Macromolecule2006, 39, 8219-8222 8219

Degenerative Transfer and Reversible Termination Scheme 1
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Living radical polymerization (LRP) methotd4 can be (%) (R = (k[l/2k)"). The concentration of radicals and rates
divided into two broad categories currently referred to as Of polymerization for DT processes approach the values for
reversible termination (RT) and degenerative transfer @T). regular uncontrolled radical polymerization, and thus the
Both RT and DT approaches for LRP use a dormant Speciespersistent radical effect does not contribute ||V|ng character to
(X—P) as a storage location for latent propagating radica)s (P DT processes. This communication reports that organo-cobalt
and relatively fast exchange of freely diffusing radicals)(P ~ Porphyrin complexes function as a dormant complex and latent
from solution with the latent radicals in-P as the means for  source of radicals for living radical polymerization of acrylates

obtaining low polydispersity (eq 1). The clear distinction by both degenerative transfer and reversible termination path-
ways which is a property previously demonstrated by mecha-

P'+X—P=X-P +F (1) nistic studies for organo-telluriuth?°and proposed for organo-
titanium complexes!

between RT and DT pathways for LRP is the source and method LRP of Acrylates Mediated by (TMP)Co—R. Solutions of
for control of the propagating radicals and the features that give cobalt(ll) tetramesitylporphyrin (TMP)(9 (1.2 x 1073 M),
living character to the radical polymerization. The dormant methyl acrylate (2.5 M), and V-70 ((0-2.0) x 103 M) in
complex (X—P) is the exclusive source of radicals)(For all benzene were heated to 333 K, and the conversion to polymer
reversible termination (RT) processes which can occur by either was followed by*H NMR (Figure 1). The azo radical source
homolytic dissociation (DG® SFRP° NMP 12 OMRPY) (eq V-70 has a half-life of 11 min and an initiator efficiency of
2) or atom transfer (ATRP) (eq 3)°Quasi-equilibria between  0.60 at 333 K in benzene. Effectively all of the V-70 has
freely diffusing radicals and a dormant complex described by decayed during the first 90 min of heating at 333 K, and during
egs 2 and 3 provide a nearly constant low concentration of that time 1.20 radicals are released into solution per V-70
propagating radicals (Pin solution which slowly declines as  molecule. The three representative experiments illustrated in
radical termination occurs. Control of the radical concentration Figure 1 have ratios of the total moles of radicals entering
by the dormant complex contributes to the living character for solution from V-70 to the initial moles of (TMP)CqR*/Cd'%)
reversible termination (RT) processes through the suppressionof 0.80, 1.20, and 2.0. The induction time periods correspond
of bimolecular radical termination relative to polymer propaga- to the time required to generate sufficient radicals to convert

tion by the persistent radical effect (PREf effectively all of the (TMP)Ct into diamagnetic organometallic

complexes, (TMP)CeP. Conversion of the metallo-radical to
X—P=X"+F 2 organometallic species is directly observed by following'tHe
NMR during the induction period (Figure 2).
X=P+Y=X-Y +F 3)
Processes that are currently called degenerative transfel¥(DT) 121 (A) @ * (B) L@

such as iodide-mediated polymerizafidand RAFTS utilize v’

a continual influx of radicals (Rfrom an external radical source | _________. v I

like AIBN to initiate polymerization of monomers and exchange 08l .

with latent radicals in the dormant complex-€R). The term s '25 - .

degenerative transfer refers to the interchange of activity = Time (min)

between active and dormant specieBegenerative transfer in = 0

radical polymerization occurs when an active propagating radical
in solution (P) interchanges roles with a latent radicat)(
a dormant complex (PX). The degenerative transfer reaction 4///"
is usually depicted as an associative proéédsbut the same 00 — - -

. . . 0 200 300
exchange of active and latent radicals can be accomplished by Time (min)

a two-step d'ssoc',at've .process (Scheme ,l)' If the radlcals P Figure 1. Kinetic plot for the radical polymerization of methyl acrylate
and P~ are polymeric radicals that differ only in the chain length, inbenzene at 333 K with [MA]= 2.5 M and [(TMP)C#+]; = 1.2 x
then the exchange process is nearly degenefa® ¢ 0) and 103 M. V-70 was added to produce different ratios for the total moles
the equilibrium constant approaches unity. The concentration of external radicals that can enter solution to the total moles of cobalt

