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ABSTRACT: The living cationic polymerization gf-methoxystyrene using the 1-(4-methoxyphenyl)ethanol/
B(CsFs)s initiating system in solution and in aqueous dispersion is reported. Solution experiments first showed
that the molar mass of the obtained polymers increases in direct proportion to the monomer conversion and the
molar mass distribution stays narrow in the course of the polymerizatigiv, ~ 1.2). The living nature of the
growing chains was confirmed by sequential monomer addition experiments, although matrix-assisted laser
desorption ionization time-of-flight mass spectroscopy (MALDI-TOF-MS) revealed some hydroxyl elimination
under monomer-starved conditions. Aqueous suspension polymerizatipmethoxystyrene using the same
initiating system did not show a good control of molar masses, since after polymerization has proceeded at the
interface up to critical DP, oligomers terminated by water penetrate inside the particles where they stop propagating.
This limitation was leveled off for the first time by polymeriziggmethoxystyrene in an aqueous dispersion,

i.e., in a mixture of HO:CH;CN 3:2 (v/v). Under these conditions, the hydroxyl-terminated pafgéthoxystyrene)s

can be reactivated by B§Es); located inside the particles to reinitiate the polymerization; molar masses thus
increase with conversion, up to 3000 g mioland exhibit a narrow molar mass distributioi,¢M, ~ 1.3) and

an almost pure hydroxylated functionality.

Introduction control of the reactions, and handling of the products. However,

The “controlled/living” (which in the following will be quoted industria]ly t.hese techniques are F:onfined exclusively to radical
“living”) cationic polymerization process of vinyl monomers polymerization becausg free rad|clals.are t.olerant to the Wgter.
and heterocycles is an important tool for the precision synthesis !N récent years, catalytic polymerizations in aqueous medium
of macromolecules with predetermined number-average molar"ave developed intensively. Indeed, reports about anidrfc,
mass W), terminal functionality, and narrow molar mass fing-opening metathesis polymerlzatlkﬁ#? and homo- and
distribution (MWD, otherwise referred to d8,/My)! 2 to be copolymerization of ethyled&!® using metallocenes have
used in a wide range of applicatiofis, However, most of the ~ emerged recently.
conventional Lewis acids are decomposed when excess water, Sawamoto and co-workers described cationic polymerization
relative to Lewis acid content, is introduced. Such a drawback of p-methoxystyrene in the presence of rare earth triflates as
imposes one to carry out polymerizations under strictly anhy- water-tolerant Lewis acids with HCI adduct of monoriét or
drous conditions (dried solvents and inert atmosphere); thesetosylic acid? as the initiators in aqueous suspension. Dodecyl-
conditions have so far clearly limited the practical use of living benzenesulfonic acid aloffé*or with ytterbium triflaté>26and
cationic polymerization from the industrial viewpoint. phosphonic acids/Yb(O T systems as well as so-called Lewis

The living cationic polymerization gf-methoxystyrene has  acid supported catalyg&?®were also used for thg-methoxy-
already been achieved using initiating systems based on weakstyrene polymerization in suspension or miniemulsion. However,
Lewis acids (3, Znl,, SnBr) (see ref 8 and references therein), even though, increased with conversion at the beginning of
at the time only under high-purity conditions. In recent the polymerization (up to 3640% conversion), the fina\l,
publications, the controlled cationic polymerization pf typically did not exceed 3000 g md! regardless of initiator
alkoxystyrenelas well as styrene and its derivati&s? in concentration. Furthermore, considerable deviatiod ofy,vs
the presence of water and usingBfE®, as a co-initiator was  conversion curve from the theoretical slope takes place. Later,
reported by Sawamoto and co-workers. Although a precision it was clearly shown that in all above-mentioned systems the
control of the polymerization was clearly achieved in solutions polymerization is not controlled, and molar masses are governed

containing small contents of water, we observed thaj@E, exclusively by interfacial polarity32526When the polymeri-
could not be used in high excess of water to Lewis acid becausezation proceeded inside monomer droffetsr phosphonic
of catalyst decompositiot?. acids/Yb(OTf}?” systems was used, high molar mass hydroxyl-

Aqueous suspension and emulsion polymerizations are widely terminated polyg-methoxystyrene)s were generated, but po-
used in the industry due to their environmental friendliness, lymerization was still not controlled. A recent article finally
moderate viscosity of latices even at high solids content, easierdescribed cationic polymerization of isobutylene in aqueous

suspension co-initiated by 1,2:&[B(CeFs)2]2.3°

" This paper is dedicated to professor Pierre Sigwalt for his 50 years  contrary to the ionic polymerization, there are many examples
commitment in the field of cationic polymerization. concerning livina/controlled radical polvmerization in adueo
* Belarusian State University. rning living/contr radical polymerization in aqueous

