTHP ð2Þ

MnðthÞ ¼ ½Ox�0
½initiator�0

� ðMOx þFTHP �MTHPÞ � xOx
t ð3Þ

In Figure 2, the copolymer composition (FTHP) time
dependences with varying the monomer feed ratio shows
an apparent limited value noted (FTHP)(max) ∼ 28-30% that
cannot be exceeded at fTHP/fOx > 9.98/0.25. The 300 MHz
1H NMR spectrum of polymer obtained at fOx= 0.0244 is
shown in Figure S2 in the Supporting Information. Here, the
failure in yielding copolymers with alternating microstruc-
ture (i.e., FTHP=0.5) at 35 �C is an indication of the coexi-
stence of both (endo)activation (i.e., copolymerization) and
(exo)activation of T1 with propagation of A1.

DSC. Further studies using differential scanning calori-
metry (DSC) showed that the incorporation of oxapenta-
methylene fragment in polyoxetane backbone profoundly
influences the crystallization of the resulting copolymers. The
thermogram of poly(oxetane-co-tetrahydropyran) of ∼40 kg
mol-1 (sample S1.3, Figure S7.1 in Supporting Information)
shows at FTHP=14% a cold crystallization starting at-33 �C
immediately preceding a melting endotherm at-8 �C, which is
25 �Cbelow themelting temperature of polyoxetanes (Figure
7.3 in Supporting Information) synthesized either in DCM
or in 1,4-D, whereas a FTHP of 25% prevents the crystal-
lization of copolymers of 33 kg mol-1 (sample S3.8, Figure
S7.2 in Supporting Information). The transition temperature
and the melting endotherm are compiled in the Table 1.

2. “Living” and Controlled CROP of Ox with THP Ini-
tiated by Ethoxymethyl-1-oxoniacyclohexane. Molecular
Weight Control Free of Cyclic Oligomers. When the copo-
lymerization of Ox with THP was carried out, either at vari-
ous monomer feed ratio ([THP]0/[Ox]0=9.9/0.472, 9.6/1, 9.2/
1.454, 9/1.81) using 1.115 mM EMOA ([AgSbF6]0/[EMCl]0=
1.1 inTHP) oratvarious targetedDPn inOx (=[Ox]0/[EMCl]0=
630, 1265, 2520) for a feed ratio [THP]0/[Ox]0=9.2/1.454, in

the presence of DtBP as non-nucleophilic proton trap
([DtBP]0/[EMCl]0 = 1.1), the cyclic oligomers formation
was prevented and the Mn(GPC)’s of the resulting polymers
(Figure 3) showed, throughout the polymerization process, a
value close to Mn(th) (a theoretical number-average mole-
cular weight calculated according to the eq 3 for 100%
initiator efficiency). Since the process of chains growth
involve competition reaction between solvent exchange re-
action (i.e., T1þTHP f ks T1þTHP), (endo)activation
(i.e., T1þOx f kaðendoÞ A1), and thus (exo)activation (i.e.,
T1þOx f kaðexoÞ A1þTHP), the conversion in Ox and the
molecularweight reach a limited value notedxl

Ox (i.e., limited
monomer-to-polymer conversion in Ox) and Mn(l) (i.e.,
number-averagemolecular weight at xl

Ox), respectively, from
which extending the time of polymerization (e.g., series P2:
[Ox]0 = 1.454 M, [THP]0 = 9.2 M, [EMCl]0 = 1.115 mM,
[AgSbF6]0=1.23mM, [DtBP]0=1.23mM;Figure 4) did not
induce any significant redistribution of MWDs and any
apparent decrease of the Mn(GPC) as it is generally the case,
in equilibriumpolymerizations of oxolane,7,8,19,20,50 presum-
ably oxepane,21 and more remarkably in the copolymeriza-
tion of 1,3,5-trioxane with 1,3-dioxolane51 or 1,3-dioxep-
ane.51,52 At xl

Ox ([Ox]l ∼ 0.19-0.14 M), the linear dependence
of Mn(l) vs [Ox]0/[EMOA]0 (Figure 3) strongly indicates that
processof chainsgrowth reachakindof stateof “equilibration”
in which the solvent exchange reaction (i.e., rate constant ks,
Scheme 2) compete substantially with reversible transfer (i.e.,
depropagation) and thus transfer to polymers (i.e., intra- and
intermolecular transfer). In DCM, the polymerization of 1.452
M of oxetane initiated by 1.14 mM of EOCA (C2H5-
(OCH2)

