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Full Paper: Macromersof 3-[tris(trimethylsilyloxy)silyl]-
propyl methacrylatg(TRIS) were synthesisedising cata-
Iytic chaintransferpolymerization,and the kinetic para-
metersgoverningthe reactionwere evaluatedA studyon
the radical solution polymerizationof TRIS in the pre-
senceof the catalytic chain transferagentbis[(difluoro-
boryl)dimethylglyoximato]cobalt(IlYCOBF)at 60°C was
conducted. Using appropriate Mark-Houwink-Kuhn-
Sakuradaconstantgor polyTRIS, the chaintransfercon-
stant(Cs) for COBF was found to be ~1400 in toluene
solution. This low Cs value, as comparedto the value
reported for methyl methacrylate polymeiization
(~3.5- 10%, is only partly explainedby a diffusion-con-
trolled chaintransferreactionin the methacrylateseriesof
monomersA studyon the influenceof conversionon the
molecularweight distributionindicatedsignificantbroad-
ening and bimodality, consistentwith reversiblecatalyst
poisoningandchaintransferto the macromersHigh oxy-

gensolubility in TRIS is hypothesisedo play arole in the
reversiblecatalystpoisoningmakingit difficult to obtain
a controlledreactionundernormal free-radicalpolymeri-
zationreactionconditions.
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Intr oduction

Polymersand copolymes containing the monomer 3-
[tris(trimethylsilyloxy)silyl]propyl methacylate (TRIS)

arewidely usedin the contact lensindustry asit imparts
significant oxygen permeallity to lens mateials. As a
homopolymer, polyTRIS haslimited value asit is diffi-

cult to machine Jackswettability andsuffersfrom protein
deposition resultirg in poorwearcomfort. Therefore,the
applicatbn of TRIS is restrictal to co- andter-polymeiic

formulatons with hydrophlic monomers. In order to
optimisetheseformulatons,a numbe of reseach groups
havefound it advaitageousto make relatively conplex
molecubr architectiresof TRIS and related compounds
asprepolymersresuting in star block or graft structures.
A numberof synthett appoachesto prepolyme syn-
thesishawe beentaken,including grouptransferandcon-
tiguous condenstion — free radical polymerizaions—.

a2  PresentaddressGeneralElectric Plastis BV, 1 Plasticslaan,
PO Box 117, 4600 AC Bergenop Zoom, The Netherlamls;
HansHeuts@gepx.ge.com.

This paper describesthe applicaton of catalytic chain
transferto synthegse TRIS macromes anddeak primar-
ily with the kinetic and meclanistic aspectsof catalytic
chan transfe that govern the controlled production of
maaomers.A prdiminary paperoutlining a studyon the
cataltic chain transfer polymerization of TRIS has
recently beenpublisred by Stewardandco-workers).

Overthe pastdecadecataltic chan transferpolymeri-
zation hasemegedasa very efficient tool for the produe
tion of oligomerswith a vinyl end-fundionality®%. This
processis basedupon the ability of certain low-spin
Co(ll) complexes,suchascobat(ll) porphyrinsandcoba
loximes, to catalyze the chaintransferto monomerreac-
tion. In this particdar process a hydrogen atom is
abstractd from a S-positionin the growing radical (pre-
ferally from an a-methyl groupg and transferredto a
monomer moleculét®, Overall this processleadsto a
deadpolymer chainwith an unsatura¢d endgoup and a
monomericradcal (seeSctemel for the caseof methyl
methacrylak polymerizaion).
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Schemel:
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Sincethe functiond oligomers which resultfrom cata-
lytic chain transfer polymerization are, in principle,
macromes, they can be used subsequetty for copoly-
merizaton with other monomes, resultingin graft, comb
or star architecture$*?6; alterratively, thesemacromes
canact aschaintransferagens®*". The modeof reac-
tion (copolymerizaion or chain transfer)is dependenhon
the structureof the comonaners— acrylatestendto copo-
lymerize whereas methacylates undergo addtion-frag-
mentatbn chain transfef. The primary advantageasso-
ciatedwith the useof catalyticchan-transfeiis its simpli-
city. The reacton conditions required are generaly iden
tical to those usedin normal free radcal polymeization
and the reacton is insersitive to moisture. In addition,
the reactionleadsto very high levels of chainendvinyl
functionalty without the necessityfor any postpolymet-
zationtransformatbn.