8 UMR 5076 CNRS/ENSCM. dispersed media in the literatifeMost of these processes begin
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Scheme 1. Main Polymerization Reactions of Styrene (R= H)32 and p-Methoxystyrene (R = OCH3) (This Work) Using the 1/B(C¢Fs)3
Initiating System in Solution
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in the agueous phase to form oligoradicals, which can enter theat 25°C on a Bruker AC-200 spectrometer calibrated relative to
organic phase and, then, the polymerization proceeds inside ofthe solvent peak in reference to tetramethylsilane stantf&tiMR
monomer dr0p|etsl In our Opinion’ this is the key stage in (200 MHz) spectra were recorded on a Bruker AC-250 instrument

achieving control oveM, of these polymerization systems in at 25°C, using CDC}, acetonitrileds, or a mixture of acetonitrilg-
aqueous media. A main feature of almost all ionic polymeri- % @nd DO as the solvents and CRGis the reference. Matrix-

zation processes in dispersed media is the svstematic IimitationaSSiStEd laser desorption ionization time-of-flight mass spectrometry
P per . y N (MALDI-TOF-MS) analyses were performed on a Ultraflex (Bruker
of the molar masses. This so-called “critical DP” effect was

A . X . Daltonik, Bremen, Germany) time-of-flight mass spectrometer,
related to the entry in the particles of chains with low surface equipped with a 337 nm, 50 Hz,Naser, a delayed extraction, and
tensions320Once buried, they stop propagating because catalyst a reflector. The apparatus was operated at an accelerating potential
usually remained in the aqueous phase. We assume thereforef 20 kV in reflected mode. The polymer solution g1 of 10 g
that for the completing of living cationic polymerization it is L~!in THF) was mixed with 1Q:L of matrix solution (DHB (2,5-
necessary to drive the catalyst inside the monomer droplets. dihydroxybenzoic acid), 20 g in THF). A solution of sodium

We recently showed that the living cationic polymerization iodide (10 mg %) was utilized as a cationizing agent. The final
of styrene could be performed using the 1-(4-methoxyphenyl)- solution (1uL) was dep05|_ted onto the target and dried in air at
ethanol ()/B(CgFs)s initiating system in CHCI, at +20 °C 32 room temperature before |rra_d|at|on. The mass spectra represent
The living polymerization proceeds through the generation of averages over 250 consecutive laser shots. External calibrations
a carbocation by hydroxide abstraction of the corresponding were performed with peptide calibration standard (Bruker Daltonic,

AT S 8 Brenem, Germany).
initiating monomer derivative and of the hydroxy-terminated Polymerization Procedures.The polymerization reactions were

chains by the borane agent (Scheme 1). Even when watercarried out under air atmosphere in glass tubes, without further
transfers to the propagating carbocation, a hydroxyl-terminated grying and purification of reactants. As an example of a typical
chain, which can be reactivated, is produced, thus implementing procedure in solution, polymerization was initiated by adding a
a long-lived polymerization process. Water in all proportions solution of B(GFs)s in CH,Cl, (1 mL, 0.14 M) to a mixture of a
does not decompose tris(pentafluorophenyl)borane; rather, ittotal volume of 4.3 mL consisting gi-methoxystyrene (0.3 mL,
forms a Bimstedt acid-like adduct (HB(CeFs)3sOH]~ or 2 x 107* mol), 1-(4-methoxyphenylethanol (k 10~* mol,
HsO*[B(CeFs)sOH] )33 26 that competes with the conventional ~ 0-015 g), CHCI (1.5 mL), and acetonitrile (2.5 mL). Results were
initiation system. Styrene was also polymerized in an aqueous?S follows: conversior= 79.8% ( <40 min); number-average
suspensiof? The presence of excess water slowed down nl:/?lill\r/l mz_aslszl(/lln) = 2710 g mof% molar mass distribution
significantly the reactivity of the Bnustedt acid toward styrene, (Mo/My) = 1.21.

; PRS- The polymerization in aqueous suspension was carried out as
thus allowing exclusive initiation b§/B(CeFs)a. However, the ¢ 0\ ™o coion of B(GFs)s (65 mg, 1.3x 1074 mol) in 1 mL
polymerization in suspension was not living, since after

- . of CH;CN was added to a mixture of total volume 4.6 mL consisting
propagation and transfer from water the hydroxyl-terminated p-methoxystyrene (0.6 mL), 1-(4-methoxyphenyl)ethanok(1
polystyrene chains could not be reactivated, at least under these g-4 mol, 0.015 g), CHCN (1 mL), and HO (3 mL). After a
conditions. predetermined timey0.3 mL aliquots were withdrawn and poured
Motivated by these recent findings, we extended our study into excess of methanol. The precipitated polymer was separated
to the polymerization of other styrene derivatives. In this paper, from the solution by centrifugation and dried in vacuum before
the living cationic polymerization gi-methoxystyrene initiated ~ SEC analyses. Monomer conversions were deter_mined gravimetri-
by 1-(4-methoxyphenyl)ethanoll) using B(GFs); as a co- cally. The final results were as follows: conversien95% ¢ =
initiator in various solvents, at20°C, in open air and without ~ 182 N);Mn = 2770 g mot™; My/My, = 1.32.
thorou_gh drylng _of reactants, as well as in aqueous SUSpension, o+ and Discussion
and dispersion, is presented.
A. Polymerization in Solution. Preliminary Tests. fMeth-
Experimental Part oxystyrene was first polymerized using thi8(CsFs)s initiating
Materials and Methods. 1-(4-Methoxyphenyl)ethanol (Aldrich, ~ System in different solvents. The content of water in the
99%), B(GFs)3 (Lancaster, 97%)p-methoxystyrene (pMOS, Lan-  investigated systems was estimated from the manufacturer safety
caster, 98%), ChCl,, acetonitrile, toluene (Carlo-Erba, 99.5%), and sheet, giving 0.05 wt % in acetonitrile and 0.02 wt % in £H
methanol (Fluka, 99.8%) were used as received. Cl, and taking into account the fact that the catalyst forms a
Size exclusion chromatography (SEC) was performed on a complex with HO (B(CsFs)3-nH20 (n = 1—3)) (vide infra). In
Spectra Physics apparatus with two columns (PL gelrb 300 hese conditions, the ratio of water to catalyst is typically more