þ,[SbF6]
-) in the presence 1.22 mM DtBP is un-

controlled, leading to the production of linear polymer of
Mn(GPC)<Mn(th,HNMR) (Figure 3) together with the formation
of cyclic oligomers (∼5% of monomer consumed).39

The living nature of the chain end (sample P2.2, Figure 4)
at xl

Ox was demonstrated by chain extension polymerization,
also known as incremental monomer addition technique.
In this technique 3 mL of a new feed of Ox in THP ([Ox]0=
11.1 M) was added to the 24.9 mL of polymerization system
under stirring. In Figure 4, the GPCRI traces of the original
polymer at xl

Ox and the polymer obtained after the incre-
mental monomer addition show that Mn(GPC) increases
correspondingly from 73 150 g mol-1 (sample P2.2: x21h

Ox =
84%, F21h

THP=25.2%, andMn,th=69 000 g/mol) to 154 300 g
mol-1 (sample P2.3); after that, ∼80% of the added mono-
mer was consumed (i.e.,Mn(th)=145 000 gmol-1). Here, the
MWDs (1.28<PDI<1.5-1.8) of the resulting polymers are
broader than predicted by the Poison distribution (MWDs
> 1þ 1/DPn), which we believe is due to a slow process of
mutual conversion betweenA1 andT1. It cannot be excluded
that the control over MWDs might be additionally affected
by the dissociation in THP of the tight ion pairs into less
stereoselective loose ion pairs and/or eventually free ions, pro-
viding free ions and ions pairs have different reactivities.20

3. Controlled CROP of Ox with THP initiated by
BF3CH3OH.MolecularWeight Control Together with Cyclic
Oligomers Formation. Using 7.7 mM BF3 3CH3OH for the

Table 1.Tg (Glass Transition Temperature),Tm (Melting Temperature), andTc (Crystallization Temperature) of Poly(oxetane-co-1,4-dioxane)39

andPoly(oxetane-co-tetrahydropyran)Observed byDifferential ScanningCalorimetry (SecondHeating) at theHeating andCooling Temperature
of 10 �C min-1

polymers FOx, % Mn(SEC), g mol-1 (PDI) Tg, �C Tc peak, �C (-ΔHC, J g
-1) Tm peak, �C (ΔHf, J g

-1)

poly(Ox-co-1,4-D)a 98 ∼51 700 (1.22) -80.9 -47 (25.6) 18 (70.1)
poly(Ox-co-THP)b 86 ∼41 000 (1.28) -76.0 -33.7 (43.1) -8.3 (41.7)
poly(Ox-co-THP)c 75 ∼33 430 (1.4) -72.2 none none

aThe DSC thermogram is shown in Figures S7.3 in Supporting Information. bThe DSC thermogram is shown in Figures S7.1 in Supporting
Information. cThe DSC thermogram is shown in Figures S7.2 in Supporting Information.
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polymerization of 1MOx ([THP]0=9.6M), the dependence
Mn(GPC) vs Mn(th) (Figure 5) and GPC traces (Figure S9 in
Supporting Information) showed the attribute of a control-
led polymerization process characterized by a slow initiation
process. At xOx=47% (sample P5.4), theMn(GPC) are some-
what lower than predicted by eq 3, and the formation of
cyclic oligomers observed by 13C NMR (∼3-5% of the
polymerized Ox at xOx= 82%) demonstrates the existence
of transfer reactions. In 1,4-D, more cyclic oligomers (∼9%
of the polymerized Ox at xOx = 77.6%)39 are formed, and
Mn(GPC) are lower than those obtained in THP, indicating
that THP which is more nucleophilic than 1,4-D compete
more efficiently with intramolecular transfer reactions, in
particular with end-biting reactions. The 13C NMR (CDCl3,
δ ppm) in cyclic oligomers are as follows: 1.81 (q, 2H,
-OCH2CH2CH2O-), 3.48 (t, 4H, -OCH2CH2CH2O-,
DPn > 4), 3.54 (t, 4H, -OCH2CH2CH2O-, DPn e 4). 13C
NMR (CDCl3, δ pm): 30.15 (s, -OCH2CH2CH2O-), 67.08
and 67.44 (s, -OCH2CH2CH2O-, DPn > 4), 66.07 (s,
-OCH2CH2CH2O-, DPn e 4). The 300 MHz 1H NMR
spectra of polymer obtained are shown in Figure S5 in the
Supporting Information. Like the polymerization of oxetane
in 1,4-D,39 additional peaks of the main in-chain -OCH2-
CH2CH2O- and-OCHH2CH2CH2O- groups in cyclic oli-
gomers were observed, indicating the presence of penta-
methylene oxide units in cyclic oligomers.