Experimental part

Materials

The bis(methanol) complexes of bis[(difluoroboryl)di-
methylglyoximato]cobalt(lIlYCOBF, 2a) andits tetraphenyl
derivative COPhBF (2b) were preparedaccordingto the
method describedby Bakac et al.*® The monomersTRIS
(Aldrich, 98%) and methyl methacryate (MMA,; Aldrich,
98%) were passedhrougha column of activatedbasicalu-
mina (ACROS, 50-200 micron) to remove inhibitor and
purged with high purity nitrogen (BOC) for 1.5 h prior to
use.AIBN (DuPont)wasrecrystallizedtwice from methanol
and usedas initiator. Toluene (Ajax Chemicals,Analytical
Reagent)was usedwithout further purification and purged
with high purity nitrogen(BOC) for 1.5 h prior to use.
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Chaintransferconstanimeasuements

Chaintransferconstantgor COBFin the solution polymeri-
zation of TRIS (toluene TRIS = 2:1 v/v) at 60°C were
determinedas describedn detail previously®2%. The TRIS
monomerhasa very high boiling point makingremovalvery
difficult. Polymerswereisolatedfrom the reactionmixtures
by precipitationin cold methanol— in somecasesjsolation
of the precipitaterequiredcentrifugation.The polymerswere
subsequentlgried underreducedoressureat 50°C.

Time dependenéexperiments

A mixture of monomerand toluene (1:2 v/v) was purged
with high purity nitrogengasfor approximatelyl.5 h before
chaging this solutioninto a Schlenkflask containing2,2-
azoisobutyronitrile(AIBN) (2102 wm; in both TRIS and
MMA experimentsiand COBF (7.7 x 10°m; only in TRIS
experiment) which had beenpreviouslyevacuatedand sub-
sequentlypurged with nitrogen for threetimes in order to
excludeoxygenfrom the reactionmixture. In the caseof the
MMA experiment,a 10 ml solutionof COPhBF(4.3 x 10°°
M in overallreactionmixture)in toluene which hadnotbeen
deoxygenatedpreviously was subsequentlyaddedto the
reactionmixture. In bothexperimentsthe Schlenkflask was
placedin a waterbathat 60°C and polymerizationwas car
ried out under continuousmagneticstirring. Sampleswere
withdrawn from the reactionmixture to determineconver
siongravimetricallyandto follow the molecularweightevo-
lution.

Molecularweightanalyses

Molecular weight distributions were determinedby size
exclusionchromatographysinga GBC Instrumentd.C1120
HPLC pump, a ShimadzuSIL-10A Autoinjedor, a column
set consistingof a Polymer Laboratories3.0 um bead-size
guardcolumn(50 x 7.5mm) followed by four linear PL col-
umns(A 10°, 10°, 10* and10%) anda VISCOTEK dualdetec-
tor Model 250 differentialrefractiveindex detector Tetrahy-
drofuran (BDH, HPLC grade) was used as eluent at
1ml-min Calibration of the SEC equipmentwas per
formed with narrow poly(methyl methacrylate)standards
(Polymer Laboratories, molecular weight range: 200—
1.6- 10°), andthe polymerswereanalyzedusingMark-Hou-
wink constants for poly(methyl methacrylate) (K =
12.8-10°5dl - gt anda = 0.697)andthosepreviouslydeter
mined for poly(TRIS) (K = 1.67-10° dl-g* and a =
0.74%9,
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\iscositymeasuements

The absoluteviscositiesof pure monomerand a toluene-
monomemixture (2: 1 v/v) at 60°C weremeasuredisingan
Ostwaldviscometer(sizeA) immersedn atemperature-con-
trolled waterbatt?®. The calibrationof the capillarywasver-
ified by cross-checkinghe viscosityof MMA with the value
reportedby Stickler et al.?® Valuesof 2.00 and 0.55 centi-
poisewereobtainedfor the puremonomerandthe monomer
solution,respectively