mm, 500 and 100 A) and one precolumn (PL gekf guard) ; At
' . . than 1.5, which however has no consequences on the kinetics
thermostated at 30C. The detection was achieved by a SP8430 of polymerization, as shown below.

differential refractometer and tetrahydrofuran (THF) was eluted at o o
a flow rate of 1.0 mL/min. The calculation of molar mass and ~ The polymerization op-methoxystyrene in dichloromethane,
polydispersity was based on polystyrene standards (Polymer Labs using similar conditions as those reported for styr&ngso-
Germany).!H NMR (400 MHz) spectra were recorded in CRQCI  ceeded very rapidly to produce polymers with higher molar
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Table 1. Cationic Polymerization of p-Methoxystyrene (pMOS) in Various Solvents with the 1-(4-Methoxyphenyl)ethanol (1)/B(gFs)s Initiating

Systen®
run solvent time (min) conversion (%) Mp.exs (9 mol?) M theof (g Mol~1) Mw/Mp left® (%)
1 CHCIP 0.5 100 6100 3115 2.50 51
50 100+ 100 9190 6075 2.45 66
2 toluene 6 99 9700 3085 3.75 32
90 100+ 100 11400 6075 2.80 53
3 CHCN 30 100 4380 3115 1.30 71
270 100+ 98 7000 5960 1.65 85

aReaction conditions: 1] = 0.019 M, [pMOS] = [pMOS], = 0.42 M, [B(GsFs)3] = 0.026 M; temperature 2TC. P[B(CsFs)3] = 0.05 M. ¢ Experimental
number-average molar madé(ex) obtained by GPC. Theoretical number-average molar Maggdo); Mn;theor= [PMOS]o/[1]o x 134 x conv+ 135(head
group)+ 17(tail group). Initiation efficiency: percentage of chains effectively produced fiinesr = [Pn]/[ 1]o.

masses than theoretically expected, broad molar mass distribu- a) 100
tion (MWDs) and low initiating efficienciesl¢s) (entry 1 in ]
Table 1). Similarly, polymers with uncontrolled molar masses, S 801
very broad MWDs, and lovles; are formed in toluene (entry 2 g ]
in Table 1). When acetonitrile was employed, controlled molar g 601
masses (entry 3, Table 1), with an increase of number-average z ]
molar massesM,s) with monomer conversion and relatively S 401
narrow MWDs i.e. M,/M, ~ 1.25-1.28, were obtained (Figure 20_'
S1). Still the experimentaW,s were higher than the theoretical

ones (Table 1, entry 3).

300 400

Addition of a fresh monomer aliquot before monomer 0 100 = 200
Time (min)

completion is a conventional trick to check whether polymer
chains are living, even if polymerization is not controlled (e.g.,
systems with low initiation rate). In all cases, slow polymeriza-
tions and a gradual increase in molar masss were observed, even
though the molar mass was not doubled as theoretically awaited
(Table 1). Besides, molar mass distributions narrowed slightly
compared to the end of the batch shots, when usingGGH

and toluene, while in acetonitrile, the larger MWD than the one
given at 100% conversion is ascribed to a partial reactivation
of the chains, thus producing a bimodal distribution (Figure S2).
These data indicate that in the polymerization system studied
here most of the growing chains, whether they are initiated by 0 100 200 300 400
water or thel/B(CgFs); complex, are long-lived; however, either Time (min)

too fast (CHCl,, toluene) or too slow (CECN) polymerizations
lead to substantial loss of living chains, particularly when adding
a second shot of monomer. 7500+ ol

Mixed Solution PolymerizationTaking into account these 6000-
preliminary results, we inferred that the mixture of &Hp and S
acetonitrile could be a compromise solution to achieve living
cationic polymerization op-methoxystyrene. Figure 1a shows 30001
the conversiontime relationship for thep-methoxystyrene 1500
polymerization with thel/B(CgFs)s initiating system in a 1:1
(v/v) mixture of CHCN and CHCI, at various initiator 0 50 100 150 200 250 %0
concentrations. The data in Figure 1a clearly evidence that the Conversion (%)
polymerization ofp-methoxystyrene proceeds without initiator Figure 1. (a) Conversion vs time (b) In([M[M]) vs time (where M
but that polymerization withl as the initiator is essentially faster. s the monomer) and (c) number-average molar nisig) (olar mass
Indeed, adventitious water complexed to the Lewis acid induces distribution Mw/Mn) vs conversion plots for the polymerization of

