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Abstract Group transfer polymerization (GTP) was announced 20 years ago by DuPont as a
method for synthesis of acrylic block polymers. It operates at high enough temperatures to
allow reactor cooling by water-cooled reflux condensers, rather than more costly refrigera-
tion units. GTP uses 1-methoxy-1-(trimethylsiloxy)-2-methylprop-1-ene (MTS) as initiator
and a carboxylic acid salt as catalyst. The number of growing polymer chains corresponds
to the amount of MTS used. Chain growth stops when the monomer is depleted. Addition
of a new monomer at this point starts chain growth again to produce a block polymer. Du-
Pont sells pigmented inks containing GTP block polymer dispersing agents.

Initial mechanism studies pointed to a trimethylsilyl transfer process that now appears
to be incorrect. Strong evidence is presented for a dissociative anionic process. Reactivation
of silylated chain ends by the alkoxide eliminated during end group cyclization is proposed
as the reason GTP works at 80 °C.

A comparison of GTP with other methods for block polymer synthesis is presented.

Keywords Group transfer polymerization - Polymethacrylates - Polyacrylates - Living
polymerization - GTP mechanism - Living anionic polymerization of MMA
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MMA Methyl methacrylate

MTS 1-Methoxy-1-(trimethylsiloxy)-2-methylprop-1-ene

Mn Number average molecular weight

Mw Weight average molecular weight

MWD Molecular weight dispersity, Mw/Mn

MW Molecular weight

P Polymer

P5 Tetrakis[tris(dimethylamino)phosphoranyliden-
amino]phosphonium

PBMA Poly(butyl methacrylate)

PMA Poly(methyl acrylate)

PMMA Poly(methyl methacrylate)

RAFT Reversible addition fragmentation transfer

S Styrene

SFRP Stable free radical polymerization

TAS Trisdimethylaminosulfonium

TBA Tetrabutylammonium

tol Tolyl

TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy

TMS Trimethylsilyl

1

Introduction

Twenty years have passed since DuPont announced a startling new process
for polymerization of methacrylate monomers [1]. The method uses a
trimethylsilyl ketene acetal initiator catalyzed by nucleophilic anions. It op-
erates at 80 °C and gives unprecedented control over polymer chain architec-
ture (Scheme 1).

o ) COzMe
\: . . OSiMe3 —Nu—> CO, OSiMe;
OMe : ~

OR OMe
MMA MTS PMMA

Scheme 1

Based on evidence available at the time, the DuPont workers proposed
that the trimethylsilyl group was transferring to monomer as it was adding
to the polymer chain ends and thus named the new procedure Group Trans-
fer Polymerization (GTP). Based on all the evidence now available this
mechanism is almost certainly wrong but the name should remain since it is
firmly imbedded in the chemical literature.
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There are already several excellent detailed reviews on GTP [2-5]. In this
chapter I will critically analyze the existing data that strongly support a dis-
sociative (anionic) mechanism originally proposed by R. Quirk of Akron
University [6]. I will also explain how GTP can operate at 80 °C when it is
well known that the classical anionic polymerization of methacrylates does
not proceed above ambient temperatures. In addition, GTP will be compared
to other controlled polymerization methods.

2
Desirable Attributes for Commercial Controlled Polymerization
of (Meth)acrylates

During the mid-1970s DuPont investigated the living polymerization of
methacrylate monomers by anionic initiation at —80 °C [7]. Di and tri block
polymers were made that had potential for use as pigment dispersing agents
and for rheology control. The project was abandoned when calculations
showed that the refrigeration necessary to keep the reactors at —80 °C was
too costly. To be commercially viable the following characteristics for con-
trolled polymerization were deemed necessary:

- Operating temperatures in the 50-80 °C range so that reflux condensers can
be used to remove the heat of polymerization

- The ability to make block polymers containing no more than 10% homo-
polymer (minimal chain termination)

- Nearly colorless product

- Low sensitivity to impurities

- Overall cost of resin under $5/Ib

- Ability to produce resin with molecular weights in the 20,000 range and
molecular weight distributions (MWDs) under 1.3

- Minimal metallic or halide impurities in the final product

- Nontoxic ingredients

- Product free from unpleasant odors

Group transfer polymerization meets most of these criteria. However, it is
sensitive to protic impurities and the present cost of the initiator is too high.
Other living processes for polymerization of (meth)acrylates will be evaluat-
ed with respect to these criteria.