4. Kinetics Studies. This studies was focused on data
obtained in copolymerization of Ox with THP initiated with
EMOA, conditions under which the process exhibit char-
acteristics of a “living” and controlled polymerization pro-
cess which implies linear dependencesMn(GPC) vsMn(th) with
no cyclic oligomers formation.

Dependences of the Overall Polymerization Rate on
[EMOA], [Ox], and [THP]. From the elementary step reac-
tions regulating the rate of mutual conversion between stra-
ined tertiary 1-oxoniacyclobutane (A1) and nonstrained (T1)

tertiary 1-oxoniacyclohexane (Scheme 2), it was possible to
express the overall rates ofmonomer consumption ofOx and
THP as given by eqs 4 and 5, respectively.

-
d

dt
½Ox� ¼ k

app
Ox � ½Ox�

¼ ðkappp þ k
app
aðendoÞ þ k

app
aðexoÞÞ � ½Ox� ð4Þ

-
d

dt
½THP� ¼ k

app
THP � ½Ox� ¼ k

app
aðendoÞ � ½Ox� ð5Þ

with

kappa ¼ k
app
aðendoÞ þ k

app
aðexoÞ

¼ ðkaðendoÞ þ kaðexoÞÞ � PaT1, t � ½T1� ð6Þ
and

kappp ¼ kaðendoÞ � ½T1� ð7Þ
where kOx

app (s-1), kp
app (s-1), kd

app (s-1), ka(endo)
app (= kTHP

app ) (s-1),
and ka(exo)

app (s-1) are the apparent rate constant of Ox con-
sumption of A1 and T1, propagation of A1, deactivation of
A1, (endo)activation of T1 (copolymerization of THP), and
(exo)activation of T1, respectively, and kp (L mol-1 s-1), kd
(Lmol-1 s-1),ka(endo) (Lmol-1 s-1), andka(exo) (Lmol-1 s-1)
the corresponding rate constants. Here eq 5 predicts that the
rate of THP consumption is kinetically controlled by the rate
of (endo)activation of T1 (i.e., ka(endo)

app � [Ox]) rather than by
the rate of deactivation of A1 (i.e., kd

app� [THP]) as THP can
be regenerated from T1 by (exo)activation (i.e., ka(exo)

app �
[Ox]). Because the solvent exchange reactions (i.e., ks

app �
[THP]) suspend, at the “equilibration” (i.e., [Ox]l = 0.2-
0.14 M), the activation of T1 (i.e., ks

app � [THP] . ka
app �

[Ox]l) as well as reversible transfer (i.e., depropagation), our
kinetics consideration predict that the overall apparent rate
constant of activation (ka

app), given by eq 6, is related to the
solvent exchange reaction by

PaT1, t ¼ ðkaðendoÞ þ kaðexoÞÞ � ð½Ox�- ½Ox�lÞ
ðkaðendoÞ þ kaðexoÞÞ � ð½Ox�- ½Ox�lÞþ ks � ½THP�

ð8Þ
and

PS ¼ ks

kaðendoÞ þ kaðexoÞ
ð9Þ

Here PaT1 (0 e PaT1,t < 1) can be view as a factor of
activation of T1 in the consideration of the existence of the
solvent exchange reaction (PS 6¼ 0), and PS reads as a factor
determining the inherent state of “equilibration”. At the
“equilibration” ([Ox]l=0.2-0.14 M), eq 8 reads PaT1,l ∼ 0.
The integrations of eqs 4 and 5 and the combination of the
resulting equations with eqs 1 and 2 give eqs 10 and 11

xTHP
t � ½THP�0 ¼ kappTHP � ½Ox�0 �

Z t

0

ð1-xOx
t Þ dt ð10Þ

xOx
t � ½Ox�0 ¼ k

app
Ox � ½Ox�0 �

Z t

0

ð1-xOx
t Þ dt ð11Þ

From the value of the initial rate of monomers consump-
tion given by the slope of the plots of the left-hand side of

