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Abstract

Synthesis of poly(2,2,2-trifluoroethyl methacrylabs supported ATRP was investigated in superalittarbon
dioxide using a copper salt ligated to a polymégand immobilised onto silica; after polymerisatjo
fluorinated polymers with well defined moleculariglg and low polydispersity were obtained.

Atom transfer radical polymerisation is one of thest robust tool for the synthesis of polymers witl
defined characteristics and architectret suffers from the major drawback that it rebesthe use of transition
metal catalysts that contaminate the final polyrRecently, ARGET> and ICAR ATRP have been proposed
as very promising approaches to significantly deseethe amount of catalyst. In ARGET, a very lovoant of
catalyst (Cu(ll)), as low as a few ppm, is contiasiy regenerated to the Cu(l) activator state bgxaess of
reducing species.e., tin ethylhexanoate (Sn(ER))° fructosé or ascorbic acidICAR similarly regenerates
Cu(l), but through the use of an organic radicalator such as AIBN. Nevertheless, due to suabvadontent
of catalyst, control of the polymerisation can leeydifficult and is strongly dependent on thaze values®
Immobilising the catalyst onto an inorganic supp®@ second alternative to remove the catdlysbespite the
requirement for use of a small amount of catalysts oxidated staté*in order to increase the deactivation
rate, synthesis of polymers with well defined malac weight and low polydispersity has been regbhg
supported ATRP. In this work, we prepare poly(2Zifluoroethyl methacrylate) (PFMA) in supercriic
carbon dioxide (scCg by supported ATRP which is a preliminary steptfe synthesis of non-crystalline
fluoro-polymers, known for high solubility in thimedium, by a (semi)continuous ATRP process. Dubdo
unique properties of scG@high mass transport, low viscosity, high densitly¢ use of a sacrificial initiator or
deactivator is not required to obtain good conmifdhe polymerisation when a macroligand is immiskil on
the support.

Recently, we reported the successful synthesidR by dispersion ATRP using a G&hilic polymeric
ligand bearing tetraethyldiethylenetriamine (TEDBTp&ndant groups (Fig. 1) that had a dual riode,
complexation of a copper salt and stabilizatioPBfMA growing particles® Whereas purification of PMMA
by supercritical fluid extraction (SFE) of the fhigated catalyst was easy, when a fluorinated pelyis
considered (PFMA for instance), both the catalyst the polymer exhibit high solubility in scGQO his could
make the selective separation of the,&0luble catalyst from the fiuoropolymer matrix 8%E rather difficult,
which justifies the immobilisation of the ligandtoran inorganic support for the development of sujgul
ATRP.

Homogeneous ATRP of FMA (10 ml) was first investaghin scCQ. The polymerisation was initiated oy
methyl-bromophenyl acetate (MBPA) and catalyzehr ligated by a macroligand witii, = 5000 g mof

and 2 TEDETA per chain. Polymerisation was condiiete320 bar and 70 °C for 24 h in a 35 ml higtspoee
cell. FMA was chosen as a monomer because thdirgsfiliorinated polymer is soluble both in THF, iain
allows its easy characterization by size exclusimmmatography, and, more importantly, in seQ@deed,

when polymerisation was realized in a view celll{fgal, entry 3), the brownish polymerisation medium
remained homogeneous during the whole polymerisgiiocess, in agreement with the high solubilityhef
fluoropolymer in scC@ Different monomer to initiator molar ratios weneestigated in order to target different
molecular weights. In each case, the conversidimated by gravimetry, was high and the moleculargivt

was easily modulated by the monomer to initiatofamnaatio, as expected for a controlled processiedeer,

T Electronic supplementary information (ESI) avaitatifurther experimental details, TG curvég, and CP-MAS®Si solid state NMR
spectra. See DOI: 10.1039/b812297k
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the molecular weight distribution was low (kM,/M, < 1.15) until high monomer conversions (Table 1). For
comparison, the same experiment was repeated timeleame conditions using free TEDETA instead of a
macroligand to complex the copper salt. Under tlteselitions, the monomer conversion was low, the
polymerisation was out of control and the polydrsjig was high, resulting from the poor solubildi/the
catalyst in this mediurtf:*’

Fig. 1. Grafting of TEDETA and macroligands by the "gitadt onto" approach.
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Table 1: Experimental conditions for ATRP of FMA in scCO