a competitive proton initiation, far to be negligible at low ?(-:TFe;hoi)r(l)i/t?gt/irr?ges;/gm2Si)nwgr|;[:ll\-1(-éc1:_|r—n|£:t|h0)1(¥1ph(?/r/]\y)l)(;tthaznc?)llé_-
initi ; ] i 5)3 : 2 1 :
initiator concentration. The first-order plots, In([M[M]) vs time [B(CeFe)s] = 0.026 M: [pMOS]= 0.43 M. Initiator concentrations:

shown in Figure 1b, are linear and start at the origin in the (v, v)[1] = 0.019 M, [pMOS} = [pMOS}; = 0.41 M; ©O,®) [1] =
absence and presence of the initiator; this indicates the absenc®.0085 M; (%) no initiator. The straight lines correspond to
of irreversible termination during the polymerization. theoretically calculatedl, values.

The number-average molar mass and molar mass distributioninterconversion between reversible terminated and active species
vs conversion are shown in Figure 1c. Contrary to the styrene take place. Indeed, even if initiator consumption is sléwas
case*? the polymerization ofp-methoxystyrene is living even  almost the same structure (reactivity) as the reversible terminated
in the absence of initiator; i.eM,, of polymers increases with  polymer chains; the polymerization is thus first order with
conversion (Figure 1c). When adding an initiator, tgs of respect to monomét3® even if the experimentaM,s are
the polyf-methoxystyrene)s increased in direct proportion to considerably higher than the theoretical ones at the early stages
monomer conversion, but experimenkéls were closer to the  of the reactior?® (It was shown before that a first-order plot
calculated values only at the later stage of the polymerization, cannot be linear if more or less active initiators than the
indicating that slow initiation relative to propagation or slow reversible terminated polymer chains were u¥¢8. Consider-

o
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Figure 2. (a) *H NMR and (b) matrix-assisted laser desorption ionization time-of-flight mass spectra oppoéthoxystyrene) obtained by
p-methoxystyrene (pMOS) polymerization with the 1-(4-methoxyphenyl)ethal)dB(CsFs); initiating system in CHCN:CHCI, 1:1 (v/v) at
20°C: [1] = 0.019 M; [B(GFs)s] = 0.026 M; [pPMOS]= 0.43 M. M,(SEC)= 2800 g mot™.
ing the well-known ability of B(GFs); and its derivatives to at least at “high” polymerization temperatufeSlightly higher
form weakly coordinating counteraniofisit is obvious that rate run number in the case of polymerizationgmethoxystyrene
constant of ion-pair collapse should be considerably smaller thanwithout initiator (RN ~ 20) can be due to the low initial
the rate constant for propagation; i.e., slow interconversion concentration of active species arising from water.
between reversible terminated and active species indeed operates - . .
in the investigated system At the lowest initiator concentration, the experimeritgis
At the beginning of the polymerization the experimeiias are always below the theoretical line, probably because of
for different initiator concentrations are very similar (below 30% COMPpetitive proton initiation via water, whereas for a larger
conversion, Figure 1c), which seems to indicate that the sameinitiator content, the molar masses reach the corresponding line
number of monomer units (about 15) were added to the initiating at final conversion (Figure 1c). In addition, polymers exhibited
complex during the first ionizationpropagation-termination ~ very narrow molar mass distributioM(/Mn < 1.2) for both
cycle; indeed, it was previously shown that the number of initiator concentrations. Besides, MWD slightly broadens with
monomer molecules (run number, RN) added to the initiator monomer conversion, probably because initiation by water is
during one ionizatiofrtermination cycle, i.e., the initid¥l,,, only slow relative to propagation but still running throughout
slightly increases with the decrease in the initiator concentration, polymerization.
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Table 2. Cationic Polymerization of p-Methoxystyrene (pMOS) in Dispersed Media with the 1-(4-Methoxyphenyl)ethanol (1)/B(€Fs)3
Initiating System?

Mn,expe Mn,theo%a

entry Vh,0 (ML) Vehgen (ML) Womos (9) time (h) temp {C) conv (%) (g molh) (g molh) Muw/Mp
1 5 0.48 23 20 99 2880 4435 1.75
2b 5 0.6 2 20 92 3800 5080 1.85
3P 5¢ 0.6 20 20 100 4380 5510 1.77
4 5 0.59 23 20 100 3480 5410 1.86
5d 5¢ 0.59 21 20 98 3440 2.00
6P 5¢ 1 0.6 20 20 8 2500 580 281
7 5¢ 1 0.3 20 35 19 1050 660 1.68
8 ¥F 2 0.58 50 40 8 1730 575 2.00
9 2 3 0.59 48 40 64 1440 3525 1.21

10 3 2 0.59 18 40 95 2830 5155 1.32

aReaction conditions1 = 0.017 g; B(GFs)s = 0.06 g.? B(CsFs)3 = 0.14 g.¢ Buffer pH= 7 (NaHPQ, 3.6 g/L, NaHPQ, 7.2 g/L, NaCl 4.3 g/L, HO
1 L) instead of HO. ¢ Without initiator. © Experimental Kln,ex) and theoreticalNin tneo) NUMber-average molar mads; imeor= [PMOS]o/[1]o x 134 x conv
+ 135(head group) 17(tail group).