Figure 5. Number-average molecular weight (Mn(GPC)) and molecular
weight distribution (Mw/Mn(GPC)) vs theoreticalMn’s for the polymeriza-
tion of 1 M of oxetane (Ox) initiated by 7.7 mM BF3:CH3OH in (/)
dichloromethane (DCM),39 (O) in 1,4-dioxane [1,4-D]0/[Ox]0=9,39 and in
(9) in tetrahydropyran [THP]/[Ox]=9.6 at 35 �C. For additional experi-
mental details see Table 1 in the Supporting Information. The full straight
line indicates theMn assuming that one polymer chain forms permolecule
of initiators, whereas the dotted straight lines are the linear regression for
the experimental data. For additional experimental data, see GPC traces
(Figure S9) and Table S3 (series S5) in the Supporting Information.
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eqs 10 and 11 vs
R
(1 - xt

Ox) dt (see Figure 6), it was then
possible, as shown in Figure 7, to verify the first-order
dependence on [Ox]0 and on [EMOA]0 of both eqs 4 and 5.
For this purpose, the bulk copolymerization of oxetane with
THP at 35 �C was studied using 1.15 mM EMOA (i.e.,
initiator yielding fast and instant initiation) for four different
concentrations of oxetane (0.5, 1, 1.42, and 1.81 M) and
using 1.452 M oxetane for three different concentrations of
EMOA (0.5, 1.15, and 2.3 mM). In all experiments, EMOA
was formed from EMCl/AgSbF6 in THP in the pre-
sence of DtBP prior its addition to the monomer solution

(∼15-30 min). In eqs 10 and 11, the integral value of
(1 - xt

Ox) was given by the graphical integration on the
[Ox]t/[Ox]0-time curve using a second-order fit exponential
regression (Figure S10 in Supporting Information). In Fig-
ure 6, the plot of the left side of eqs 10 and 11 vs

R
(1- xt

Ox) dt
gives, at all concentrations of EMOA and Ox, a quasi-
straight line during the major part of the polymerization
run (as long as [Ox]t >0.3M), indicating that the stationary
state concentrations of A1 and T1 are reached at the fairly
early stages of the polymerization, i.e.

-
d½A1�
dt

¼ d½T1�
dt

¼ kd � ½A1� � ½THP�- ðkaðendoÞ þ kaðexoÞÞ
� PaT1 � ½T1� � ½Ox�

¼ 0 ð12Þ
After rearrangement of eq 12, the activation-deactivation
pseudoequilibrium coefficient (Qt) which does not formally
follow the principle of microscopic reversibility is given by
eq 13.

Qt ¼ K0

PaT1
ð13Þ

with

K0 ¼ kd

kaðendoÞ þ kaðexoÞ
¼ ½T1� � ½Ox�

½A1� � ½THP� ð14Þ

Here, K0 is read as the activation-deactivation pseudoequili-
brium constant in the consideration of ks=0 (i.e., PS=0 and
PaT1.t = 1). At the later stages of the polymerization, the
decreases observed in Figure 6 for both ka(endo)

app and kOx
app (=

kP
app þ ka(endo)

app þ ka(exo)
app ), namely, close to the “equilibration”

(0.14-0.18M<[Ox]<0.3M) indicates the inadequacy of the
steady-state assumption (eq 12) on which eq 13 is based at
[Ox] > 0.3-0.4M. In Figure 7, the plot of the initial rate of Ox
(i.e., xt

Ox � [Ox]0/
R
(1- xt

Ox) dt) and THP (i.e., xt
Ox � [THP]0/R

(1- xt
Ox) dt) consumptions as a function of [EMOA] and [Ox]

show, at this concentrations range, the first-order dependence
on [EMOA] and on [Ox] as well as the existence of the “equili-
bration” from the intercept, by linear dependences -d[Ox]/dt
and -d[THP]/dt vs [Ox], of the X-axis at approximately the
limited monomer-to-polymer concentrations ([Ox]l = 0.2 M)
where PaT1,l ∼ 0.

Determination of Reactivity Ratio kp/kd and ka(endo)/ka(exo).
By dividing eq 4 by eq 5 and combining the resulting
equationwith eqs 13 and 14, after rearrangement one obtains
eq 15.