Resultsand discussion

Determiration of chaintransferconstants

The chain transferconstantof COBF in the free-radcal
polymerization of TRIS at 60°C was meaured using
both the Mayo®” and chain-lengh-distribution (CLD)?®
procedues. The Mayo appoach (Eqg. (1)), requires the
measurerant of the reciprocal averagedegreeof poly-
merizatbn (W;l) as a function of the ratio of chain
transfer agent and monomer conentrations ((COBF]/
[TRIS]), after which the chain transfercorstant (Cs) is
obtainedasthe propationality constant of the two para-
meters.

ko[R] [COBH
=+ Ryt Ot O Ry @

DP,

In Eq. (1), / is thefraction of termination by dispropor
tionation, <k is the aveageterminationrate coeficient,
ko is the propagationrate coeficient, [R*] thetotal radical
concentationandCy thechaintransfe constanto mono-
mer. The averagedegeeof polymeizationis experimen
tally determinedfrom the molecula weight distribution
eitherfrom the numkter averagemolecularweight (M,) or
half the weight averaye molecubr weight (M,/2), where
the latter procedurehasbeenfoundto yield morereliable
resultg®23:29-31)

The CLD procedurepasedupan Eq. (2), wasoriginally
derivedby Clay and Gilbert®, andrequiresthe measure-
mentof the slope of a molecdar weight distribution (A1),
plottedasthe naturallogarithm of the numberdistribution
(In(P(M)) agairst the molecula weight, asa function of
[COBFJ/[TRIS]:

_dinPM) (R
i ‘{ o[M]
+Cy +Cs%}mol (2)

wheremy, is the massof the monomer A plot of —4mg vs
[COBF)/[TRIS] (called a CLD-plot in the remairder of
this paper) yields a straightline with a slopeequalto the
chain transkr corstant Cs. Although Eq.(2) is only

strictly valid in the high molecula weight region of the
molecular weight distribution, it has been found that
more reliable resultsseemto be obtainedwhen 4 is deter
minedin the region of the peakmolecuar weight3°:31),
In the presentstudy both the high and peak molecula
weight slopes,denotedas Ang, and Apea respetively, are
utilisedin theanalyss.

Comment®n the SECcalibration

In order to obtain accuate resultsfrom Eq. (1) and (2)
using size exclusionchromatography(SEC),it is impera
tive to constuct a universal calibration curve. Typicdly,
the Mark-Houwink-Kuhn-Sakurad (MHKS) paramegrs,
K anda, of the calibrantandanalytepolymersareutilised
to avoid the necessit of meauring the intrinsic viscos-
ities[#] of all the polymer samplesTheseparametrs,K
anda are empirical paramegrswhich relatethe intrinsic
viscosity [#] of a polymerto its molecdar weightM (see
Eq.(3))%.

[7] =K-M* (3)

This relationdip can be usedwith the universal cali-
brationprinciple, Eq. (4), to yield Eq. (5).

1]y - My = [n], - Mo (4)

1
Kl Tray iT(’tl
M, =— M, 5
= () m (5)

In Eg.(4) and (5) the subscrips 1 and 2 refer to the
calibrantandanalyte polymers,respectiely.

One problem with this calibraion approat is that the
emgrical parameterK anda areknown to vary over dif-
ferert molecularweightrange$?. Henceit is importart to
detamine the ‘best’ approachto transfaming a molecu-
lar weight distribution, minimizing errors. Thereare two
possble approacks: direcly charging the molecular
weight averayes obtained agairst a poly(methyl meth-
acnylate) calibration curve into the desired ones and,
alternatively, convertingthe entire molecubr weight dis-
tribution first, andsubsequetty calculatingthe molecula
weight momens (see Scleme2). Furthermore,it is of
practical value to investigate whetherthe MHKS para-
meterscanbe usedto direcly convertthe slopes of CLD
plotsinto the correctvalues, withoutrecourseo the origi-
nal molecula weight distributions.Eqg. (1) and(2) clearly
suggestthe following relationsip betweenM, andA:

1
—— =M,
; (6)
It was shownby Moad and Moad® that this approxi-
mate reldionshipturnsinto anequaity if the polymeriza
tion systemis conpletely dominated by chain transfer
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Scheme&2:
SEC analysis
Kuma & Cuma
Krris & Otris
Molecular weight distribution 1 Molecular weight distribution 2
Krris & O7Rris
Mn,1v Mw,1 & A1 Mn,z: Mw,2 & A2
Krris & OTais
Cs.1 Csz2

Theimplicationis thatthe slopesof CLD plotsarelikely
to corformto Eq. (7).

