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(57) ABSTRACT 

A neW class of “living” free radical initiators that are based 
on alkylperoxydiarylborane and its derivatives and that may 
be represented by the general formula. 

Wherein n is from 1 to 4, R is a hydrogen or a linear, 
branched or cyclic alkyl radical having a molecular Weight 
from 1 to about 500, and (1)1 and (1)2, independently, are 
selected from aryl radicals, based on phenyl or substituted 
phenyl groups, With the proviso that (1)1 and (1)2 can be the 
chemically bridged to each other With a linking group or 
With a direct chemical bond betWeen the tWo aryl groups to 
form a cyclic ring structure that includes a boron atom are 

disclosed. At ambient temperature the R-[O—O—B—¢1(— 
(|)2)]n species spontaneously homolyzes to form an alkoxyl 
radical R-[O*]n, Which is active in initiating “living” poly 
merization of radical polymerizable monomers, and a “dor 
mant” diarylborinate radical *o_B_q>1(-q>,), Which is too 
stable to initiate polymerization due to the back-donating of 
electron density to the empty p-orbital of boron, but Which 
may form a reversible bond With the radical at the groWing 
polymer chain end to prevent undesirable side reactions. The 
“living” radical polymerization is characterized by a linear 
increase of polymer molecular Weight With monomer con 
version, a narroW molecular Weight distribution, and the 
formation of block copolymers by sequential monomer 
addition. 



Patent Application Publication Jul. 11, 2002 Sheet 1 0f 5 US 2002/0091211 A1 

Figure 1 

50. I723 



Patent Application Publication Jul. 11, 2002 Sheet 2 0f 5 US 2002/0091211 A1 

Figure 2 

UPI 



Patent Application Publication Jul. 11, 2002 Sheet 3 0f 5 US 2002/0091211 A1 

Figure 3 
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Figure 4 
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LIVING FREE RADICAL INITIATORS BASED ON 
ALKYLPEROXYDIARYLBORANE DERIVATIVES 
AND LIVING FREE RADICAL POLYMERIZATION 

PROCESS 

FIELD OF INVENTION 

[0001] The invention relates to a neW class of living free 
radical initiators that are based on alkylperoXydiarylborane 
derivatives With the general formula of R-[O—O—B—<])1(— 
¢2)]n. The initiators exhibit living polymeriZation at ambient 
temperature to produce White solid vinyl polymers With 
pre-determined molecular Weight and narroW molecular 
Weight distribution. By sequential monomer addition, the 
initiators also produce block copolymers With controlled 
copolymer composition and narroW molecular Weight dis 
tribution. 

BACKGROUND OF THE INVENTION 

[0002] The control of polymer structure has been an 
important facet in polymer synthesis, both for academic 
interests and industrial applications. A living polymeriZation 
mechanism provides an optimal means for preparing poly 
mers having Well-de?ned molecular structures, i.e. molecu 
lar Weight, narroW molecular Weight distribution, polymer 
chain end, as Well as for preparing block and star polymers. 
In the past, the most viable techniques in living polymer 
iZation reactions Were mediated by anionic, cationic, and 
recently metathesis initiators [for anionic living polymer 
iZation, see Holden, et al, US. Pat. No. 3,265,765; for 
cationic living polymeriZation, see Kennedy, et al, US. Pat. 
No. 4,946,899; and for metathesis living polymeriZation, see 
R. H. Grubbs, et al, Macromolecules, 21, 1961 (1988)]. 
HoWever, these polymeriZation processes are very limited to 
a narroW range of monomers, due to the sensitivity of active 
sites to functional (polar) groups. 

[0003] In many respects, free radical polymeriZation is the 
opposite of living ionic and metathesis polymeriZations 
since it is compatible With a Wide range of functional groups, 
but offers little or no control over polymer structure. Despite 
this draWback, free radical polymeriZation is the preferred 
industrial choice in the commercial production of vinyl 
polymers, especially those containing functional groups. 

[0004] Early attempts to realiZe a living free radical poly 
meriZation involved the concept of reversible termination of 
the groWing polymer chains by iniferters, such as N,N 
diethyldithiocarbamate derivatives [Otsu, et. al, J. Macro 
mol. Sci., Chem., A21, 961 (1984); Macromolecules, 19, 287 
(1986); Eur. Polym. J., 25, 643 (1989); Turner, et. al, 
Macromolecules, 23, 1856 (1990)]. HoWever, this strategy 
suffered from poor control of polymeriZation reaction and 
polymer formed having high polydispersity. 

[0005] The ?rst living radical polymeriZation Was 
observed in the reactions involving a stable nitroXyl radical, 
such as 2,2,6,6-tetramethylpiperidinyl-1-oXy (TEMPO), that 
does not react With monomers but forms a reversible end 
capped propagating chain end [see, Moad, et. al, Polymer 
Bull, 6, 589 (1082); Georges, et. al, Macromolecules, 26, 
2987 (1993); Georges, et. al, US. Pat. Nos. 5,322,912 and 
5,401,804; Hawker, et. al, J. Am. Chem. Soc., 116, 11185 
(1994); and Koster, et. al, US. Pat. No. 5,627,248]. The 
formed covalent bonds reduce the overall concentration of 
free radical chain ends, Which leads to a loWer occurrence of 
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unWanted termination reactions, such as coupling and dis 
proportionation reactions. For an effective polymeriZation, 
the reaction has to be carried out at an elevated temperature 
(>100° C.). Relatively high energy is needed in the cleavage 
of the covalence bond, Which maintains a suf?cient concen 
tration of propagating radicals for monomer insertion. Fur 
thermore, this living radical polymeriZation seems effective 
only With styrenic monomers. 

[0006] Subsequently, several research groups have 
replaced the stable nitroXyl radical With transition metal 
species as the capping agents to obtain a variety of copper, 
nickel, iron, cobalt, or ruthenium-mediated living free radi 
cal systems, so-called atom transfer radical polymeriZation 
(ATRP) [see, MatyjasZeWski, et. al, Macromolecules, 28, 
7901 (1995);]. Am. Chem. Soc., 117, 5614 (1995); Mardare, 
et. al, US. Pat. No. 5,312,871; SaWamoto, et. al, Macro 
molecules, 28, 1721 (1995); Percec, et. al, Macromolecules, 
28, 7970 (1995); Teyssie, et. al, Macromolecules, 29, 8576 
(1996); and Fryd, et. al, US. Pat. No. 5,708,102]. Overall, 
all of these systems have a central theme, i.e., reversible 
termination via equilibrium betWeen active and dormant 
chain end at an elevated temperature, Which is regulated by 
a redoX reaction involving metal ions. The main advantage 
of this reaction is that, through a proper choice of the metal 
compound, it is possible to operate With a broad spectrum of 
monomers. HoWever, a major draWback is the formation of 
a deep colored reaction miXture that requires extensive 
puri?cation procedures to obtain the desired ?nal product. 