-d½Ox�=dt
-d½THP�=dt ¼ rOx

PaðendoÞ
� ½Ox�

½THP� þ
1

PaðendoÞ
ð15Þ

with

rOx ¼ kp

kd
ð16Þ

and

PaðendoÞ ¼ kaðendoÞ
kaðendoÞ þ kaðexoÞ

ð17Þ

where rOx is the monomer reactivity ratio for Ox and Pa(endo)

is the factor representing the contribution of (endo)activation
to the overall activation process of T1. As illustrated in
Figure 8, the plot on the left side of the eq 15 vs instant

Figure 6. Evolution of xt
THP[THP]0 and xt

Ox[Ox]0 vs
R
(1 - xt

Ox) dt for
the oxetane (Ox) copolymerization with tetrahydropyran (THP) in-
itiated by C2H5OCH2Cl/AgSbF6 in the presence of 2,6-di-tert-butyl-
pyridine (DtBP) ([EMCl]/[AgSbF6]/[DtBP] 1/1.1/1.1) at various initial
molar fraction of oxetane (fOx) at 35 �C. xtTHP(1 - [THP]/[THP]0) and
xt
Ox(1 - [Ox]/[Ox]0) were calculated from 1H NMR. Experiments: S1

(fOx=0.16744, [EMCl]0=1.115mM) (4); S2 (fOx=0.1363, [EMCl]0=
1.115 mM) (9); S3 (fOx=0.1363, [EMCl]0=0.5 mM) ($); S4 (fOx=
0.1363, [EMCl]0=2.3mM) (#); S6 (fOx=0.04615, [EMCl]0=1.115mM)
(3). For additional experimental data, seeTables S1-S3 (series S1-4,6)
in Supporting Information.

Figure 7. Initial rate of monomers consumption plotted against [Ox]
at [EMCl]=1.115 mM (b,O) and against [EMCl] at [Ox]=1.542 mM
(9, 0) for determining the order in oxetane (Ox) and in CH2OCH2Cl
(EMCl), respectively, in the bulk copolymerizationof oxetane (Ox) with
tetrahydropyran (THP) initiated by EMCl/AgSbF6 in the presence of
2,6-di-tert-butylpyridine (DtBP) ([EMCl]/[AgSbF6]/[DtBP] = 1/1.1/
1.1) at 35 �C. Experiments: S1 (fOx = 0.167 44, [EMCl]0 = 1.115
mM); S2 (fOx = 0.1363, [EMCl]0 = 1.115 mM); S3 (fOx = 0.1363,
[EMCl]0=0.5 mM); S4 (fOx=0.1363, [EMCl]0=2.3 mM); S6 (fOx=
0.046 15, [EMCl]0=1.115 mM). For additional experimental data, see
Tables S1-S3 (series S1-4,6) in Supporting Information.
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monomer ratio [Ox]/[THP] yields a straight line, with the
slope and the intercept of rOx/Pa(endo) and 1/Pa(endo), respec-
tively. Comparing the kp/kd and ka(endo)/ka(exo) values deter-
mined fromeq 15 and from the determination by 1HNMRof
the copolymer composition at various feed composition
(eq 18), the agreement is quite reasonable. This shows that
as long as kTHP

app is constant, there is no variation of the
reactivity ratio with the change of the comonomer composi-
tion. The rOx and Pa(endo) values determined from Figure 8
are listed in Table 2.

ðFOxÞxOx < 10%

ðFTHPÞxOx < 10%

¼ 1

PaðendoÞ
þ rOx

PaðendoÞ
� fOx

fTHP
ð18Þ

Determination of the Rate Constant Ratio ks/ka(endo) and ks/
ka(exo). While the xt

THP � [THP]0 vs [Ox]0 �
R
(1 - xt

Ox) dt
plots shows the change of ka(endo) with conversion, after com-
bination of eqs 5, 6, and 8 and rearrangement of the resulting
equations, one obtains eq 19