3
The GTP Process

As shown in Scheme 1, GTP converts methacrylate monomer to a polymer
with one end group corresponding to the R on the initiator and the other
end a trimethylsilyl ketene acetal. If the initiator contains a vinyl group not
reactive to GTP, a macromonomer results [8]. The silyl ketene acetal end can
be used to initiate another monomer, for example butyl methacrylate, to give
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a block polymer (Scheme 2b) [1] or with other reagents to add additional
functionality. Thus benzaldehyde generates a phenylhydroxymethyl end [9].
Reaction of silyl ended polymer with a difunctional methacrylate
(Scheme 2c) generates a multi-armed star polymer (Scheme 2d) [10]. GTP
can be quenched by addition of methanol (Scheme 2e) [1]. Thus one can
safely abort a polymerization run that is proceeding too fast.

CO,Me
€O, OSiMe o g0Mey  OsiMes
= + BMA 2 =
OMe /%(b;(# m OBu
PMMA CO,Bu
a b
o l MeOH
c
j octyf
CO,Me
COR /}'COQBU
n m
CO,Bu

e

Scheme 2

GTP operates at temperatures up to 100 °C when catalyzed by weak nucle-
ophiles such as tetrabutylammonium benzoate [11]. Molecular weights in
the 20,000 range are easily obtained but generation of polymer in the 60,000
range is difficult. As in other living systems the molecular weight is con-
trolled by the monomer/initiator ratio and the MWDs are narrow. During
the polymerization especially at higher temperatures the resulting polymer
will contain up to 30% dead ends, the result of backbiting of enolate chain
ends (Scheme 3) and/or reaction with protic impurities [10]. Brittain [12]
has studied chain termination and found that at the trimer stage (3 DP) the
rate of backbiting is ten times that occurring at higher DPs. Thus one should
start GTP with more than three equivalents of monomer to by-pass the tri-
mer stage quickly.

TBA o

- PMMA
COz"\'ﬂ;\ o CO,Me 3
PMMAWOMe . + TBA OMe
COzMe CO,Me

Scheme 3

The tetrabutylammonium (TBA) catalysts are slowly consumed during
the progress of the polymerization and in longer runs additional amounts
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must be added with the monomer to keep the polymerization going. Since
the TBA cation, if it still exists, must be associated with an anion, it follows
that the catalytic activity would not decrease unless the TBA ion had been
consumed. Reetz has shown that tributylamine is produced during anionic
polymerization with TBA as the counterion, no doubt the result of Hoffman
elimination or SN2 attack on the TBA [13] (Scheme 4). Butene was detected
but no quantitative measurement was made.

+
BU3N_CH2-CH2Et * RCOZ-

|

BusN + RCO,Bu

BusN + H,C=C—Et + RCO,H
H

Scheme 4

It would be of interest to see if the more stable cesium carboxylates would
be better catalysts for GTP than TBA carboxylates since Quirk showed that
cesium 9-methylfluorenide works as well as TBA 9-methylfluorenide as a
catalyst in his mechanism studies [6].

3.1
GTP Monomers

By far the best monomers for GTP are the methacrylates. Glycidyl methacry-
late and other substituted members of the family can be used to make highly
functional block polymers. If the monomer contains active hydrogen, for ex-
ample, hydroxyethyl methacrylate or methacrylic acid, GTP does not pro-
ceed. These functions can, however, be masked by trimethylsilyl groups [9]
(Scheme 5).

0 0
>_/< R= _/& OSiMe; . OSiMe; ., Me , Bu ,tBu
OR —/

Scheme 5

Acrylates polymerize two orders of magnitude faster than methacrylates
by anion catalyzed GTP; however, the polymerization dies at about
10,000 MW. During the anion catalyzed polymerization of acrylates the silyl
ketene acetal end groups migrate to internal positions. These ketene acetals
are too hindered to act as initiators for branch formation [9].

The living polymerization of acrylates by GTP does proceed under Lewis
acid catalysis [14]. ZnCl, or ZnBr, are effective but require concentrations of
catalyst at a level of 10% based on monomer. R,AICl works at lower levels.
However, HgCl, activated by TMS iodide is the best Lewis acid system and
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gives living acrylate polymers at low catalyst levels [15]. For industrial use
the toxicity of mercury compounds is a problem.

Under GTP conditions conjugated dienoates as well as trienoates poly-
merize faster than methacrylates with anionic catalysis. The dienesilyl acetal
6a is a better initiator than MTS [16] (Scheme 6).