; ; ; ; ; porphyrin. (1) (Ry/Cd'+) = 0.80, conversior= 47%,t = 62 h,M, =
of radicals for a DT process is primarily determined by the 9.91x 10, PDI= 1.11: (2) (Re/Cd") = 1.2, conversion- 54%1 —

150 min,M, = 9.5 x 10% PDI= 1.06; (3) (Ry/C0d'%) = 2.0, conversion
* Corresponding author: Tel 215-898-8633; Fax 215-573-6743; e-mail = 69%,t = 105 min,M, = 11.6 x 10%, PDI = 1.06. (B) Enlargement
wayland@sas.upenn.edu. to illustrate the induction times for samples 2 and 3.

10.1021/ma061643n CCC: $33.50 © 2006 American Chemical Society

Published on Web 10/27/2006
ublished on We CDV



8220 Communications to the Editor Macromolecules, Vol. 39, No. 24, 2006

Scheme 2. Dominant Reactions during the Induction Period
4) V-70 ——= 2¢C(CH;)(R)(CN) (=Re)

5) (TMP)Co''* + * CH(CH;)(R)(CN) — > (TMP)Co-H + (CN)R)C = CH,
6) (TMP)Co-H + CH, = CH(CO,CH;) =<—=== (TMP)Co-CH(CH;)CO,CH,

TMP)Co-CH(CH;)CO,CH; ol  + * CH(CH;)CO,CH;
7 ( Co-CH(CH;)CO,CH; =<—=== (TMP)Co"! CH(CH,3)CO,C

k
8) CH;CO,(CH3)HC® + (n+1)CH,=CH(CO,CH;)—F>
CH;(CO,CH3)HC—CH,CH(CO,CH;)}; CH,(CO,CH;)(H)Ce (= Pe)
9) (TMP)Co® + *P === (TMP)Co-P

Scheme 3. Dominant Reactions during the Post Induction )
Period 1.2
k
10) R* + CH,=CH(CO,CH;) —2—=— RCH,(CO,CH;)HC* (=R*) 1.0 a
n
11) R + (TMP)Co-P (TMP)Co-R' + Pe _ o8} A
k s
12) po + m —>= po = 06} a .
13) P's + (TMP)Co-P =<—=== (TMP)Co-P' + Pe = o4l A n
| |
A

The dominant reactions that occur during the portion of the 02 (4" A V70
induction period when significant amounts of (TMP)Care ool = (TMP)Co-R and V-70
present are shown in Scheme 2, eg®94Hydrogen abstraction L L L L L