[0007] It has also been knoWn that trialkyborane in an 
oXidiZed state becomes an initiator for the polymeriZation of 
a number of vinyl monomers [see FurukaWa, et al, J. 
Polymer Sci., 26, 234, 1957; J. Polymer Sci. 28, 227, 1958; 
Makromol. Chem., 40, 13, 1961; Welch, et. al, J. Polymer 
Sci. 61, 243, 1962 and Lo Monaco, et. al. US. Pat. No. 
3,476,727]. The polymeriZation mechanism involves free 
radical addition reactions. The initiating radicals may be 
formed from homolysis of peroXyborane or by the redoX 
reaction of the peroXyborane With unoXidiZed trialkylbo 
rane. A major advantage of borane initiators is the ability to 
initiate the polymeriZation at loW temperature. PeroXides 
and am initiators, When used alone, usually require consid 
erable heat input to decompose and thereby to generate free 
radicals. Elevation of the temperature often causes signi? 
cant reduction in molecular Weight of the polymer accom 
panied by the loss of important properties of the polymer. 

[0008] US. Pat. No. 3,141,862 discloses conducting a 
trialkylborane-initiated free radical polymeriZation in the 
presence of an alpha-ole?n hydrocarbon polymer. Appar 
ently, the graft-onto reaction by this route Was very dif?cult. 
The inert nature and insolubility of polyole?n (due to 
crystallinity) also seems to have hindered the process and 
resulted in very poor graft ef?ciency. The reactions shoWn in 
the eXamples of this patent also seem to require a very high 
concentration of organoborane initiator and monomers and 
to require elevated temperature. The majority products are 
homopolymers or insoluble gel. No information about the 
molecular structure of copolymers is provided in this patent. 

[0009] Despite the advantage of borane initiators, orga 
noborane-initiated polymeriZations tend to be unduly sensi 
tive to the concentration of oXygen in the polymeriZation 
system. Too little or too much oXygen results in little or no 
polymeriZation. High oXygen concentration causes orga 
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noborane to be transfered rapidly to borinates, boronates and 
borates that are poor initiators at loW temperature. Moreover, 
polymeriZation is often inhibited by oxygen. To facilitate the 
formation of free radicals, some borane-containing oligo 
mers and polymers [see Bollinger, et. al. US. Pat. No. 
4,167,616 and Ritter, et. al. US. Pat. No. 4,638,092] Were 
used as initiators in the free radical polymeriZations. These 
organoboranes are prepared by the hydroboration of diene 
monomers or polymers or copolymers. Similar polymeric 
organoborane adducts, prepared by the hydroboration of 
1,4-polybutadiene and 9-borabicyclo(3,3,1)-nonane 
(9-BBN), have also been reported in Macromol. Chem, 178, 
2837, (1977). 
[0010] In the past decade, We have been focussing on the 
selective oxidation of trialkylborane and studying the mono 
oxidative adducts as a neW free radical initiation system. The 
research objective Was centered around the functionaliZation 
of polyole?ns by ?rst incorporating borane groups into a 
polymer chain, Which Was then selectively oxidiZed by 
oxygen to form the mono-oxidiZed borane moieties that 
initiate free radical graft-from polymeriZation at ambient 
temperature to form polyole?n graft and block copolymers 
[Chung, et. al, US. Pat. Nos. 5,286,800 and 5,401,805; 
Macromolecules, 26, 3467 (1993); Polymer; 38, 1495 
(1997); Macromolecules, 31, 5943(1998); J. Am. Chem. 
Soc., 121, 6763 (1999); Macromolecules, 32, 8689(1999)]. 
Overall, the reaction process resembles a transformation 
reaction from transition metal (metallocene) coordination 
polymeriZation to free radical polymeriZation via the incor 
porated organoborane groups. Several years ago, a relatively 
stable radical initiator Was discovered, i.e., the oxidation 
adducts of alkyl-9-borabicyclononane (alkyl-9-BBN) 
[Chung, et. al, J. Am. Chem. Soc., 118, 705(1996)]. This 
initiator exhibits the radical polymeriZation of methacrylate 
monomers With a linear relationship betWeen polymer 
molecular Weight and monomer conversion in the range of 
loW (<15%) monomer conversion. The polymers formed 
during the polymeriZation shoW a stable but relatively broad 
molecular Weight distribution (MW/Mn>2.5), compared to 
polymers prepared by living polymeriZation processes. This 
initiator is also incapable of producing block copolymers by 
sequential monomer addition, indicating limited stability at 
the propagating chain end. 

SUMMARY OF THE INVENTION 

[0011] It is an objective of the present invention to provide 
a neW class of living free radical initiators, based on alky 
lperoxydiarylboranes, Which are pure mono-oxidiZed borane 
compounds and can initiate living polymeriZation at ambient 
temperature to produce vinyl polymers having a White solid 
form Without the need for performing any puri?cation 
procedures. The general formula of the alkylperoxydiarylbo 
rane derivatives is illustrated beloW: 

R-[O—O—B—¢1(—¢2)]n, 
[0012] Wherein n is from 1 to 4, preferably n is 1 or 2; R 
is a hydrogen or a linear, branched or cyclic alkyl radical 
having a molecular Weight from 1 to about 500, and (1)1 and 
(1)2, independently, are selected from aryl radicals, based on 
phenyl or substituted phenyl groups, With the proviso that (1)1 
and (1)2 can be the chemically bridged to each other With a 
linking group or With a direct chemical bond betWeen the 
tWo aryl groups to form a cyclic ring structure that includes 
a boron atom. The alkylperoxydiarylboranes may be pre 
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pared, for example, by the selective oxidation of alkyl 
diarylborane by oxygen and by (ii) the condensation reaction 
betWeen halodiarylborane and alkylhydroperoxide (or the 
corresponding alkali metal salt). 

[0013] It is another objective of this invention is to provide 
a process for polymeriZing vinyl monomers by a “living” 
free radical polymeriZation process to prepare vinyl 
homopolymers and copolymers, including block and star 
shape copolymers, having Well-de?ned molecular struc 
tures, i.e., pre-determined molecular Weight and narroW 
molecular Weight distribution. The process involves con 
tacting a mixture comprising one or more free radical 

polymeriZable monomers With an alkylperoxydiarylborane 
initiator of the present invention at ambient temperature. 