1 ESGN
1 B K, \ T2 1 Tray
A (E) <_ A—1>

Screme2, summaizes the different approabes that
canbetaken.Eq. (8). Canalsobederived.

(7)

(5 (2)"
Cse  \ Ko Cs:

This intuitive expres®n originates from the notion
that DP;'= My/myx Cs, andif Eq.(8) is valid it would be
of practicalutility for recalculaing publishal chaintrans-
fer constatsin the absere of molecularweightdata.

(8)

0.012

Tab.1. Effectof the molewlar weightconverson sequenc®n
the final molecularweight parameers obtainedin a seriesof
experimentgo determineCs

Parameter pMMA K pTRISK anda
anda
direct MWD
conversion  convesion
M 116- 1C¢° 281-1C° 291-1C°
46- 10° 115-1C° 119-1¢°
36- 10° 88- 10° 91-1C°
22-10° 57-10° 58- 10°
M 180- 10° 430-1C° 442-10°
76- 10° 185- 10° 189- 1¢°
60- 10° 146- 10° 149- 1¢°
34-10° 84-10° 86- 10°
Ahigh -10.1-10°% —4.2-10° -4.3-10°
-22.7-10° -9.2-10° -9.9-10°
-31.3-10°% -12.6-10°% -12.8-10°
-62.9-10°% -24.8-10°% -26.0-10°
Apeak -12.0-10%  —4.9-10° -4.9-10°%
29.3-10% -11.8-10° -11.8-10°
40.7-10% -162-10° -16.3-10°
70.5-10% -277-10% -28.1-10°

A summay of the molecula weight data obtained
from one of the chaintransferconstat determnationsis
givenin Tab.1. It is clear from theseresuts that direct
conversionof the molecubr weight momerts via Eq. (5)
yieldsresultsthataregeneradly within 5% of the molecu-
lar weightaverayesthatareobtainedby firstly conveting
the entire molecubr weight distributionsvia Eq. (5). The
samecondusion is also valid for the slopesof the InP
plots,indicatingthe applicablity of Eq. (7). Theseresults
are importart for practical reasonsas they suggestthat
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Fig. 1. Two replicae Mayo plots for TRIS basedon M,/2. (A) Data from run a
shownin Tab.2. (e) Datafrom run b shownin Tab.2
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Fig.2. Two replicae CLD plotsfor TRIS. (A) Datafrom run a shownin Tab.2.

(o) Datafrom run b shownin Tab.2

Tab.2. Sumnary of CSvaluesdeterminel usingthe Mayo andthe CLD proceduesanddifferentSECcalibraions

Kanda Exp. Chaintransferconstat?
Mn Mw Ahigh Apeak
PMMA a (2.2 + 0.6)- 1C° (3.0« 1.0)-1C° 34+ 1.2)-10° (3.6 £ 1.3)- 10°
b (2.5 + 0.3)- 1¢° 3.3+ 0.5)-1¢ (3.7 0.8)-1¢° 4.1+ 0.6)-1¢°
c (2.1=+ 0.5)-1¢° 3.2+ 0.9)-1C¢° 4.2+ 1.3)-1¢° (41=+11)-1¢
pTRIS-I a (0.9 = 0.3)- 1¢° 1.2+ 0.4)-1C° (1.3 + 0.5)-1¢° (1.4 + 0.3)- 1¢°
b (1.0 + 0.1)- 10 1.3+ 0.2)-10° (1.4 + 0.3)- 1C° (1.6 £ 0.3)- 1C°
c (0.8 + 0.2)-1C° (1.3 £ 0.3)-1C° (1.6 =+ 0.5)- 1C° (1.6 =+ 0.3)- 10°
pTRIS-II a (0.9 = 0.3)-1¢° 1.2+ 04)-1C¢ (15 =+ 0.5)-1¢° (1.5 + 0.5)- 1¢°
b (1.0 0.1)-1¢° 1.3+ 0.2)-1¢° (15 =+ 0.3)-1¢° (1.6 + 0.4)- 1¢°
c (0.8 =+ 0.2)- 1¢° (1.2 + 0.3)- 1¢° (1.7 = 0.3)- 1C¢° (1.6 + 0.5)- 1¢°
Eq.(8) a 0.6-10° 0.9-10° 1.0-1¢° 1.0-10°
b 0.8-10° 1.0-1¢° 1.1-1¢ 1.2-10°
c 0.6-10° 1.0-1¢° 1.2-1¢° 1.2-10¢°