0 10 20 30 40 50 60

from the tertiary carbon radicals produced by V-70 forms a
transient intermediate (TMP)EdH which reacts with the methyl Time (min)
acrylate monomer to produce an organometallic complex, '\F/:gl%re 3é3§6:<difé:DP;)!y?etriZdatlijon(g [?/e%)il acgylzate i[g/lﬁ\; 2(%)
(TMP)Co—CH(CHs)CO,CHjz (egs 5 and 6). Thermal homolytic 1 =0 » Lele) INilialed Dy AU} = 9.2 x UM,
dissociation of (TMP)Ce CH(CH;)CO.CH3 produces an or- [1\/(;730,3/"._ 5.2x 10"*M, and [(TMP)Co-CH(CH)COCH]i = 1.0
ganic radical {CH(CHs)CO,CHj) that initiates methyl acrylate
(MA) polymerization (eq 7) to form an oligomer radical that (Figure 1A(1); eq 7, K(333 K¥= [(TMP)Co"][P*}/[(TMP)Co—
binds with (TMP)Cd* (eqs 7-9). During the last stage of the P] = 7.8 x 107 which fulfills Fukuda’s criteria for a
induction period (eqs-79) the growth of the polymeric radical ~ dissociation combination (D&)type of RT process. The living
has living character from the persistent radical effect. character of this RT process has been ascribed to the persistent
The reactions that predominate during the post-induction radical effect??
period where rapid polymerization occurs are given in Scheme Radical polymerization of MA for the condition where the
3 by egs 16-13. Radicals (B entering solution from V-70  total moles of radicals that enter solution from V-70 exceeds
initiate polymerization of MA (eq 10), and the radicals in the initial moles of (TMP)Cl is illustrated in Figure 1A(2,
solution exchange with radicals in the dormant (TMP)Y®o 3). An induction period where a few percent conversion of the
complex by dissociative and associative pathways (egs 11 andmonomer occurs is followed by the onset of rapid polymeri-
13). In the specific case of (TMP)Ed® at 333 K the homolytic ~ zation at the time when effectively all of the (TMP)Cdas
dissociation is sufficiently fast to account for the observed low been converted to (TMP)CeP. Starting with a preformed
polydispersity. organometallic complex (TMP)CeCH(CHs)CO,CHjs there is
Methyl acrylate (MA) polymerizations are used to illustrate N0 observed induction period which illustrates that the reaction
both the cobalt(Il) metallo-radical-mediated RT process (Figure of (TMP)Co—P with radicals does not form kinetically signifi-
1A(1)) and the organo-cobalt-mediated DT process (Figure 1A- cant quantities of a bis(alkyl) complex, (TMP)CofPJhe rate
(2, 3)) that simultaneously operate in the (TMP)Co system. Of polymerization at this condition approaches the rate for an
When the ratio of total moles of radicals injected into solution uncontrolled polymerization at the same concentration of V-70

from the radical source to the initial moles of (TMP)Cds in the absence of (TMP)CdFigure 3) which fulfills the criteria
less than unity, the polymerization process is mediated by the for a degenerative transfer (DT) process.
excess of (TMP)CH. The polymerization is relatively slow The continued influx of radicals from V-70 changes the
because the radical is maintained at a low concentration by apolymerization process from a cobalt(ll)-mediated RT pathway
quasi-equilibrium between (TMP)&vand the (TMP)Ce-P to an organo-cobalt-mediated DT mechanism. The persistent
radical effect ensures the living character for the polymer formed
b during the RT portion of the processes. The most important
3 A_J‘M/Lw feature of the polymerization is that during the period of fast
a b polymerization the process remains controlled and produces low-
2 AN polydispersity polymers (Figure 1) whelk&, increases linearly
. . with monomer conversion (Sf§. After a period of 90 min the
Mh influx of new radicals from V-70 has ended, and the polymer-
-—,——-— ization reaction reverts to a slower RT pathway (Figure 1).
980 940 930 920 810 900 880 880 When the smaller steric requirement tepragethoxyphenyl)-

Figure 2. *H NMR (300 MHz) spectra in §Ds during the induction i ivati i i

period for the organo-Co(TMP)-mediated LRP of MA: (a) (TMP}Co gorr,r?gé/-rgt] O(iegglilﬂ\ée c(;)rr?dpt)gr?sls fsollj,bfrfgu:s.lq fogl(mf.)i?ii of
m-phenyl H; (b) (TMP)Ce-CH(CH;)CO,CHs pyrrole AB pattern; (1) ! I L . poly 1zall
(TMP)Cd'; (2) (TMP)Cd' and (TMP)Co-CH(CH;)CO,CHs; (3) acrylates (([RrJ/[Co'*]) = 0.9), the resulting polymers only

(TMP)Co—P, polymerization begins. grow to a maximum degree of polymerization-©200 beforeCDV
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Figure 4. Changes in number-average molecular weight with conver-
sion of MA to PMA ([MA]i = 2.5 M; 333 K, GDs). Polymerization
mediated by (A) (TAP)CY [(TAP)Cd']i = 1.2 x 103 M, [V-70]; =
0.9 x 1073 M, PDI (% conversionMp): (1) 1.20 (5.2, 1.01x 10%,
(2) 1.38 (22.4, 1.94< 10%, (3) 1.51 (33.3, 1.83< 10%; (B) (TAP)-
Ca'; [(TAP)CO']i = 1.0 x 1073 M, [V-70]; = 1.0 x 103 M, PDI (%
conversionMy): (4) origin, (5) 1.09 (10.1, 1.9& 10%, (6) 1.15 (31.5,
5.24 x 10%), and block copolymerization mediated by (C) (TAP)Co
PtBA (PDI = 1.09,M, = 3.86 x 10%); [(TAP)Co—PtBA] = 1.2 x
1073 M, [V-70]; = 1.1 x 1072 M, PDI(% conversionM,): (7) 1.09
(0.0, 3.86x 107, (8) 1.10 (22.3, 8.6% 10%, (9) 1.15 (30.8, 9.84
109.