[0014] The free radical polymeriZable monomers contem 
plated for use in this invention include, for example, methyl 
methacrylate, ethyl methacrylate, butyl methacrylate, octyl 
methacylate, methacrylic acid, methyl acrylate, ethyl acry 
late, butyl acrylate, octyl acrylate, 2-hydroxyethyl acrylate, 
glycidyl acrylate, acrylic acid, maleic anhydride, vinyl 
acetate, acrylonitrile, acrylamide, vinyl chloride, vinyl ?uo 
ride, vinylidene di?uoride, 1-?uoro-1-chloro-ethylene, 
1-chloro-2,2-di?uoroethylene, chlorotri?uoroethylene, trif 
luoroethylene, tertra?uoroethylene, hexa?uoropropene, sty 
rene, alpha-methyl styrene, substituted styrene, trimethox 
yvinylsilane, triethoxyvinylsilane and the like. The radical 
polymeriZable monomers may be used either singly, or as a 
combination of tWo or more different monomers. 

[0015] In the polymeriZation at ambient temperature, the 
initiator (R-[O—O—B—<])1(—q)2)]n) spontaneously homo 
lyZes at the peroxide bond to form an alkoxyl radical 
(R-[O*]n) and an diarylborinate radical (* o_B_q>1(-q>2)). 
The alkoxyl radical is active in initiating polymeriZation of 
the vinyl monomers. On the other hand, the diarylborinate 
radical is too stable to initiate polymeriZation due to the 
back-donating of electron density to the empty p-orbital of 
boron. HoWever, this “dormant” borinate radical may form 
a reversible bond With the alkoxyl radical at the groWing 
polymer chain end to prevent unWanted termination reac 
tions. This “living” radical polymeriZation is characteriZed 
by a linear increase of polymer molecular Weight With 
monomer conversion, and by a narroW molecular Weight 

distribution (MW/Mn<2.0, typically <1.5, preferably <1.2), 
as Well as the production of block copolymers by sequential 
monomer addition. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 illustrates the 11B NMR spectrum of 1-oc 
tyl-9-bora?uorene; 

[0017] FIG. 2 illustrates the 11B NMR spectrum of 1-oc 
tylperoxy-9-bora?uorene; 

[0018] FIG. 3 illustrates GPC curves of poly(methyl 
methacrylate) polymer samples prepared in Example 7 
(curve (a)), Example 8 (curve (b)), Example 10 (curve (c)), 
and Example 11 (curve (d)); 
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[0019] FIG. 4 is a plot of poly(methyl methacrylate) 
molecular Weight vs. monomer conversion; and 

[0020] FIG. 5 illustrates GPC curves of (a) poly(methyl 
methacrylate) (Mn=52,000 g/mol, MW/Mn=1.2) and (b) 
poly(methyl methacrylate-b-butyl methacrylate) ) (Mn=122, 
000 g/mol, MW/Mn=1.2). 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0021] The synthesis of Well-de?ned polymers having 
accurately controlled molecular structures is an important 
subject in polymer science due to the desire to prepare 
materials With neW and/or improved physical properties. 
The issue is particularly important in free radical polymer 
iZation because it is a preferred industrial process for pro 

ducing vinyl polymers. In addition, free radical initiators are 
useful With a broad range of vinyl monomers, including 
monomers containing polar groups. 

[0022] This invention discloses a neW class of “living” 
radical initiators that can initiate living radical polymeriZa 
tion at ambient temperature and produce high molecular 
Weight polymers having Well-de?ned molecular structures, 
i.e. predetermined molecular Weight and narroW molecular 
Weight distribution (preferably MW/Mn<1.2). With a 
sequential monomer addition process, the living propagating 
chain ends (after completing the polymeriZation of a ?rst 
monomer) can cross over to react With a second monomer to 

produce a block copolymers. The block copolymers pro 
duced have narroW molecular Weight distribution and Well 
controlled copolymer composition. 

[0023] This neW class of “living” radical initiators is based 
on an alkylperoXydiarylborane derivative. The general for 
mula is illustrated beloW: 

R-[O—O—B—¢1(—¢2)]n, 
[0024] Wherein n is from 1 to 4, preferably n is 1 or 2; R 
is a hydrogen (only in the case of n=1) or a linear, branched 
or cyclic alkyl group having a molecular Weight from 1 to 
about 500; and (1)1 and (1)2, independently, are selected from 
aryl groups. 

[0025] R groups contemplated for use in this invention 
include linear and branched alkyl groups, for eXample, 
methyl, ethyl, propyl, butyl, amyl, isoamyl, heXyl, isobutyl, 
heptyl, octyl, nonyl, decyl, cetyl, 2-ethylheXyl, etc., and 
cyclic alkyl radicals, for eXample, cyclopentyl, cycloheXyl, 
cyclooctyl, norbornyl, 1-methylnorbornyl, S-methylnor 
bornyl, 7-methylnorbornyl, 5,6-dimethylnorbornyl, 5,5,6 
trimethylnorbornyl, S-ethylnorbornyl, S-phenylnorbornyl 
and 5-benZylnorbomyl. In the multiple-functional initiators 
(n>1), the R group is employed to connect several peroXy 
diarylborane moieties. The molecular Weight of R is beloW 
500. 

[0026] As used in connection With (1)1 and (1)2, the term 
“aryl group” is meant to include C6 to C30 aryl radicals, such 
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as, for eXample, phenyl and substituted phenyl radicals 
(C6H5_XR‘X) With one to ?ve substituent groups R‘. Each 
substituent group R‘ is, independently, a radical selected 

from a group consisting of C1-C15 hydrocarbyl radicals, 
substituted C1-C15 hydrocarbyl radicals Wherein one or 
more hydrogen atoms is replaced by a halogen radical, an 
alkoXy radical, an amido radical, and a phosphido radical. 
(C6H5_XR‘X) is also a phenyl ring in Which tWo adjacent 
R‘-groups are joined forming ?ve to eight-member ring to 
give a saturated or unsaturated polycyclic phenyl group such 
as tetralin, indene, naphthalene, and ?uorene. (1)1 and (1)2 also 
can be chemically bridged to each other With a linking group 
or With a direct chemical bond betWeen the tWo aryl groups 

to form a cyclic ring structure that includes a boron atom. 