3 Quotederrorsarestandad errors.

chain transferconsants deternined, using SEC, aganst
any polymer standrd can be readly convertedinto an
accurde value once appropiate (or improved) MHKS
paramegrsareknown.

Chaintransferdata

In Fig.1, Mayo plots basedupon the weight avelage
moleculr weights are shown for two different experi-
ments.It is evidentthatin onecas (circles)the expeced
linearity is observedThis contrass with the seond data
set(triangles),where very poa molecularweight cortrol
was obtdned at lower values of [COBF)/[TRIS]. This
poor cortrol was obsered in mary subsequengexperi-
mentsinvolving macromersynthegstargeting molecukbr

weights in the intermediate rangesof this plot. Results
obtained by the CLD procedire (Fig. 2) display similar
chaicterigics. This lack of contrd in the catalytic chain
transfer polymerizaions of methacrylates is atypical and
this corsequentlybecane a focusfor studyin subsegent
work.

A compari®n of the chain transfer constats (listed
with their standard error) obtainedin three experimets
using the Mayo method basedupon M, and M,, andthe
CLD procedue using Anigh and Apeais shown in Tab. 2. It
is evident that the resultsobtained by the Mayo metod
basedupon M,, andthoseobtainedby the CLD procedure
using either Anigh Or ApeacShowgeneraly goad agreemert
the chaintransfercorstantsobtainedby the Mayo metod
basedupon M, are generaly significantly smaler (this
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may reflect the lossof sorre low molecuar weight poly-
mer during the polyme isolation via precipitaton in
methand). Furthemore, the chan transfer constats
obtainedfrom the direct conversionof the average mole-
cularweightsand A values(i. e.,the poly TRIS-| entriesin
Tab.?2) are generallywithin 10% of thoseobtainedfrom
the conveted molecdar weight distributions (i.e., the
polyTRIS-II entriesin Tab.2); this outoome confirmsthe
resultslistedin Tab. 1. Theuseof therelationdip givenas
Eq. (8) yieldsdisappointing resuts (errorsof about50%).
This result cleaty indicates the importanceof reporting
avergye molecular weight data alongside chan transer
constantso facilitate subsegentrearalysis.

From the resultslisted in Tab.2 (ignoring thosebased
upon M,) a chain transfer consant of approxmately
(1.4+0.3) 1¢° is obtained(this value is, of course,sub-
ject to consideable error). Previousy, Stewardand co-
workers publisheda value for Cs of ~8- 10° againsta
poly(mehyl metacrylat¢ calibraton curve’, which
yields valuesof 3+ 10° and5 - 1¢° whenusingEqg. (5) to
convert their reported M, and M,, values, resgectively.
ThesedisparateCs values againindicate sone problems
in contolling the catalytic chan transferpolymerization
of TRIS. The datareportedby Haddletan andco-workers
werealsoclealy subjectto someproblemsaspolydisper
sitiesaslow as1.3were reportec®. Notwithstandinghese
differencesall Cs values for TRIS are remakably low
whencompaedto the Cs value observe in the free-rad-
cal polymerization of methyl methacrylag, which is
abouta factor of 25 higher2333-%) This effect cannotbe
explanedby the differentpropagtionrate coeficients of
TRIS and MMA alone, as the former is only ~30%
higherthanthe latter?*3),

One obviousexpanationfor this low Cs valueis that
the TRIS monomer has a higher viscosity than methyl
methacylate, andthe very high chaintransferrate coefi-
cients determined from the chain transkr consants
(~10°—10" dm? - mal~* - s suggestthat the chaintrans-
fer readion may be diffusion-conrolled. The higher vis-
cosity of TRIS would then lead to a lower rate chain
transfercoeficient aswaspreviously shown in a seies of
methacylates®3". This would also be consistentwith a
previous study of tempeature effects on the catalytic
chaintransferpolymerizationsof methyl ethyl andbutyl
methacylate®™. The Arrhenius paranetersfor the rate
deternining stepin the chaintransferreactiors involving
cobabxime andmethacrylagsareconsistentwith a diffu-
sion-contolled readion. The following relationdip was
foundto bevalid in methacylate systens®.