R2 R! RZR1 OSiMe;
O i = %
R1v/\/\( . WOS'M% /%/WOMe
OMe OEt CO,Et CO,Me R2?
a
R'=MeorH
R%= Me or H

Scheme 6

Acrylonitrile and methacrylonitrile (MAN) polymerize extremely rapidly
by GTP [9]. Molecular weight control is difficult since the polymers form be-
fore uniform mixing occurs. Although 7a can be used to initiate MAN, MTS
is better. The silyl imine end 7b is the likely chain carrier (Scheme 7).

CN

CN o-NSiMes
—'»SiMea " »CN - . W
CN
a b
Scheme 7
3.2
Aldol GTP

In a process related to GTP, aldehydes initiate the polymerization of silyl vi-
nyl ethers and silyl diene ethers. Here the silyl group is present in the mono-
mer and transfers to the aldehyde ended chains regenerating aldehyde ends
[17] (Scheme 8). A Lewis acid catalyst is required. tert-Butyldimethylsilyl
works best as a transfer group for vinyl ether while trimethylsilyl is suitable
for diene ethers [18]. Even though aldol GTP provides a route to polyvinyl
alcohol segments in the subsequent block polymer synthesis, the projected
cost of the monomers discouraged further research aimed at commercializa-
tion.
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o
OSiMe,tBu tBuMe,SiO
PhCHO + =/ 2 ot ~H

ZnBr;,
OSiMe; OSiMej
PhCHO + Xx X -OSiMes XN o}
¥ zncl,  Ph -
H
Scheme 8
33
Initiators for GTP

To obtain polymer with low MWDs in a living polymerization the rate of ini-
tiation must be faster or similar to the rate of propagation. This can suitably
be accomplished if the structure of the initiator is the same as that of the
growing chain end. For GTP this is a silyl ketene acetal (Scheme 9). The

R' SiR%
7 \ort Me3SiCN (RO),POSIMe; Me3SiSR
a b c d

IfR'=R? =R*=R“*=Me then"a"is MTS

Scheme 9

pre-ferred initiator for GTP is MTS where R!, R% R? and R* are all methyl
groups [1]. MTS is made by addition of trimethylsilane to MMA and, al-
though it is commercially available, it is relatively expensive. A low cost ini-
tiator would greatly increase the use of GTP for commercial products. If R
is large and R? methyl, initiation is not retarded but if both R! and R? are
large the ketene acetal will not work as an initiator [9]. Trimethylsilyl is ideal
for the silyl function. Phenyldimethylsilyl seems to have about the same ac-
tivity as MTS but tert-butyldimethyl [9] and triethylsilyl [19] groups are
much less reactive. Large groups on the ether function R* do not appear to
affect the rate of initiation [9]. Silyl ketone enolates initiate GTP but the rate
of initiation is slower than the rate of propagation [20]. A number of silicon
compounds initiate GTP by first adding to the methacrylate monomer to
generate silyl ketene acetals (Scheme 9b,c,d).
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34
Catalysts for GTP

3.4.1
Nucleophilic Anions

The preferred catalysts for GTP are nucleophilic anions. The most active cat-
alysts are fluorides and bifluorides [1]. At above ambient temperatures, how-
ever, carboxylates and bicarboxlates are preferred [11]. A large counter ion
is required for maximum efficiency. In the early work trisdimethylaminosul-
fonium (TAS) was used, but later the more readily available tetrabutylam-
monium (TBA) salts have gained favor. Since TBA slowly decomposes under
the basic conditions used for GTP, other positive ions may work better.
Quirk used cesium ion for his mechanistic studies and found it to be equiva-
lent to TBA [6]. Bywater worked with the very stable Ph;PNPPh;* bifluoride
in his mechanistic probes [19] and Jenkins [21] showed that potassium com-
plexed with 18-crown-6 was a possible alternative to TBA (Scheme 10).

Me_, Me
e By =
Me\N/s\N,Me HFy Bu—[}]—Bu PhCO,HO,CPh
Mé  Me Ru

TAS bifluoride TBA bibenzoate

+ o o
PhsP—N=PPh; HF," [ K* j

bis(triphenylphosphoranylidene Jammonium o
bifluoride I\/ \)

Potassium 18-crown-6

Scheme 10

The catalysts are used at about 1-0.1% vs initiator concentration; in fact
if too much catalyst is used the polymerization ceases [1].

3.4.2
Lewis Acids

Lewis acid catalysts were discussed in the acrylic monomer section. They
are used at about 10% concentration vs monomer. Although no significant
research has been done with them, other than looking for new ones, they
most likely work by activating the monomers. Type Y zeolites catalyze GTP
at about 25% concentration vs initiator. Conversions are quantitative and