½Ox�0
-d½THP�=dt ¼ 1

k
app
aðendoÞ, t f 0

þ PS

k
app
aðendoÞ, t f 0

� ½THP�
½Ox�-½Ox�l

ð19Þ

fromwhich it wasmore advantageous, for the determination
of the factor determining the inherent state of equilibration
PS (eq 9) to plot the reciprocal apparent rate constant of
(endo)activation (i.e., copolymerization) extrapolated to
zero time as a function of [THP]/([Ox]- [Ox]l) with the slope
and the intercept of 1/ka(endo),tf0

app � PS and 1/ka(endo),tf0
app ,

respectively. Here, ka(endo),tf0
app represents the value of ka(endo)

extrapolated to zero time. For comparison, the identical
values of ks/ka(endo) obtained at various concentration of
Ox and EMOA shows that the solvent exchange reaction can
be predicted by our kinetic considerations and that ks/ka(endo)
is independent of the change of the of comonomer composi-
tion. It must be noted that the definition of eq 8, which shows

a specific feature of the CROP kinetics of Ox with THP or
1,4-D,38,39 is also found in mediated-RAFT polymeriza-
tion,53 in the process viewed as degenerative chain transfer
reaction, for the understanding and the estimation of the
magnitude of the exchange reaction (i.e., crossover effici-
ency) in the unsuccessful block copolymerization of styrene
with methyl methacrylate,54,55 in the induction56 and rate
retardation phenomena,56-58 and in the formation of
polymer with bimodal GPC distribution.59-61 Similar
development is also found in nitroxide-mediated controlled
free radical batch emulsion polymerization, in the process
view as compartmentalization of propagating radical, to
discuss whether or not the overall rate of irreversible termi-
nation is reduced with respect to that in a similar bulk
process.62

Determination of kp, kd, ks, ka(endo), and ka(exo). According
to Figure 7, the initial rate of living chains end growth is first-
order dependence on [Ox] and [EMCl] (=[EMOA]). Con-
sidering the terminal model for the chains growth, the
expression of the average binary copolymerization rate con-
stant ÆkMæ is given by the general equation

ÆkMæ ¼ ÆkappM æ
½EMOA�0

¼ -d½Ox�=dt-d½THP�=dt
½Ox� � ð½A1� þ ½T1�Þ ð20Þ

Here ÆkMæ, which is experimentally accessible (i.e., [EMOA]0
=[A1]þ [T1]), can then be expressed as a simple function of
comonomer feed ratio instead of concentration of A1 andT1
by combining eqs 4, 5, 13, 14, and 20 and rearranging the
resulting equation as given by eq 21.

rOx þð1þPaðendoÞÞ � fTHP

fOx

� �
� ½EMOA�0

ÆkappM æ

¼ 1

kd
þQt

kd
� fTHP

fOx
ð21Þ

The values of kd andQt calculated from the intercept and the
slope, respectively, of the plot of left side of eq 21 vs fTHP/fOx
(Figure 10) were used, by mean of the reactivity ratio rOx
(eq 16),Pa(endo) (eq 17), andPS (eq 9), to calculate the rate con-
stant of reactions involved in the living cationic ring-opening
copolymerizationofOxwithTHP (see Scheme2). In this study,
the two series of values obtained for kp, kd, ks, ka(endo), and
ka(exo) are based on either kp/kd and ks determined from the
kinetic data obtained using eq 15 or from the copolymer
composition obtained using eq 18. The kp values, 50 ( 5 L
mol-1 s-1, obtained in this study are in the range, even though
10-folder higher than that of the value calculated from the
kinetics parameters describing, according to the transition state
theory, the CROP of oxetane in DCM and methylcyclohexane
at Te -20 �C.63 The data are listed in Table 3.

5. Copolymerization Model Fitting and Mechanistic Inter-
pretation.Using concentrations of [THP]=9.2Mand [Ox]=
1.452 M, the following time intervals (τ) between two con-
secutive events have been calculated at the early stages of the
polymerization process.

11 ms ðiÞ < τd ¼ 1=ðkd � ½THP�0Þ < 15:7 ms ðiiÞ
τaðexoÞ ¼ 1=ðPaT1, t¼0 � kaðexoÞ � ½Ox�0Þ ¼ 0:24 s