The living nature of thep-methoxystyrene polymerization The main population corresponds to polymer chains cation-
with the 1/B(CqFs)3 initiating system was further studied by ized by sodium and bearing a double bond as terminal group
investigating chain extension experiments; two feedsp-of (M, = 2840.4 g mot?1). The two next populations are easily
methoxystyrene were sequentially added to the polymerization attributed to polymer chains bearing an hydroxyl,(= 2858.4
mixture before the initial charge of the monomer had been g moi~1) and methoxy (arising from methanol precipitation of
completely consumed. The additional monomer smoothly po- propagating chains, 2872.4 g mél w-end groupg? The two
lymerized without any significant changes in the polymerization last peaks, located &fl, = 2886.2 and 2900.9 g ndl, are
rate. As shown in Figure 1c, the molar mass doubled and tripled ascribed to the acetonitrile adducts{41 g mol™) of polymers
after addition of second and third feedmmethoxystyrene and  again terminated by a double bond and an hydroxyl group,
kept close from the theoretical values. The molar mass distribu- respectively’® We also confirmed the decay of the chain ends
tion also remains narrowMy/M, ~ 1.2—1.35) but slightly after the complete consumption of monomer by takings a
broadens after the addition of the new feeds of the monomer, model molecule for the growing polg{methoxystyrene) chains
indicating that some irreversible termination reactions start to and looking at its decomposition in the presence of Bz in
occur under monomer-starved conditions. a CHCN:CH,Cl, mixture.’H NMR spectroscopy revealed that

To summarize’ the po|ymerization pfmethoxystyrene by 1 forms p-methoxystyrene and Oligomeric chains bearing both
the 1/B(C¢Fs)s initiating system in CHCl,:CHsCN 1:1 (v/v) at hydroxyl and double bond at the-end (Figure S3).

20 °C, in open air and without any drying of the reagents, is  B. Polymerization in Dispersed Media.Table 2 summarizes
living, since in these conditions chain transfer and termination the data obtained for themethoxystyrene polymerization with
reactions are not visible, at least up to 4000 g ThoWe also the 1/B(CgFs)3 initiating system in aqueous dispersed media.
assume that acetonitrile can coordinate with &} to tune We chose here to work in surfactant-free conditions, to simplify
the Lewis acidity of the catalyst, allowing a better control of the plot of reactions, and discriminated polymerizations carried
the polymerization rate and thus the livingness of the polym- out in suspension, i.e., only in mixtures of monomer and water
erization (a detailed discussion about the role of acetonitrile in (or buffer, vide supra), from those in dispersion, where a water-
polymerization is given below). miscible solvent, i.e., acetonitrile, has been introduced. In terms

Polymer CharacterizatiariThe microstructure of the obtained ~ Of colloidal aspect and stability, the former system gave poorly
polymers was studied byH NMR spectroscopy and matrix-  stable emulsions, which phase-separate rapidly when stopping
assisted laser desorption ionization time-of-flight mass spec- stiring. The dispersion systems gave milky solutions, entailing
trometry (MALDI-TOF-MS). Figure 2a shows thé#d NMR very slow creaming at zero agitation.
spectrum of polyg-methoxystyrene) obtained by polymerization Polymerization in Aqueous Suspensitvhen the polymer-
in the mixture of CHCI, and acetonitrile. The resonances at ization proceeded in water or in a phosphate buffer set atpH
1.15-2.4,3.6-3.9, and 6.27.1 ppm are ascribed to the main- 7, used as an attempt for suppressing protic initiziqulymers
chain methylene and methine 412), —OCH; (3), and phenyl with lower M, than theoretical onesVi, theor~ 5500 g mot?)

(4) protons, respectively. The resonance atA.8 ppm arises and broad MWD /M, ~ 1.8) were formed (entries—24 in
from the CH— (o) protons at thex-end, and the resonance at Table 2).

3.4 ppm corresponds teCH—OH () protons at they-end?32° The polymerization is slower in buffer in comparison with
The number-average molar mass of the polymer, determinedwater, but the polymerization still proceeds even in the absence
by *H NMR from the peak intensity ratio of the well-resolved  of an initiator, which means that protic initiation can be only
methyl (@) to the phenyl protons (4My = 2815 g mot?), is partially suppressed in these conditions (entry 5 in Table 2,
in good agreement wittM, measured by size exclusion Figure 3a). However, in all these instances polymerization is
chromatographyNin = 2800 g mot*) and with the calculated  not living: the molar mass rises quickly to a maximum value
value based on the assumption that one chain is formed from(at about 26-30% conversion) and then almost does not change
one molecule of initiator NI, = 2745 g mof™* at 96% final (or even decreases) with conversion. MWDs of obtained
conversion). polymers are near two, indicating that initiation and transfer