30

40

cobalt(ll) catalytic chain transfer occurs througfH abstrac-
tion?* and readdition to monomer (eqs 14 and 15) (Figure 4A).

(TAP)Cd'" + "CH(CH,—P)COCH, —
(TAP)Co—H + (CO,CH,)(H)C=CH(P) (14)

(TAP)Co-H + CH,=CH(CO,CH,) —
(TAP)Co-CH(CH,)CO,CH, (15)

Under the DT conditions of continual influx of radicals ((tR
[Co'"*1]) = 1.1) the cobalt(ll) is maintained at a sufficiently low
concentration such thgtH abstraction is effectively quenched.
The polymers grow much larger and have relatively small
polydispersities (1.181.15) at the condition for a DT process
(Figure 4B,C). The effective absence of cobalt(ll) metallo-

radicals during the organo-cobalt-mediated DT process removes

the requirement for having sterically demanding complexes as
an approach to suppregsH abstractioh from the growing
oligomer/polymer radicals.

Living Character in Radical Polymerizations. Living
character for RT processes including both major subdivisions
of atom transfer radical polymerization (ATRP) and dissociation
combination (DC) benefits from the persistent radical effect
(PRE). The PRE results from a stable chemical species (X) that
exclusively binds reversibly with the propagating radical)) (P
to form a dormant complex (XP) which controls a low
concentration of radicals. Each latent radica) (Pthe dormant
complex (P-X) has the capability of growing further and thus
is said to be living. In RT processes where all the radicals come
from the dormant complex each radical termination event
reduces the number of living radicals. The fraction of living
character at any time is the ratio of concentration of the
dormant complex at timeto the initial concentration (fraction
living (RT) = [P—X]/[P—X]).

The primary origin of living character for degenerative
transfer polymerizations also results from the presence of a
dormant complex. In a DT process the total concentration of
dormant complex species remains constant, and the number o
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chains equals the sum of the initial number of latent radicals
(P) in the dormant complex (PX) and the number of radicals
that enter solution from the external radical source)(Fully
living radicals correspond to radicals that are in the initial
dormant complex that have repeatedly entered solution propa-
gated with monomers and returned to the dormant complex
through out the entire process. The number of fully living
radicals decreases as new radicals from the external radical
source exchange with the dormant complex and radicals
terminate. The most obvious way to maintain the maximum
number of fully living chains is to inject a minimum number
of radicals from the external source. General procedures for DT
processes like RAFT suggest setting the ratio of injected radicals
to the dormant complex at0.1,'% which ensures that at least
90% of the original latent radicals in the initial dormant complex
will survive in the dormant complex after the radicals for the
polymerization process terminate. The example given in Figure
1(3) has a relatively large ratio of 1.0 that results from one
additional radical released into solution from V-70 per dormant
(TMP)Co—P. There are thus two polymer chains per cobalt,
and yet the polymer formed has a low polydispersity (1.06) and
molecular weight ¥, = 1.16 x 1(P) close to that expected for
one living chain per cobalt, = 1.23 x 10°). The vast majority

of the converted monomers appear to occur in the latent living
polymer chains in the dormant complex (TMP}a®. This
observation suggests that the larger latent polymer chains stored
in (TMP)Co—P propagate more than the small newly formed
radicals from the radical source. The decrease in the radical
termination constantk() as the molecular weight of the
polymeric radical increas&smay result in preferential growth

of the larger polymer chains and thus provide a contribution to
the observed living character.
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