Csky17 = constant (9)
where 7 is the viscosity of the reacton medium. The
applicablity of Eg.(9) to the presentystemcanberead
ily testedusingEq. (10):

~ (Kot awia
(Kot rris

Evaluaion of the LHS and RHS of Eq.(10), using
Ko.mma = 830 dm? - mol™ - s* andnuua = 0.37 centipose,
yields values of ~0.04 and ~0.5, respetively. On the
basisof Eq. (9), a Cs tris vValueof aboutl6 - 10° would be
expectedas both k, and# are similar to thosefound for
butyl methacrylag, which hasa Cs value of 16+ 10° 39,
Hence,the very low cataltic chain transferconstantin
TRIS cannotbe attributedto viscasity effectsalone.

The combimation of poa control, disparily in resuts
betweendifferent reseach groupsand a low Cs value
indicatethatthe cataltic chaintransferpolymerization of
TRIS may be eecially sensitiveto impurities which are
either benign or absentin the othe methacylates. As
TRIS is specifically utilised to impart high oxygen per
meability to biomateriak, it is possiblethat a very high
oxygenequilibrium concentationin monomeic TRIS is
not conmpletely remowed by nitrogenspaging or routine
freeze-pump-thaw procedures.Catalytic chain transfe
catalystsare vulnerableto poisoningby direct oxidation
and/orattackby oxygencentedradical$® andthis expla-
nation for the inconsistentresultsobtained was pursued
by investigding chargesin themolecula weightdistribu-
tion with corversion.

Cstris

(10)

CS,MMA

Polymerizaion rate andmolecularweightevolution

Therateof polymerizdion observel in the cataltic chain
transfer polymerization of TRIS at 60°C is shown in
Fig. 3, for a solution polymerization in toluene (33%
solids)with aninitiator concentrationof 2 - 102 M anda
[COBF]/[TRIS] ratio of 1.1- 10 It is evident that very
high convesionis reachedafter about6 h. Replotting the
dataasa first-orderkinetic plot, which maintanslinearity
throughaut the courseof polymerizatian, yieldsa valueof
1.9-10* s for the prodwct of k, and [R*]. This value
indicates an overall radical concentration of about
1.8- 107 M, which is an order of magnitudehigher than
thosepreviously observedin the catalytic chaintransker
polymerizations of styrene and methyl methacylate
undersimilar corditiong?®. If initiator decompasition rate
and efficiency do not signficantly differ in the cumrent
system,the large differerce in overall radical concentra-
tions can only result from a lower averagetermination
rate coeficient <k) in TRIS polymeization. A lower
value of (k) is consktentwith the fact that TRIS hasa
higher viscosty than either MMA or styrene. Further
more, the observaibn is in accod with an explanation
recentlyproposeddy Olgj andVan&®, who measued <k,
for styrené® and metyl methacylate’® under similar
conditionsandfoundthatthe formerwasa factorof 2 lar-
ger than the latter This difference was expained by
greatersteric shieldingin MMA restricing the mobility
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Fig.4. Cumulativemoleailar weight distributionsfor TRIS polymerizaion. Sam-
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of the “end-segmeti, respnsible for the terminatin
reactioncontolled by segnentaldiffusior?®. Onthe basis
of this theory the very large estergroupin TRIS shoud
inducean evenlower <{k).