MALDI-TOF-MS spectroscopy analyses were then performed reactions via water take place (Figure 3b). SEC traces of various
to investigate the effect of long time aging on the chain-end samples normalized by their conversion are shown in Figure
structure of polyg-methoxystyrene). The same polymer was 3c. The peak maximum does not shift with conversion, and
kept during an addition® h under monomer-starved conditions molar mass distributions broaden during polymerization. These
(Figure 2b). data again clearly evidence that only oligomers were formed



Macromolecules, Vol. 40, No. 3, 2007 Cationic Polymerization op-Methoxystyrene 487

a

100 - = a 100 ~
~ 80- % ]
S ”\5\ 75 -
& 60 <
w
= q 7
: S
5 401 = 2 50
O A b5
20 A > E
g
—————y O 2%
0 5 10 15 20 25 ]
Time (h)
0 v T ¥ T v T v T ¥ T ¥ T
b 0 5 10 15 20 25 30
5000 .
| & Time (h)
4000 - * =
= 3000 Jay o
= ]
2000
1000 ] A0
\ A * x -‘ &« 1,75 5
Se
. ; ; — 1,50 <
0 25 50 75 100
C i 9
onversion (%) 1,50
c
Conv. 47 % | <
Conv. 99 % M, 2930g/mol 1,25 =
M, 28808l MM, 1.70 ] =
M /M, 1.75 " 0- . . . — 1,00
n 0 25 50 75 100
Conv. 12% Conversion (%)
M,, 2430g/mol c
M, /M, 1.65 Conv. 77%
" M,, 1865g/mol
Conv. 100%
M,, 2485g/mol My,/M;, 1.27
v v v v . . v ) M,/M, 1.31
12 13 14 15 16 17 18 19 WM
Retention time (min) Conv. 38%
Figure 3. (a) Conversion vs time, (b) number-average molar mass M, 1300g/mol
(Mp), molar mass distribution\/M») vs conversion dependences for M,/M;, 1.22
the p-methoxystyrene (pMOS) polymerization with 1-(4-methoxyphe-
nyl)ethanol ()/B(C¢Fs)z at 20°C: [1] = 0.018 M; [pMOS]= 0.78 M
([pPMOS] = 0.65 M for the polymerization in water); [B¢Es)s] = Conv. 11%
0.022 M. Solvent: ©, ®) water; (%, %) buffer pH=7; (2, a) buffer M,, 1115g/mol
pH = 7, no initiator. (c) SEC traces for the-methoxystyrene M. /M. 1.17
polymerization with1/B(CsFs)s initiating system in water. wn

by interfacial polymerization similarly to previously reported r T T T T 1
systemg3.2426.29 e polymerization is not living. 14 15 16 17 18 19

Polymerization in Aqueous DispersioBifferent reaction Retention time (min)
conditions were tested to establish the influence of the concen-Figure 4. (a) Conversion vs time, (b) number-average molar mass
tration of the cosolvent, namely acetonitrile, on the polymeri- (Mnnw),trr:rg)t))(lfv\srt rpeises gilstrﬂtétrlitziggmlw\llvl\{lt%) 1\/?4cr?12\t/ﬁ£)5(ionh eprIIOBStht?arh ;;lle(
zation (entries 610 in Table 2). The polymerization was slowed g ( C§F5)3 gt 43’00 A ir? w);ter:acetonitrile 32 (VIV): [p{ﬁo 51]2/ 0.78 M:
down considerably when a small amount of acetonitrile was [B(CeFs)sl = 0.022 M. Initiator concentrations:C{ ®) [1] = 0.018
introduced (entries 6 and 7 in Table 2). Typically, in the mixture M; (s, %) [1] = 0.034 M; (», ) no initiator. The straight lines
of water, or buffer pH= 7, with acetonitrile, the polymerization co%est%%r;d St? trf;i%r)iti]gcilI%/n(é?é%l;iagwc\ﬁ\l/l;ss.igcg a;g(trczllgis g{ r‘)lf())ly-
proceed§ s!gp!f|cantly only at higher tempgratuTe\( 40°C), S"()3 inewate)r/:a)éetonitrile 3:2 (viv): ]ﬂg= 0.034 M; [pMOS]=503.78 M;
and an inhibition period and polymers with low molar mass [B(CeFs)s] = 0.022 M.
are obtained. Interestingly, thé,s slightly increase, but MWDs
of polymer broaden with conversion (see Figure S4). The peak The most promising results have been obtained when larger
maximum shifts with conversion, but distributions overlap in acetonitrile vs water contents (2:3 v/v) were introduced in the
the low molar mass region: again, conventional chain transfer- recipe. Figure 4a shows the conversidime variations for
dominated cationic polymerization takes place here. p-methoxystyrene polymerization with tiéB(CgFs)3 initiating
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Figure 5. Matrix-assisted laser desorption ionization time-of-flight ppm