[0027] Particularly suitable alkylperoXydiarylborane “liv 
ing” free radical initiators are compounds containing borane 
moieties, illustrated beloW as compounds (I) and (II): 

(I) 
R 

R2 
(11) UQQ 

[0028] Wherein R1 and R2 in compounds (I) and (II), 
independently, represent H or an alkyl, aryl or alkoXyl 
substituent having from 1 to 15 carbon atoms, and preferably 
from 1 to 8 carbon atoms, With R1 and R2 being located at 
all ?ve substitution locations on the respective aryl ring 
structures; and Wherein X in compound (II) is a linking 
group selected from a direct chemical bond, —O—, 
—N(R“)—, —Si(R“2)— and —(CH2)m—, Where R“ is a 
C1-C4 alkyl group and m is 1, 2 or 3. The preferred initiators 
include alkylperoXydimesitylborane, 9-alkylperoXy-bo 
ra?uorene, 1-alkylperoXy-2,3;5,6-dibenZoborine, 1-alkylp 
eroXy-2,3;6,7-bibenZoborepin, and 1-alkylperoXy-2,3;6,7 
bibenZodihydroborepin. 
[0029] The alkylperoXydiarylborane “living” free radical 
initiators of the present invention may be prepared by a 
selective oxidation of alkyldiarylborane by oXygen and by 
(ii) a condensation reaction betWeen halodiarylborane and 
alkylhydroperoXide (or the corresponding alkali metal salt). 
The folloWing equation illustrates the general reaction 
scheme for the preparation of an alkylperoXydiarylborane 
initiator Within the scope of the invention, namely: 1 -oc 
tylperoXyl-9-bora?uorene: 
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(III) 

(IV) 

(V) 

[0030] Detailed preparation procedures for both precur 
sors, i.e., 1-octyl-9-bora?uorene (III) and 9-chlorobora?uo 
rene (IV), are discussed in the examples. At ambient tem 

perature, a spontaneous oxidation reaction occurs upon 

(v11) 

(V) 
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mixing 1-octyl-9-bora?uorene (III) With oxygen. Due to the 
tWo strong aryl-B bonds, the oxidation reaction selectively 
takes place at octyl-B bond to produce peroxyborane (C8— 
O—O—B) The effective and selective reaction is 
demonstrated by comparing the 11B NMR spectrum of a 
sample of the 1-octyl-9-bora?uorene precursor (III) before 
the oxidation reaction (FIG. 1) With the 11B NMR spectrum 
of a sample of the 1-octylperoxyl-9-bora?uorene initiator 

(V) after the oxidation reaction (FIG. 2). In FIG. 1b, the 
single chemical shift of 1-octyl-9-bora?uorene (III) at 60 
ppm (vs. etherated BF3) indicates the strong J's-electron 
delocaliZation around the B atom at the center ?ve-member 

ring, Which provides high bond order and good stability of 
aryl-B bonds. Upon oxidation, the chemical shift completely 
moves to a higher ?eld at 42 ppm (FIG. 2), indicating a 
quantitative oxidation reaction to produce l-octylperoxyl 
9-bora?uorene initiator 

[0031] The 1-octylperoxyl-9-bora?uorene initiator (V) 
behaves very differently from other living radical initiator 
systems, based on stable nitroxyl radical and transition metal 
species as the capping agents. This peroxyborane is a 
reactive radical initiator even at ambient temperature. As 

illustrated in the folloWing equation, the 1-octylperoxyl-9 
bora?uorene initiator undergoes spontaneous hemolytic 
cleavage of the peroxide moiety to generate a reactive 
alkoxyl radical (C—O*) (VI) and a stable borinate radical 
(B—O*) (VII), due to the back-donating of electron density 
to the empty p-orbital of boron. 

CH3 
(VIII) 

l 

MMA 

(VI) 

CH3 
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[0032] The alkoXyl radical (VI) that is formed is very 
reactive to free radical-polymeriZable monomers, such as 
methyl methacrylate (MMA) and initiates radical polymer 
borinate radical (VII) is too stable to react With free radical 
polymeriZable monomers. HoWever, the borinate radical 
(VII) serves as the end-capping agent to form a Weak and 
reversible bond With the growing chain end (VIII) during the 
polymerization reaction. Upon the dissociation of an elec 
tron pair, the growing chain end (VIII) can then react With 
additional monomer, such as methyl methacrylate (MMA), 
to eXtend the polymer chain. The resulting neW chain end 
radical immediately forms a Weak bond With the borinate 
radical (VII). Such a process minimiZes undesirable chain 
transfer reactions and termination (coupling and dispropor 
tionation) reactions betWeen tWo groWing chain ends. FIG. 
3, Which illustrates the GPC curves of poly(methyl meth 
acrylate) polymers sampled during the polymeriZation reac 
tions of Examples 7, 8, 10 and 11 herein beloW, clearly 
demonstrates that polymer molecular Weight continuously 
increases during the entire polymeriZation process, and that 
the molecular Weight distribution remains quite constant and 
narroW, With MW/Mn=~1.2. FIG. 4, Which illustrates a plot 
of polymer molecular Weight vs. monomer conversion, 
shoWs that all of the experimental data points fall almost 
eXactly on the theoretical line, based on the calculation of 

[monomer consumed]/[initiator concentration]. A near ideal 
straight line through the origin provides strong evidence of 
living polymerization. 

[0033] Thus, it has been found that the present “living” 
free radical initiators facilitate a “stable” radical polymer 
iZation process that occurs at ambient temperature. The 
peroXyborane initiator can be prepared prior to the polymer 
iZation or in situ prepared by injection of oXygen to mono 
mers in the presence of an alkyldiarylborane, such as 1-oc 
tyl-9-bora?uorene. The lack of chain-transfer and 
termination, both disproportionation and coupling reactions, 
is believed to associated With the existence of the “dormant” 
borinate radical (VII) species, serving as the reversible 
capping agent, that is produced in situ during the formation 
of initiator. 

[0034] The free radical polymeriZable vinyl monomers 
contemplated for use in this invention include, for eXample, 
methyl methacrylate, ethyl methacrylate, butyl methacry 
late, octyl methacylate, methacrylic acid, methyl acrylate, 
ethyl acrylate, butyl acrylate, octyl acrylate, 2-hydroXyethyl 
acrylate, glycidyl acrylate, acrylic acid, maleic anhydride, 
vinyl acetate, acrylonitrile, acrylamide, vinyl chloride, vinyl 
?uoride, vinylidene di?uoride, 1-?uoro-1-chloroethylene, 
1-chloro-2,2-di?uoroethylene, chlorotri?uoroethylene, trif 
luoroethylene, tertra?uoroethylene, heXa?uoropropene, sty 
rene, alpha-methyl styrene, substituted styrene, trimethoX 
yvinylsilane, triethoXyvinylsilane and the like. These radical 
polymeriZable monomers can be used either singly or as a 
combination of tWo or more monomers. The polymers 

formed from such monomers typically have from about 10 
to about 100,000 repeating monomer units. Preferably the 
polymers contain from about 20 to about 30,000, and most 
preferably from about 50 to about 10,000 repeating mono 
mer units. 
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[0035] The living radical polymeriZation of this invention 
is useful for preparing homoploymers and random copoly 
mers. HoWever, it is also useful for preparing block copoly 
mers by means of sequential monomer addition. In other 
Words, after completing the polymeriZation of a ?rst mono 
mer to the eXtent desired to form a ?rst polymer “block”, a 
second monomer is introduced into the reaction mass to 
effect polymeriZation of the second monomer to form a 
second polymer “block” that is attached to the end of the ?rst 
block. Using this sequential addition process, a broad range 
of diblock, triblock, etc. copolymers can be prepared, Which 
have folloWing formula: 