The evolution of the maecular weight distribution
with time is shown in Fig. 4 where the cumulative mole-
cular weight distributions corresponihg to the data
pointsplottedin Fig. 3 areshown. It is immediatey clear
from this figure that the experimemal molecular weights
are higher than those prediced via the measuredchain
transfer consant (DP, = ~C3YTRIS)/[COBF] = 1/
(1400x 1.1-10% = 65 = M, = 2.7- 10°). This result,

which is repraducible, clealy indicates(again) that pro-
duda controlis difficult in this paticular polymerization.
Despitethe fact of poa molecular weight cortrol, the
molecularweight distributionsare invariantwith time up
to high convesion. This is corsistent with previous
obsevations on catalytic chain transfe polymerizations
of styrené®, methyl methacrylae*®, andthe terpolymei-
zation of styrene, metyl methacrylag¢ and 2-hydro
xyethyl methacrylag®, suggeshg that the samebasic
polymerizaion mectanism is operatve for all these
monomers.A notewortly observatbn, howeer, is the
occurenceof alow-molecularweightshoulderin the dis-
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Fig.5. Experimenth DP, values(e) and DP, valuespredictal from the Cs
valuefor TRIS catalyticchaintransferpolymerization

tributions, that becanesincreasimgly dominant with con-
version. This low-molecular weight anomaly cannotbe
attributed to viscosty effects, as an increasimg viscosty
should lead to a deceasingchain transfer constantand
henceanincreasingmolecularweight.

Two conceeivable explanations of this observatn
appeartenalte: (i) reversibe catalyst poisoning(leading
to highermolecubr weightsthanpredicedfrom thechain
transferconstant),and(ii) the prodicedmacromes actas
chaintransfe agens at higherconversons.

Reversiblecatalystpoisoning

Cobaloxmes(ll) are readily oxidized by oxygenin solu-
tion*?, convering the active Co(ll) catalyst into its inac-
tive Co(lll) deiivative. Sinceoxygenreadly dissolvesin
polyTRIS and TRIS, it is likely that the deoxygenation
stepsrequiredfor monomerssuchas styreneand methyl
methacylate may be insufiicient for TRIS. Slight varia-
tions in the deoxygeation processin different sample
preparéonswould thenleadto significantirreproducibil-
ity. The final molecularweight parameterdor a seriesof
macromer preparationsare shown in Tab.3 indicating
that lower COBF concentationsyield polymer products
with a high polydispersityindex and higher degees of
polymerization thanthosepredictal from the chaintrans-
fer corstant (see also Fig.5). The low polydispersiy
indicesfor the very low molecubr weightmacromes ori-
ginate from monomer prodwction in the couse of the
CCT reaction which is excluded from the molecukbr
weight analysis. The resultsshown in Tab.3 accod with
poisoningof the catalystby oxygenat the onsetof poly-
merizaton. A fixed concentrationof oxygenin the initial

Tab.3. Sumnary of charactesstic molecubr weight para-
metersfor a seriesof macrome preparations

[COBFJ/[TRIS] M, M, M., PDI
470-10*  3.9-10° 36-10° 4.0-16° 1.12
3.60-10*  3.9-10° 3.9-10° 4.6-10° 1.19
2.40- 10 16-10° 10-10°  19-10° 1.86
1.20-10*  3.9-10° 4.3-10° 5.1-10° 1.21
1.20- 10 74-10° 37-10° 105-10°  2.87
8.30- 10° 54-10° 27-106°  59-1C°  2.19
6.20-10°  108-10° 53-10° 126-10° 237
410-10°  157-1C° 70-10° 187-1C°  2.67
2.10-10°  161-10° 52-10° 167-10° 3.18

solutionwould restt in the fraction of poisonedcatalyst
for a high [COBF], systemto be very much smaler than
the fraction of poisonedcatalyst for a low [COBF], sys-
tem. Thereforethe measuredCs valuesare dependat on
experimenal conditions.

Catalyst poisoningalore is an inadequateexpanation
for the experimentaldatg asit would simply resut in a
reduction in transfer efficiency produdéng an invariant
molecula weight distribution with conversbn. Howeve,
this is not obseved. Propagatingradicalscan reducethe
inactive Co(lll) derivative of the catalyst back to its
active Co(ll) oxidation staté®. This mechanism is
exploited in catalytic chain transferusing Co(lll) com
plexed. The influence of Co(lll)-radical reduction was
investigaedin the cataltic chaintransfe polymerization
of methyl methacylate with COPhB- in which a small
volume of non-deoxygenatel catalystsolutionwasadded
to a large volume of deakygenatednitiator solution. The
molecula weight momentsof polymer sanplestakenat
differert convesions are listed in Tab.4, showng that




Synthesiof 3-[tris(trimethylslyloxy)silyl]pr opyl methacrylate..