Macroligand
Conv. Mn,theor/g Mn.ext;/g
Entry  Mwg  No. TEDETA |c,1i1MBPA] [FMAJ[MBPA] (%) mol mol"  PDI
mol per chain
1 5000 2 0.5 130 78 17 400 19000 1.11
2 5000 2 0.5 240 78 31 200 32000 1.14
3 5000 2 0.5 360 72 43 000 45000 1.13
4 15 000 4 0.5 165 90 27 000 31000 1.15
5 — Free TEDETA 0.5 240 15 6000 9200 5.60

3 Gravimetrically determined.M,, neor= (Weight of monomer/initiator) x monomer conversiohEstimated by SEC with PMMA
calibration.

In a second step, the macroligands, which are epged by a thiol grouf5,were immobilised by the "grafting
onto" approach onto Cab-O-Sil EH5 (specific surfama: 380 Ag™; ~4.5 Si-OH nrif) (Fig. 1). The silanol
groups at the surface of silica were first reaetéti 3-glycidoxypropyltrimethoxysilane (GPM) in cgdto
convert them into epoxy groupg a stable Si-C bond. In order to prevent the methgmyps of GPM from
condensing in the presence of water, the siliciighes were previously dried at 120 °C for 2#hlvacuo,before
being dispersed in dry toluene and added to arssxaeGPM (20 eq. GPM compared to Si-OH). Afteth2ak
100 °C, the excess of GPM was removed by repegtddscof centrifugation (5000 rpm, 20 min)/redisien in
toluene. After dryindn vacuo,the grafting yield of the particles was determibgdhermogravimetric analysis.
The TGA curves showed two weight losses, at 12fbf@he adsorbed GPM and at 350 °C for the covblent
bonded GPM, respectivelgf( ESI," Scheme S1). Therefore, the non-grafted GPM wasirgdited by thermal
post-treatment of the silica particles until thstfiveight loss in the thermogram completely dissppd. TGA
of the so-purified silica showed a weight loss d¥dwhich corresponds to 1.5 epoxy group“nithe grafting
of GPM was confirmed b{’C and®®Si solid state NMR spectroscopsf.(ESI," Schemes S2 and S3,
respectively). The solid stat&si CP-MAS NMR spectrum of silica grafted by GPM eksahe typical silicon
resonances of the particle core between -100 @8@Ippm. Three distinct peaks are also visible @t 87 and
-99 ppm, which correspond to the bonding of GPNhtosurface by reaction of 1, 2 or 3 methoxy groups
respectively’? Macroligands with a-thiol end group were finally grafted onto silicp teaction with the
surface epoxy groups at room temperature for 5 ohafyfluorotoluene (TFT). After reaction, silicgas purified
by repeated centrifugation (5000 rpm, 20 min)/ne€lision (in TFT) cycles before characterizatiomBA in
order to estimate the amount of grafted macrolig@@6 macroligand nif) (cf. ESI,” Table S1). The same



Published in: Chemical Communications (2008), #spp.5803-5805
Status: Postprint (Author’s version)

procedure was used to graft a macroligand witlgheri molecular weight, = 15 000 g mot).

Supported ATRP of FMA (10 ml) was initiated by mgth-bromophenylacetate (MBPA) at 70 °C and 320 bar
in the presence of CuBr ligated by the two différsupported fluorinated macroligandg,(= 15 000 g mot; 4
TEDETA units per chain; weight loss = 39%, avigl= 5000 g mof, 2 TEDETA per chain, weight loss = 20%)
without the addition of free Cu(ll)/TEDETA cataly®TRP was conducted in a 35 ml high pressure cell
thermostated in a preheated oil bath and equipbdavstirring bar. After 24 h at 1000 rpm, theatea was
cooled below room temperature, so that the fluseicigpolymer precipitated in the high pressure egltl CQ

was rapidly vented in order to avoid the extrusib€O,-plasticised PFMA through the releasing valvesryri
venting. A liquid was however extracted during G@nting andH NMR characterization demonstrated that it
was the residual monomer. After complete depresstion, the cell was opened and a few mg of PFMfewe
dissolved in THF in order to determine the appanestecular weight and the polydispersity of theafiproduct
by size exclusion chromatography in THF calibrdigd®MMA standards. After drying of the polymer unde
vacuum overnight at 40 °C, the monomer conversias gravimetrically determined. CuBr supported oh-Ca
O-Sil is an effective catalyst for the ATRP of FMIideed, the molecular weight of PFMA is closehe value
observed in homogeneous ATRP (Table 2, entries 8-8hould be noted that the molecular weighthef t