[0036] Where M1, M2 and M3 are independent monomer 
units chosen from free radical polymeriZable monomers, 
such as methyl methacrylate, ethyl methacrylate, butyl 
methacrylate, octyl methacylate, methacrylic acid, methyl 
acrylate, ethyl acrylate, butyl acrylate, octyl acrylate, 2-hy 
droXyethyl acrylate, glycidyl acrylate, acrylic acid, maleic 
anhydride, vinyl acetate, acrylonitrile, acrylamide, vinyl 
chloride, vinyl ?uoride, vinylidene di?uoride, l-?uoro-l 
chloroethylene, 1-chloro-2,2-di?uoroethylene, chlorotrif 
luoroethylene, tri?uoroethylene, tertra?uoroethylene, 
heXa?uoropropene, styrene, alpha-methyl styrene, substi 
tuted styrene, trimethoXyvinylsilane, triethoXyvinylsilane 
and the like. These radical polymeriZable monomers can be 
used either singly or as a combination of tWo or more 

monomers. The numbers X, y and Z represent the number of 
repeating monomer units in each polymer block, and typi 
cally X, y and Z, independently, Would be from about 10 to 
about 100,000. Preferably, X, y, and Z, independently, Would 
be from about 20 to about 30,000, most preferably from 
about 50 to about 10,000. Basically, similar living radical 
polymeriZation reactions occur sequentially, ?rst With the 
?rst monomer (or miXture of monomers), then With the 
second monomer (or miXture of monomers), then With the 
third monomer (or miXture of monomers), and so on, to form 
diblock, triblock, etc. copolymers having a narroW molecu 
lar Weight distribution, i.e. MW/Mn<2.0, typically <1.8, and 
preferably <15, and most preferably <1.2. As shoWn in FIG. 
5, a poly(methyl methacrylate-b-butyl methacrylate) 
diblock copolymer (graph b) eXhibited almost tWice the 
molecular Weight of a poly(methyl methacrylate) homopoly 
mer (graph a), Without changing the narroW molecular 
Weight distribution. The copolymer composition Was basi 
cally controlled by monomer feed ratio. 

[0037] In accordance With another aspect of the present 
invention, one of the major advantages of alkylperoXydi 
arylborane initiators resides in the ability to synthesiZe 
initiators containing multiple active sites. Thus, by means of 
a simple hydroboration reaction of a molecule containing 
multiple ole?nic double bonds With a diarylborane, folloWed 
by the spontaneous and selective oXidation reaction by 
oXygen at ambient temperature (as discussed above). The 
folloWing equation illustrates the preparation of a difunc 
tional initiator ot,u)-bis(9-peroXybora?uorene)heXane. 
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CH2: CH— CH2— CH2— CH: cH2 + 2 0 B—H 

0 B — CH2_ CH2_ CH2_ CH2_ CH2_ CH2_ 0 

[202 

[0038] The difunctional initiator having tWo active sites 
may be used to initiate a living free radical polymerization 
to produce high molecular Weight polymers Within shorter 
reaction time. It is especially useful in a process for prepar 
ing the symmetrical triblock (A-B-A) copolymers contain 
ing tWo A end blocks and one B center block. For example, 
the above difunctional initiator ot,u)-bis(9-peroxybora?uo 
rene)hexane is dissolved in monomer B to form a reaction 
solution Which is polymeriZed and forms a telechelic poly 
mer (macroinitiator) containing tWo active end groups. The 
macroinitiator is then contected With monomer A to form 
second reaction solution that is polymeriZed to form an 
A-B-A triblock copolymer. 

[0039] Furthermore, the chemistry is easily extended to 
the preparation of multiple functional initiators, containing 
more than tWo active sites. The reaction involves a com 
pound having multiple ole?nically unsaturated sites and the 
same hydroboration reaction of the ole?nic sites With a 
sufficient quantity of diarylborane. The multiple functional 
initiators are very useful for preparing star-shape polymers 
having multiple arms, Wherein the number of arms is the 
same as the number of active sites in the initiator, and 
Wherein each arm typically contains from about 10 to about 
100,000 repeating monomer units. Preferably each arm 
contains from about 20 to about 30,000, and most preferably 
from about 50 to about 10,000 repeating monomer units. 

[0040] In addition, by using the above-discussed sequen 
tial monomer addition process, it is also possible to prepare 
multiple blocks in each arm of a star polymer. In general, the 
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combination of living radical polymeriZation and easy syn 
thesis of multiple functional initiator opens up a Wealth of 
possibilities in the synthesis of complex polymer architec 
tures. 

[0041] The folloWing examples are illustrative of the 
principles and practice of this invention. 

Example 1 

Synthesis of 2,2‘-Dibromobiphenyl 

[0042] To a stirred solution of 38.15 g (0.16 mol) of 
o-dibromobenZene in 350 ml of anhydrous tetrahydrofuran 
(THF) at —80° C. Was added 50.5 ml of a 1.6 M solution of 
n-butyllithium in pentane. The rate of addition Was such that 
the temperature Was not alloWed to rise more than 50 C. 
After the solution Was stirred for 2.5 hours at —78° C., the 
yelloW-green reaction mixture Was gradually Warmed up to 
—5° C. over a period of 8 hours, and then Was hydrolyZed 
With 100 ml of 5% hydrochloric acid. The resulting layers 
Were separated and the aqueous layer Was extracted With 
three 50 ml portions of ether. The ether solution, together 
With the original organic layer, Was dried over anhydrous 
sodium sulfate, and ?ltered. After the removal of the solvent 
under vacuum, the residue Was treated With 50 ml of 
anhydrous ethanol and cooled doWn to —40° C. to yield 17.9 
g (70% yield) of 2,2‘-dibromobiphenyl. One recrystalliZa 
tion from anhydrous ethanol gave pure 2,2‘-dibromobiphe 
nyl having a melting point 80.8° C. The molecular 
structure Was determined by 1H NMR measurement in 
CDCl3 solvent. 1H NMR spectra of the pure 2,2‘-dibromo 
biphenyl (CDCl3 at 25° C.) Was as folloWs: 67.70 (d, 1H, 
aromatic H), 7.38 (m, 1H, aromatic H), 7.25 (m, 2H, 
aromatic 

Example 2 

Synthesis of 9-Chlorobora?uorene. 

[0043] A solution of 5.0 g (16.03 mmol) of 2,2‘-dibromo 
biphenyl in 100 ml of diethyl ether Was cooled to —10° C. To 
this solution, a solution of 1.6 M n-butyllithium (32.05 
mmol) in hexane (21 ml) Was added dropWise. After the 
solution Was stirred for 2 hours at —10° C., the yelloW 
reaction mixture Was gradually Warmed up to —5° C. for 4 
hours. Volatiles Were then removed under vacuum. The 
residue Was Washed With anhydrous hexane, ?ltered to 
remove lithium bromide, and dried under vacuum, leaving 
2.61 g of dilithiobiphenyl (98% yield) as a colorless poWder. 