mass spectrometry spectrum of pghriethoxystyrene) obtained by
p-methoxystyrene (pMOS) polymerization with 1-(4-methoxyphenyl)- - Figure 6. !9 NMR spectra of B(gFs)s in (a) CDCE, (b) acetonitrile-
ethanol ()/B(CsFs)s initiating system in HO:CHCN 3:2 (v/v) at ds, and (c) mixture of acetonitrilé; and DO (2:3 V/v).
40°C: [1] = 0.017 M; 1[B(C5F5)3] = 0.023 M; [pMOS]= 0.78 M.
MH(SEC)= 2830 g mot™ polymer chains bearing a double bond at theend M, =
system in this solvent mixture and at different initiator concen- 2840.6 g mof*) and adduct of acetonitrile with poly
trations. Basically, the polymerization proceeds with an induc- Methoxystyrene) possessing an hydroxyl as terminal group
tion period of~1—2 h, and the polymerization rate increases (Mn = 2899.5 g mot?), respectively:®
with increasing the initiator concentration. Again, the polym- ~ C. Polymerization Mechanism.B(CeFs)s is a strong Lewis
erization occurs in the absence of initiator, indicating that proton acid?3353¢therefore, the polymerization gFmethoxystyrene
initiation via water takes place. Therefore, it is not surprising in solution (CHCIy, toluene) proceeds rapidly and in uncon-
that experimentaM,s are systematically below the theoretical trolled fashion. Considering that B¢Es)s complexes adventi-
ones, especially at lower initiator concentration (Figure 4b), due tious water in the system (B§Es)s:nH20),* the water-free
to competitive proton initiation via water. Besides, the molar Lewis acid remaining in the system leads to fast polymerization
mass of the polymers hardly changes at the beginning butand numerous side reactions (hydroxyl abstraction, indanyl
increases slowly but continuously at the end of the polymeri- cyclizations, etc.). Generally, the polymerization of the reactive
zation. On the contrary, the MWDs of the obtained polymers monomers such as vinyl ethers gmehethoxystyrene proceeds
increase up to~50% conversion and then remains almost in a living fashion in the presence of weak Lewis acids.
constant up to full conversion (Figure 4b). Another popular method to modulate the Lewis acidity of the
The SEC traces of polymers normalized by their conversion co-initiator is the addition of electron donor components to the
overlap in the low molar mass region at the beginning of the system“>-5C (excess of electron donor is often required for the
reaction, although the peak maximum shifts with conversion polymerization of reactive monomé#s®). Acetonitrile clearly
(Figure 4c). According to the literatufé24.26.2%his, along with plays this important role in both solution and agueous suspension
observedM, and MWD evolutions with conversion at the by competing with water in complexing the Lewis acid, without
beginning of the polymerization, is the typical feature of the much decrease of the catalytic activity of the final complex.
interfacial polymerization, when the chains rapidly grow to the  To confirm this point,!®F NMR analyses of the Lewis acid
critical DP at the interface and then penetrate inside the dropletsin CDCls, acetonitrilees, and mixture of CCN with DO were
and stop propagatirg§:262829However, in opposition to all  performed and are presented in Figure 6. There are three signals
systems previously describét,262° the polymerization then  in the spectrum of B(€s)s in CDCl; due to theortho
goes on in a living manneimsidethe monomer droplets, upto (6 —135.35 ppm)para (6 —154.77 ppm), andheta(é —162.6
Mn 3000 g mot?. Indeed, the hydroxyl-terminated chains are ppm) fluorine atoms, respectively (Figure 6a). However, the
reactivated by the Lewis acid to give back the active center signals ofortho and para fluorines show a significant shift
and to maintain propagation. The overall shift of the SEC curves upfield (3-7 ppm) in comparison with the resonances of
(without overlapping over 50% conversion) as well as the sharp anhydrous B(@Fs)s in dry CD.Cl,.3®> The comparison of our
increase oM, with conversion without any significant changes spectrum with the spectra of B{gs)s*H,0 and B(GFs)s:2H,05%°
in MWD (Figure 4b,c) confirms this polymerization scheme. (almost identical) allows us to conclude that BEg)s-nH.O
To our knowledge, this is the first example of living cationic (n = 1—3%5), not B(GFs)s, is actually present primarily in the
polymerization in aqueous media. polymerization system when undried reactants are utilized. The
Polymer CharacterizationMALDI-TOF-MS spectroscopy use of acetonitrileds instead of CDC leads to the further
analyses were performed to investigate the chain-end structureupfield shift of signals of thenetaandparafluorines (the signal
of poly(p-methoxystyrene)s obtained in aqueous dispersion. of ortho fluorines often remains almost constant or showing a
Almost pure hydroxyl-terminated polgmethoxystyrene)s were  smaller shift in the opposite directi#f due to the complexation
formed even after aging during several hours under monomer-of acetonitrile with Lewis acid. The splitting of the signals in
starved conditions, contrary to solution polymerization systems, CDsCN indicates that the B({(Fs)3*CDsCN complex exists in
where a considerable chain degradation was observed undeequilibrium with the complex of B(€Fs)s with water. In the
similar time conditions (see Figures 2 and 5). The main spectrum of the mixture of fD with acetonitrileel; the peaks
population corresponds to polymer chains cationized by sodiumwere progressively shifted upfield in comparison with the
and bearing an hydroxyl as terminal groud,(= 2858.5 g spectrum in acetonitrilels, indicating the formation of a much
mol™1). The other two minor populations are attributed to stronger complex in the presence of a huge amount of water.
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Scheme 2. Proposed Mechanism for thp-Methoxystyrene Polymerization with 1/B(GFs)s Initiating Systems in a Water:Acetonitrile
3:2 (v/v) Mixture