PFMA chains was too high to be estimatedtyNMR spectroscopy. Nevertheless, the moleculaghtef the
supported macroligand has an impact on the moleadaght distribution of PFMA formed. Indeed, when
short macroligand is immobilised, the polydispgrstiow (M,,/M,= 1.10, Table 2, entry 4) and is similar to the
value obtained for homogeneous ATRP of FMA in seCO

For comparison, the same experiment was repeaieg cspper catalyst ligated by TEDETA immobilisatt@
silica (Table 2, entry 2) or a higher molecular gigimacroligand grafted onto the support (Tablery 8).
Whereas the polymerisation rate is not affectetheylength of the spacer, higher polydispersityigal(1.35 <
Mw/M, < 1.45, Table 2, entries 2, 6, 8) were obtained. &mesults are quite different from those reported b
Shenet al. who investigated the effect of a polyethylene ghsmacer on the polymerisation rate in the
supported ATRP of MMA in organic solvefitMoreover, low polydispersity was obtained evethim absence
of free Cu(ll) deactivator whereas supported catéhge oxidized catalyst hybrid systems were psepan
order to improve the control of the polymerisatinrtase of supported ATRP in organic mediti?. These
results are the consequence of the unique propartiscCQ, i.e., high mass transport properties, low viscosity
and high density, so increasing the diffusivityttog active species (gas-like properties of sg@@mbined with
the small size of the support (~0.3 pm). Thesestahts are in line with Zhet al. who demonstrated that
surface-mediated deactivation was not feasible vidugre supporting particles (~100 pm) were usedtduke
geographic isolation of the catalytic site$? The deactivation rate was however improved wheallsm
supporting particles were used. The high efficieotgur supported catalyst might also be explaingthe
presence of leached catalyst that also increasegetictivation raté.?

Table 2: Homogeneous and supported ATRP of FMA in sScQMBPA]/[TEDETA] = 2, [CuBr]/[TEDETA] =
1, [Cu]p = 4314 ppm

Entry Macroligand Polymerisation characteristics
characteristics
Mn/g No. TEDETA [FMA)/[MBPA] Conv. Myan./g PDI Residual

mol*  per chain (%)* mol™b catalyst (ppm)

1 Free TEDETA — — 240 20 9200 5.6 n.d.

2 Supported — 0.25 TEDETA 240 82 36000 1.4 321
TEDETA nmi?

3 Homogeneous 5000 2 240 78 32000 1.14 n.d.
ATRP

4 Supported 5000 2 240 77 33000 1.10 117
ATRP

5 Homogeneous 15 000 4 150 90 31000 1.15 n.d.
ATRP

6 Supported 15 000 4 150 76 26 000 1.45 63
ATRP

7 Homogeneous 15 000 4 240 90 34000 1.15 n.d.
ATRP

8 Supported 15 000 4 240 80 30000 1.35 138
ATRP

3 Gravimetrically determined.Determined by SEC with a PMMA calibration.
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Finally, the removal of the catalyst was invesgghtin practice, after depressurisation of the Ipiggssure cell,
PFMA was dissolved in THF before removal of themaned catalyst by centrifugation (5000 rpm, 5 nanjl
the residual amount of copper was estimated bym@Rsurements (Table 2). From the ICP results grést
case, more than 98.5% of the catalyst were extig@iable 2, entry 6), which leads to PFMA with ¢ytia
residues as low as 63 ppm compared to (€314 ppm.

In conclusion, a copper-based catalyst ligatedilmasupported fluorinated macroligands is vergacin
ATRP of FMA to high conversions in scGOndeed, due to the unique properties of sg@lae use of a
sacrificial initiator or Cu(ll) deactivator is noéquired to obtain PFMA with controlled moleculagight and
polydispersity as low as 1.1. Finally, after remmfathe catalyst the residual copper content vealow as 63
ppm. Optimization of the recycling conditions (exdtion and reuse of the catalyst) is in progrebes€
preliminary results are a step to the semi-contisugynthesis of fluoropolymers by ATRP in sgCO
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