[0044] To a solution of dilithiobiphenyl (2.61 g, 15.71 
mmol) in hexane (100 ml) at —10° C. Was added dropWise 
a solution of 1.0 M boron trichloride (15.8 ml) in hexane 
over a period of 2 hours. The reaction solution Was stirred at 
—10° C. for 5 hours, and sloWly Warmed to room tempera 
ture, and then stirred overnight. After removal of the solvent 
under very high vacuum, the product residue Was Washed 
With highly pure hexane, ?ltered and dried under very high 
vacuum to give 2.18 g (70% yield) of pure 9-chlorobora?uo 
rene as an yelloW poWder. The molecular structure Was 
determined by 1H,13C and 11B NMR measurements in 
CDCl3 solvent. 1H NMR spectra of the pure 9-chlorobo 
ra?uorene product (CDCl3, 25° C.) Was as folloWs: 67.65 
(m, 1H, aromatic H), 7.35 (m, 2H, aromatic H), 7.15 (m, 2H, 
aromatic 13C NMR spectra of the pure 9-chlorobora?uo 
rene product (CDCl3, 25° C.) Was as folloWs: 6153.52, 
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135.35, 132.99, 129.31, 120.57. 11B NMR spectra of the 
pure 9-chlorobora?uorene product (CDCl3, 25° C.) Was as 
follows: 663.85. 

Example 3 

Synthesis of Bis(9-Bora?uorene) 
[0045] To a solution of 9-chlorobora?uorene (1.93 g, 9.8 
mmol) in THF (80 mL) at —78° C. Was added dropWise a 
solution of 1.0 M sodium triethylborohydride (9.8 ml) in 
THF using a syringe over a period of 2 hours. The reaction 
solution Was stirred at —78° C. for 2 hours, and sloWly 
Warmed to room temperature, and then stirred overnight. 
After the removal of the solvent under very high vacuum, 
the product residue Was Washed With high purity THF, 
?ltered and dried under very high vacuum to give 1.12 g 
(35% yield) of a puri?ed colorless bis-(9-bora?uorene) 
poWder. The molecular structure Was determined by 1H, 13C 
and 11B NMR measurements in CDCl3 solvent. 1H NMR 
spectra (CDCl3, 25° C.) Was as folloWs: 68.45 (br s, 2H, 
B-H), 7.42 (m, 1H, aromatic H), 7.21 (m, 2H, aromatic H), 
7.02 (m, 2H, aromatic 13C NMR spectra (CDCl3, 25° C.) 
Was as folloWs: 6147.52, 135.15, 132.89, 129.31, 120.19. 
11B NMR spectra (C6D6, 25° C.) Was as folloWs: 658.20 
(minor species, monomeric B-H), 20.12 (major peak, dimer 
B2H2). 

Example 4 

Synthesis of 1-Octyl-9-Bora?uorene 

[0046] To a solution of bis(9-bora?uorene) (1.12 g, 3.43 
mmol) in rigorously anhydrous/anaerobic THE (50 ml) at 
50° C. Was added dropWise an excess amount of 1-octene 
(5.0 ml) using a syringe. After stirring for 5 hours, the 
solvent Was removed under very high vacuum. The product 
residue Was then Washed With highly purity THF, ?ltered in 
a highly puri?ed dry box and dried under very high vacuum 
to give 1.85 g (98% yield) of a puri?ed colorless 1-octyl 
9-bora?uorene. The molecular structure Was determined by 
1H and 11B NMR measurements in CDCl3 solvent. 1H NMR 
spectra of the 1-octyl-9-bora?uorene (CDCl3, 25 ° C.) Was as 
folloWs: 67.49 (m, 1H, aromatic H), 7.30 (m, 2H, aromatic 
H), 7.12 (m, 2H, aromatic H), 1.69 (tr, 2H, BCHZ), 1.38 (m, 
2H, BCHZCHZ), 1.18 (m, 10H, CH2), 0.75 (tr, 3H, CH3). 11B 
NMR spectra (C6D6, 25° C.) Was as folloWs: 660.17. 

Example 5 

Synthesis of 1-Octylperoxy-9—Bora?uorene 

[0047] To a stirred suspension of 1-octyl-9-bora?uorene 
(1.12 g, 3.43 mmol) in rigorously anhydrous/anaerobic 
benzene (50 ml) at 20° C., 84 ml of oxygen (at ambient 
temperature, 1 atmosphere pressure) Was added using a 
syringe. The mixture Was stirred for 3 hours. Evaporation of 
volatiles under very high vacuum line afforded 1.0 g (95% 
yield) of 1-octyl-9-bora?uorene oxidation adduct as a col 
orless viscous product. The molecular structure of resulting 
1-octylperoxy-9-bora?uorene Was determined by 1H, 13C 
and 11B NMR measurements in CDCl3 solvent. 1H NMR 
spectra of the 1-octylperoxy-9-bora?uorene product 
(CDCl3, 25° C.) Was as folloWs: 67.37 (m, 1H, aromatic H), 
7.20 (m, 2H, aromatic H), 7.00 (m, 2H, aromatic H), 3.45 
(m, 2H, OCHZ), 1.39 (m, 2H, OCHZCHZ), 1.15 (m, 10H, 
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CH2), 0.78 (tr, 3H, CH3). 13C NMR spectra (CDCl3, 25° C.) 
Was as folloWs: 6149.12, 136.25, 132.89, 129.19, 120.57, 
69.76, 32.98, 32.42, 29.93, 26.16, 22.95, 14.31. 11B NMR 
spectra (C6D6, 25° C.): 641.94. 

Example 6 

Polymerization of Methyl Methacrylate (MMA) 

[0048] A 100 ml reactor equipped With a magnetic stirrer 
Was attached to a high-vacuum line, and then sealed under 
a nitrogen atmosphere. Fresh anhydrous/anaerobic THF (40 
ml) and highly puri?ed MMA (10 ml) Were introduced via 
a syringe at 20° C. The reactor Was placed in a bath at 20° 

C., and stirred for 10 min. The 1-octylperoxy-9-bora?uorene 
(0.026 g) initiator in THF solution Was then added, and the 
mixture Was stirred for 10 hours. The polymerization Was 
quenched With acidic methanol, and the precipitated poly 
mer (PMMA) Was collected, Washed, and dried in a vacuum 
oven at 60° C. The conversion of MMA Was 17.4%, and the 
number average molecular Weight and molecular Weight 
distribution of the resulting polymer Were 18,800 g/mol and 
1.21, respectively. 