M
CH;— CH—OH (or H,0) + B(C,F,),~ nHzOnp—OS>MMMNCH—§H [(CFy); H—OH

OCH, \ OCH;

aqueous phase

entry

organic phase J

MW CH;— CH—=OH + B(C(F);»CH,CN=== mwwCH;—CH  [(CF5);B(OH)]

OCH, OCH,

n pMOS

We have shown that a high excess of strongly coordinating catalyst inside the particles in the form of its complex with
solvent as acetonitrile to the Lewis acid is required for the living acetonitrile, less hydrophilic that the complexes of g{gs with
polymerization ofp-methoxystyrene with th&/B(CgFs)s initiat- water with which it competes. Such penetration of the catalyst
ing system to occur in solution. Taking into account that the in the organic phase is surely facilitated by the fact that
complexes of B(@Fs)s with H,O and CHCN are labile and acetonitrile partitions equally between the water and the
the ligands exchange proceeds by dissociative mecha&fism, monomer phases. More investigations are needed to evaluate
assume that the main function of acetonitrile in the investigated the multiple roles that acetonitrile plays in this formulation.
system is to suppress the dissociation of the complexes of
B(CsFs)s. In this case, only a small amount of Bf&)s, resulting Conclusion
from the dissociation of B(gFs)s:CHsCN or B(GsFs)3-nH20,
takes part in the initiating and propagating steps. This leads to N . .
a slow[()jown of the polyn?erizatﬁjn eatge ang to : suppression of polyme_n;atlon ob-methoxysty_rene In a mixture of GHl> and
side reactions. Similar conclusions have been proposed for theacetonltrlle at ZQC In open air and in t.he presence of water.
styrene polymerization co-initiated by Tig}and AICKS? where The polymerlzatlon proceeds via rever5|b]e activation ofGH
an excess of electron donor to the Lewis acid was added. terminus and poly(—methoxystyrene_)s ‘.N'th. controlled mo!ar

Using acetonitrile in excess also responds to three other Mass and narrow ".‘0."'?“ _mass d'SFr'bUt'on. were obtained,
requirements to implement living polymerization. First, when although undesirable initiation by protic impurities takes place.

a high excess of acetonitrile compared to water is present in However, the p°|ymer chain ends are unstable and u_n_dergo a_cid-
the system (for instance, in the case pfmethoxystyrene catalyzed dehydration under monomer-starved conditions, which

polymerization in a mixture C¥CN:CH,Cl, 1:1 v/v), acetonitrile leads to some loss of functionality.
can displace the water in the Bf&)s-nH-O complexes, thereby The controlled/living aqueous dispersion polymerization of
suppressing the competing protic initiation from the strong P-methoxystyrene using the same initiating system was suc-
Bronstedt acid HO*[B(CeFs)sOH] . Also, the complexation of ~ cessfully performed in a mixture:CHsCN 3:2 (v/v) for the
the Lewis acid by acetonitrile is surely in favor of its partitioning ~ first time. Basically, the polymerization proceeds in two stages.
toward the organic phase. Finally, acetonitrile or its complex The process begins at the interface where the chains propagate
with B(CsFs)s, can interact with growing chains to modify their ~ up to critical DP and then penetrate inside the particles on the
reactivity. According to 1Va253 the interaction of the Lewis first stage. On the second one, the hydroxyl-terminated poly-
acid—nucleophile complex with active centers plays a critical (P-methoxystyrene)s are reactivated by B§}s, which enters
role in the achievement of living cationic polymerization. into monomer droplets, most probably, in the form of complex
A proposed mechanism for the polymerizationpsfmeth- with acetonitrile. Even if undesirable initiation by protic
oxystyrene in aqueous dispersion, i.e., in a mixture of water impurities lowered the molar mass in Comparison with theoreti-
with acetonitrile, using thel/B(C¢Fs)s initiating system is cal ones, théM,, of polymers increased with conversion, albeit
proposed in Scheme 2. Initiation of chains occurs either ftom Up to 3000 g mot™. In addition, almost pure hydroxyl-
or water at the particle interface. Once initiated, each chain terminated polyg-methoxystyrene)s were formed by aqueous
propagates until termination by water molecti@®When the ~ Polymerization in contrast to the solution process.
oligomers terminated by water become too hydrophobic, they
enter inside the particle8:26:54Basically, at this stage of the Acknowledgment. This work was supported by a NATO
polymerization only short oligomers are formed (BP8—10, scientific and technical grant for exchange between east
see also for detail Figure 4b). However, in contrast to all European countries and France. S.K. is grateful to the Belarusian
previously described syster?s2629 the polymerization of  Foundation for Fundamental Research for the partial support
p-methoxystyrene can proceed further inside monomer dropletsof this research (Grant X0O5MC-034). F.G. acknowledges Prof.
due to the reactivation of hydroxyl-terminated chains. Such a Patrick Henery for supporting him in the difficult quest toward
striking result was achieved due to the possibility to drive the the control of cationic polymerization in aqueous media.

The 1/B(CqFs)3 initiating system induces the living cationic
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