τaðendoÞ ¼ 1=ðPaT1, t¼0 � kaðendoÞ � ½Ox�0Þ ¼ 0:41 s

12:6 ms ðiÞ < τp ¼ 1=ðkp � ½THP�0Þ < 15:3 ms ðiiÞ

τs ¼ 1=ðks � ½THP�0Þ
¼ 3 s ðτs ¼ 1=ðð1-PaT1, t¼0Þ � ks � ½THP�0Þ ¼ 57 sÞ

Figure 8. Copolymer composition ratio (FOx/FTHP) vs monomer feed
ratio (fOx/fTHP) and relative reaction rate ((-d[Ox]/dt)/(-d[THP]/dt))
vs [Ox]/[THP] for the bulk copolymerization of oxetane (Ox) with
tetrahydropyran (THP) initiated by EMCl/AgSbF6 in the presence of
2,6-di-tert-butylpyridine (DtBP) ([EMCl]/[AgSbF6]/[DtBP] = 1/1.1/
1.1) at 35 �C. Experiments: S1 (fOx=0.16744, [EMCl]0=1.115 mM);
S2 (fOx=0.1363, [EMCl]0=1.115 mM); S3 (fOx=0.1363, [EMCl]0=
0.5 mM) ; S4 (fOx= 0.1363, [EMCl]0= 2.3 mM); S6 (fOx= 0.046 15,
[EMCl]0 = 1.115 mM). For additional experimental data, see
Tables S1-S3 (series S1-6) in Supporting Information.
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with

PaT1, t¼0 ¼ 0:947

Thus, the time interval between two activations is rela-
tively long, 0.41 s by (endo)activation and 0.24 s by
(exo)activation. At this stage, solvent exchange reactions
does not suspend the process of activation as the time
interval between two reactions is 3 s (57 s) . 0.41 s. The
tertiary 1-oxoniacyclobutane A1 stays active for a very short
time, only 15.7 ms, before deactivation takes place, and the
polymer end goes back to a kind of “dormant” state. At the
early stages of the polymerization, 6.7% of the living ACE
species bear the terminal groupA1. Propagation is 0.87 times
slower than deactivation, however monomer incorporates
on average every 12.6 ms, and 9 monomer units are added
after 10 active cycles. Similarly, the (exo)activation is 1.7
times faster than (endo)activation (copolymerization) and
10Ox units and 4 THPunits are added after 10 actives cycles.
The number of monomer molecules added during first
10 active cycles is 18 Ox units and 4 THP units. Since the
deactivation reaction is time-independent in the considered
system ([THP] ∼ [THP]0 throughout the polymerization
process), the number of monomer units added by cycle
decreases with conversion. Figure 11 shows that the kine-
tics parameter obtained in this study provide a reasonable

fit with the ÆkMappæ (= kOx
app þ kTHP

app ) and composition (FOx)
data.

Conclusions

The living and controlled CROP of Ox in THP (with has no
homopolymerizability) led readily to a copolymer chains with
pseudoperiodic sequences and controlledmolecular weight (up to
150 000 g/mol). The determination of the overall kinetic order
of rate of monomers consumption as well as the dependence
Mn(GPC) vs conversion revealed the existence of a state of
“equilibration” (i.e., T1þTHP f ks T1þTHP) at [Ox]l =
0.14-0.2 M from where, in the apparent absence of reversible
transfer (i.e., T1TA1þTHP), no fall of theMn’s were recorded.
The coexistence of the growing species in the form of strain ACE
species (propagating chain terminated by a tertiary 1-oxoniacy-
clobutane ion,A1) and strain-freeACE species (“dormant” chain
terminated by a tertiary 1-oxoniacyclohexane ion, T1) was
demonstrated from the microstructures of the copolymers as
eachpentamethyleneoxide fragment inserted into thepolymer is flan-
ked by two trimethylene oxide fragments, and thus deactivation

Table 2. Calculated Value for the Rate Constant of Solvent Exchange Reaction (ks), the Factor Determining the Inherent State of “Equilibration”
(PS), and the Factor of Activation of T1 Extrapolated to Zero Time (Pa,T1,tf0) for the Bulk CROP ofOxetane (Ox)with Tetrahydropyran (THP)

at 35 �C

kS (L mol-1 s-1)

series [THP]0/[Ox]0 (mol L-1/ mol L-1) [I]0 (mmol L-1) [Ox]l (mol L-1) PS Pa,T1,tf0 from eq 15 from eq 18

S1a 9/1.81 1.115 0.167 0.005 32 0.971 0.0254 0.0255
S2a 9.2/1.454 1.115 0.193 0.007 66 0.947 0.0366 0.0367
S3a 9.2/1.454 2.3 0.159 0.006 37 0.956 0.0305 0.0306
S4a 9.2/1.454 0.5 0.166 0.006 43 0.966 0.0307 0.0308
S5a 9.9/0.5 1.115 0.172 0.005 36 0.849 0.0256 0.0257
S6b 9.6/1 7.7 0.187 0.007 44 0.919 0.0356 0.0357

<ks>= 0.0307 0.0308
aWith C2H5OCH2Cl/AgSBF6/DtBP (1/1/1.05) initiating system ([I]0 = [C2H5OCH2Cl]0).

bWith (BF3 3CH2OH)THP initiating system ([I]0 =
[BF3 3CH2OH]0).