Examples 7- 1 9 

Polymerization of Methyl Methacrylate (MMA) 

[0049] In a series of examples, folloWing the procedures 
described in Example 6, a 100 mL reactor equipped With a 
magnetic stirrer Was attached to a high-vacuum line, and 
then Was sealed under a nitrogen atmosphere. Fresh anhy 
drous/anaerobic THF (40 mL) Was introduced via a syringe 
at 20° C., folloWed by adding the amount of MMA indicated 
in Tables 1 and 2. The reactor Was placed in a bath at 20° C., 
and stirred for 10 min. The indicated amount of 1-octylp 
eroxy-9-bora?uorene solution in THF Was then added, and 
the mixture Was stirred for the indicated reaction time. The 
polymerization Was quenched With acidic methanol, and the 
precipitated polymer (PMMA) Was collected, Washed, and 
dried in a vacuum oven at 60° C. The polymers Were 

characterized by Gel Permeation Chromatography (GPC), 
Differential Scanning Calorimetry (DSC) and NMR. The 
results for the series of examples are summarized in Tables 
1 and 2. 

TABLE 1 

Polymerization of MMA3 by using 1-octylperoxy-9-bora?uorene 
(1.72 mmol/l) 

Reaction Monomer MW/Mn 
Example Time (hr) Conversion (%) Mn Mn (Cal.) (PDI) 

7 2 2.3 2500 2534 1.17 
8 5 5.0 5300 5509 1.19 
9 10 17.4 18090 19170 1.21 

10 18 33.9 36070 37348 1.18 
11 24 50.8 54750 55967 1.35 
12b 24 54.4 86100 89867 1.46 

aPolymerization conditions: [MMA] = 1.87 M (10 ml), solvent = 
40 ml, 
b[MMA] = 2.81 M (15 ml). 
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[0050] 

TABLE 2 

Polymerization of MMA3 by using 1-octylperoxy-9-bora?uorene 

(6.43 mmol/l) 

Reaction Monomer MW/Mn 

Example Time (hr) Conversion (%) Mn Mn (Cal.) (PDI) 

13 3 9.1 2500 2619 1.14 

14 6 18.5 5300 5370 1.19 

15 10 35.2 11080 10218 1.21 

16 16 56.7 17070 16458 1.15 

17 20 65.5 20750 19013 1.35 

18 28 85.3 25100 24760 1.20 

19 28'’ 86.8" 38900 37780 1.25 

apolymerization conditions: [MMA] = 1.87 M (10 ml), solvent (THF) = 40 
ml, 
b[MMA] = 2.81 M (15 ml). 

Example 20 

Polymerization of Butyl Methacrylate (BMA) 

[0051] A 100 ml reactor equipped With a magnetic stirrer 
Was attached to a high-vacuum line, and then sealed under 

a nitrogen atmosphere. Fresh anhydrous/anaerobic THF (40 
ml) and highly puri?ed BMA (1.26 M) Were introduced via 
a syringe at 20° C. The reactor Was placed in a bath at 20° 

C., and stirred for 10 min. 1-octylperoxy-9-bora?uorene 
solution in THF (1.72 mmol/l) Was then added, and the 
mixture Was stirred for 1 hour. The polymerization Was 

quenched With acidic methanol, and the precipitated poly 
mer (PBMA) Was collected, Washed, and dried in a vacuum 
oven at 60° C. The conversion of BMA Was 1.2%, and the 
number average molecular Weight and molecular Weight 
distribution of polymers, as determined by GPC, Were 1365 
g/mol and 1.19, respectively. 

Examples 21-29 

Polymerization of Butyl Methacrylate (BMA) 

[0052] In a series of examples, following the procedures 
described in Example 20, a 100 ml reactor equipped With a 
magnetic stirrer Was attached to a high-vacuum line, and 
then sealed under a nitrogen atmosphere. Fresh anhydrous/ 
anaerobic THF (40 ml) Was introduced via a syringe at 20° 
C., followed by adding the amount of BMA indicated in 
Table 3. The reactor Was placed in a bath at 20° C., and 
stirred for 10 min. The indicated amount of l-octylperoxy 
9-bora?uorene solution in THF Was then added, and the 
mixture Was stirred for the indicated reaction time. The 

polymerization Was quenched With acidic methanol, and the 
precipitated polymer (PBMA) Was collected, Washed, and 
dried in a vacuum oven at 60° C. The polymer product 
obtained in example Was characterized by GPC and DSC 
and NMR. These results are summarized in Table 3. 
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TABLE 3 

Polymerization of butyl methacrylate (BMA) using 1-octylperoxy-9 
bora?uorene 

Reaction Monomer MW/Mn 
Example Time (hr) Conversion (%) Mn Mn (Cal.) (PDI) 

21 1 1.2 1360 1263 1.19 
22 3 3.0 3500 3153 1.17 
23 6 6.7 4870 4966 1.21 
24 8 13.2 14110 13895 1.18 
25 10 19.5 21380 20527 1.18 
26 14 29.8 32180 31369 1.41 
27 24 53.4 57310 56212 1.37 
28 36 69.5 74150 73159 1.20 
29 48 88.4 95380 93054 1.22 

aPolmerization conditions: [MMA] = 1.26 M (10 ml), solvent (THF) = 40 
ml, [1—octylperoxy-9-bora?uorene] = 1.72 mmol/l. 

Example 30 

Diblock Polymerization of Methyl Methacrylate 
and Butyl Methacrylate 

[0053] A 100 ml reactor equipped With a magnetic stirrer 
Was attached to a high-vacuum line, and then sealed under 
a nitrogen atmosphere. Fresh anhydrous/anaerobic THF (40 
ml) and highly puri?ed MMA (1.86 M) Were introduced via 
a syringe at 20° C. The reactor Was placed in a bath at 20° 
C., and stirred for 10 min. 1-octylperoxy-9-bora?uorene 
solution in THF (6.43 mmol/l) Was then added, and the 
mixture Was stirred for 10 hours. The volatiles, including 
benzene and MMA monomer, Were rapidly evaporated 
under high vacuum (beloW 50 millitorr). A sample of the 
polymer (PMMA) Was taken from the reactor GPC analysis. 
A mixture of benzene (50 mL) and butyl methacrylate 
(BMA) (1.26 M) Was then introduced into the reactor (via 
syringe) as quickly as possible. Copolymerization Was 
begun at 20° C. and continued for another 10 hours. The 
Copolymerization Was quenched With acidic methanol, and 
the precipitated polymer PMMA-b-PBMA Was collected, 
Washed, and dried in a vacuum oven at 60° C. GPC 
measurements on the sample of the PMMA polymer that 
Was taken from the reactor shoWed that the PMMA had a 
number average molecular Weight and a molecular Weight 
distribution of 12,100 g/mol and 1.23, respectively. The 
number average molecular Weight and molecular Weight 
distribution of PMMA-b-PBMA diblock copolymer Were 
20,100 g/mol and 1.35, respectively. 