Tab.4. Sumnary of molealar weight characteristicobtained
in a free-radicalpolymeiization of MMA at 60°C in the pre-
senceof oxidizedCOPhBF

Convesionin% M, M, My PDI
43 87- 1C¢° 41-10C° 86- 1C° 2.10

54 7710 36-10° 8210 2.26

~100 51-10° 22-10° 50- 10° 2.27

the molecularweightsreducewith increasimg converson.
This implies that poisoning of the catalyst is reversi-
ble’®42 and that the propagting radicalscan regeneate
theactiveCo(ll) catalyst.Theresultsobtainedfor the cat-
alytic chain transfer polymerization of TRIS shownin
Fig.4 are corsistentwith this expanation as the low
molecubrweightshoulderseemgo increasewith conver
sion.

Macromerchaintransferagents

At high conversons an additional kinetic processmay
becomesignificant. The prodiwct macromes canalsoact
aschaintransfe agens>'"*49 andwhen the concentation
of macromeris high enaugh, then chain transfer to
macromermay predomirate over CCT. In sucha circum
stancefEq. (1) shouldbe modified:

1 1\ (K[R] [macromey
DPn - (1 + /“) kp[M} + CM + Cmacromerw
+ Cs% (11)

whereCnacromerdS the chain transkr constanof the maao-
mer. The conantrationof macromeris directy relatedto
the conversionof TRIS andthe avelagedegreeof poly-
merizatbn:

X
~ (1-x)DP, (12)

where x is the fractional converson and [TRIS], is the
initial TRIS concentration. Chain transferto the macro
merswill becomesignificant when the third term of the
RHSof Eq. (11) is greaterthanthe fourth term. A numkber
of experimemal studieshawe found that the molecubr
weight distribution doesnot changewith corversionin
CCT®2Y, This comotesthat the chain transfer rate is
indepenéntof [M] andthusEq.(13) holds (providedthe
systemis chaintransferdominated):

COBH, _ 1

[
=Cs [TRIS|, ~ DP,

(13

X
Crnacromer (l — X) -DP,

Consegently, Eq. (14) canbe formulated,whereXe is
the fractional conversion at which chan transfe to
maaomerbecomeghe dominant chainstopping event

1

S 14
1 + Cmonomer ( )

Xerit =
It is noteworthythatthe averagedegreeof polymeriza
tion targetedin the catalyticchan transer polymerizaion
does not appeaiin Eq. (14). This impliesthatthe conver
sion where transfe to macromer becanes dominant
shoud be indepement of the cataltic chain transfe
agen concentation. Assumirg that the value of Cpacromer
in this systemis similar to the one found in MMA poly-
merization (Cracromer= 0.2)*¥, an estimate of 0.83for X
is obtained;for Cracromer= 0.1, Xrit = 0.91andfor Cracromer
= 0.05, %t = 0.95.This exerciseindicatesthat the chain
transferreactionto macromershoud startto dominateat
a fractional converson between85 and 95%, reducirg
the moleculr weight This resut is consistat with the
resuts shown in Fig. 4, where it is clear that the low
molecular weight section of the distribution becomes
more significant in theregionof 84%to 96% convesion.

Conclusions

Macromersof TRIS canbereadly synthegsedusing cat-
alytic chain transfer However contrd over macramer
productionis hardto achieveutilising reacton conditions
normally adoptedfor free radical polymerizations The
broad malecular weight distributions found experimen-
tally are consstentwith reversildle oxygen poisonng of

the Co(ll) catalyst— a problemwhich maywell be spect

fic to TRIS andrelatedcompounds.In addtion, a kinetic

feaure of CCT at high convesionsmay becomesignifi-

cant the prodiwct macromeritself may becaone a signifi-

canttransfe agentresultingin a broadaing of the mole-
cular weight distribution at the low molecubr weight
end
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