Figure 9. Plot of the reciprocal initial rate of (endo)activation vs [THP]/
([Ox]0 - [Ox]l) for the copolymerization of Ox with THP at 35 �C.
Experiments: S1 (fOx=0.167 44, [EMCl]0=1.115 mM) (4); S2 (fOx=
0.1363, [EMCl]0=1.115mM) (9); S3 (fOx=0.1363, [EMCl]0=0.5mM)
($); S4 (fOx=0.1363, [EMCl]0=2.3 mM) (#); S5 (fOx=0.09435, [BF3:
CH3OH]0=0.77 mM) (2); S6 (fOx=0.046 15, [EMCl]0=1.115 mM)
(3). For additional experimental data, see Tables S1-S3 (series S1-6)
in Supporting Information.

Figure 10. A� [EMOA]0/ÆkMappæ vsmonomer feed ratio (fOx/fTHP) (with
A=rOxþ (1þ Pa(endo))� (fOx/fTHP)) for the bulk copolymerization of
oxetane (Ox) with tetrahydropyran (THP) initiated by EMCl/AgSbF6

in the presence of 2,6-di-tert-butylpyridine (DtBP) ([EMCl]/[AgSbF6]/
[DtBP]=1/1.1/1.1) at 35 �C, using either the values of ÆkMappæ calculated
from the kinetics data (method i, eq 15) or from the copolymer com-
position data (method ii, eq 18). Experiments: S1 (fOx = 0.167 44,
[EMCl]0 = 1.115 mM); S2 (fOx= 0.1363, [EMCl]0 = 1.115 mM); S3
(fOx=0.1363, [EMCl]0=0.5mM); S4 (fOx=0.1363, [EMCl]0=2.3mM);
S6 (fOx = 0.046 15, [EMCl]0 = 1.115 mM). For additional exp-
erimental data, see Tables S1-S3 (series S1-4,6) in Supporting
Information.
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(A1þTHP f kd T1), activation (T1þOx f ka A1), and solvent
exchange reaction (T1þTHP f ks T1þTHP) occur through-
out the polymerization process. The activation-deactivation pseu-
doequilibrium coefficient Qt and constant K0 (= Qt � PaT1,t)
were determined in a pure theoretical basis, using the terminal
model. Although there is appreciable uncertainty concerning the
estimations of the ks (∼ [Ox]l) for the strain-free ACE species T1,
the kinetics parameters calculated in this study provide a reason-
able fit with the measured apparent rate constant of monomers
consumption (kOx

app and kTHP
app ) and with the copolymer composi-

tion (FOx) data. The form of the pseudoequilibrium equation
shows thatQt is strictly dependent onPaT1,t (1/PaT1,t=1þks/ka�
[THP]/([Ox] - [Ox]l)) and stay, even if it increases during the
course of the copolymerization with [T1]/[A1], close to the lowest
value K0 (pseudoequilibrium constant in the consideration of
ks = 0), a state of mutual conversion in which macro tertiary
oxonium ions are predominantly (∼94%) in the “dormant” form
T1. Although the occurrence of some extent of transfer cannot be
excluded with appreciable uncertainty, the formation of polymer
with large PDI (∼1.4-1.8) are more likely to be the result of slow
mutual conversion between of A1 and T1 with respect to chains
growth (kp/kd ∼ 5.4 and kp/ka ∼ 11.3) than the cause of chain
scission reactions.
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-

(EMOA) initiator (series S1-S4, S6, S7; Tables S1 and S2,
Figures S1(ii), S2, S3(ii), S4, and S8)with [EMOA]0=1.115mM
and various monomer feed composition fOx (0.1674, 0.1363,
0.04615, 0.0244) (series S1, S2, S6, S7, respectively), with fOx=
0.1363 M at various [EMOA]0 (0.5, 1.115, 2.3 mM) (series S3,
S2, S4, respectively); DSC thermogram of poly(oxetane-co-1,4-
dioxane) (Figure S7.3) and poly(oxetane-co-tetrahydropyran)
(Figures S7.1 and S7.2). This material is available free of charge
via the Internet at http://pubs.acs.org.
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