Example 31 

Diblock Polymerization of Methyl Methacrylate 
and Butyl Methacrylate 

[0054] A 100 mL reactor equipped With a magnetic stirrer 
Was attached to a high-vacuum line, and then sealed under 
a nitrogen atmosphere. Fresh anhydrous/anaerobic THF (40 
mL) and highly puri?ed MMA (10 ml) Were introduced via 
a syringe at 20° C. The reactor Was placed in a bath at 20° 
C., and stirred for 10 min. The 1 -octylperoxy-9-bora?uo 
rene initiator (6.43 mmol) in THF solution Was then added, 
and the mixture Was stirred for 5 h. The volatiles, including 
benzene and MMA monomer, Were rapidly evaporated 
under high vacuum (beloW 50 millitorr) and a sample of 
polymer (PMMA) Was taken from the reactor for GPC 
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analysis. A mixture of benzene (50 mL) and butyl meth 
acrylate (BMA) (10 ml) Was introduced into the reactor (via 
syringe) as quickly as possible. CopolymeriZation Was 
begun at 20° C. and continued for another 5 h. The copo 
lymeriZation Was quenched With acidic methanol, and the 
precipitated polymer (PMMA-b-PBMA) Was collected, 
Washed, and dried in a vacuum oven at 60° C. The number 
average molecular Weight and molecular Weight distribution 
of PMMA polymer Were 5500 g/mol and 1.21, respectively. 
The number average molecular Weight and molecular Weight 
distribution of PMMA-b-PBMA diblock copolymer Were 
10200 g/mol and 1.25, respectively. 

Example 32 

Synthesis of ot,u)—Bis(9-peroxybora?uorene)octane 

[0055] To a solution of 9-bora?uorene (2.3 g, 7 mmol) in 
rigorously anhydrous/anaerobic THE (100 ml) at 50° C. Was 
added dropWise ot,u)-octadiene (3.5 mmol) using a syringe. 
After stirring for 5 hours, the solvent Was removed under 
very high vacuum. The product residue Was then Washed 
With highly purity THE, ?ltered in a highly puri?ed dry box 
and dried under very high vacuum to give 2.97 g (97% yield) 
of a puri?ed colorless ot,u)-bis(9-bora?uorene)octane. The 
molecular structure Was determined by 1H and 11B NMR 
measurements in CDCl3 solvent. 

[0056] The oxygen oxidation reaction Was carried out by 
suspending the formed ot,u)-bis(9-bora?uorene)octane in 
rigorously anhydrous/anaerobic benZene (100 ml) at 20° C., 
and adding 320 ml of oxygen (at ambient temperature, 1 
atmosphere pressure) using a syringe. The mixture Was 
stirred for 3 hours. Evaporation of volatiles under very high 
vacuum line afforded 3.1 g (97% yield) of ot,u)-bis(9 
peroxybora?uorene)octane as a colorless viscous product. 
The molecular structure of resulting ot,u)-bis(9-peroxybo 
ra?uorene)octane Was determined by 1H, 13C and 11B NMR 
measurements in CDCl3 solvent. 

Example 33 

Triblock PolymeriZation of 
PMMA-b-PBMA-b-PMMA 

[0057] A 200 ml reactor equipped With a magnetic stirrer 
Was attached to a high-vacuum line, and then sealed under 
a nitrogen atmosphere. BenZene (100 ml) and highly puri 
?ed butyl methacrylate (BMA) (30 ml) Were introduced via 
a syringe at 20° C. The reactor Was placed in a bath at 20° 
C., and stirred for 10 min. 0.4 g of the ot,u)-bis(9-peroxybo 
ra?uorene)octane difunctional initiator prepared in Example 
32 in THE solution Was then added, and the mixture Was 
stirred for 10 hours. The volatiles, including benZene, THE 
and the unreacted BMA monomer, Were rapidly evaporated 
under high vacuum (beloW 10 millitorr). A small sample of 
polymer (PBMA) Was taken from the reactor for GPC 
analysis and Was found to have a molecular Weight about 
18,500 g/mole. Amixture of anhydrous/anaerobic THE (100 
mL) and methyl methacrylate (MMA) (15 ml) Was intro 
duced into the reactor (via syringe) as quickly as possible. 
CopolymeriZation Was begun at 20° C. and continued for 
another 10 hours. The copolymeriZation Was quenched With 
acidic methanol, and the precipitated triblock polymer 
PMMA-b-PBMA-b-PMMA Was collected, Washed, and 
dried in a vacuum oven at 60° C. The number average 
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molecular Weight and molecular Weight distribution of the 
triblock polymer Were 25,400 g/mol and 1.28, respectively. 

What is claimed is: 
1. A living free radical initiator having the general for 

mula. 

Wherein n is from 1 to 4, R is a hydrogen or a linear, 
branched or cyclic alkyl radical having a molecular 
Weight from 1 to about 500, and (1)1 and (1)2, indepen 
dently, are selected from aryl radicals, based on phenyl 
or substituted phenyl groups, With the proviso that (1)1 
and (1)2 can be the chemically bridged to each other With 
a linking group or With a direct chemical bond betWeen 
the tWo aryl groups to form a cyclic ring structure that 
includes a boron atom. 

2. The living free radical initiator according to claim 1, 
having the general formula I or 

(I) 

I5 

JQQL R2 
(11) 

R1 

Wherein, R1 and R2 in compounds (I) and (II), independently, 
represent H or an alkyl, aryl or alkoxyl substituent having 
from 1 to 8 carbon atoms, With R1 and R2 being located at 
all available substitution locations; and Wherein X in com 
pound (II) is selected from a direct chemical bond, —O—, 
—N(R“)—, —Si(R“2)—, and —(CH2)m—, With R“ being a 
Cl-C2 alkyl group and m being 1, 2 or 3. 

3. The living free radical initiator according to claim 1, 
Which comprises an alkylperoxydimesitylborane. 

4. The living free radical initiator according to claim 1, 
Which comprises a 9-alkylperoxy-bora?uorene. 

5. The living free radical initiator according to claim 1, 
Which comprises a 1-alkylperoxy-2,3;5,6-dibenZoborine. 

6. The living free radical initiator according to claim 1, 
Which comprises a 1-alkylperoxy-2,3;6,7-bibenZoborepin. 

7. The living free radical initiator according to claim 1, 
Which comprises a 1-alkylperoxy-2,3;6,7-bibenZodihy 
droborepin. 

8. A living radical polymeriZation process, Which com 
prises contacting a mixture of (a) a living free radical 
initiator having the formula R-[O—O—B—<])1(—q)2)]n, 
Wherein n is from 1 to 4, R is a hydrogen or a linear, 
branched or cyclic alkyl radical having a molecular Weight 
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from 1 to about 500, and (1)1 and (1)2, independently, are 
selected from aryl radicals, based on phenyl or substituted 
phenyl groups, With the proviso that (1)1 and (1)2 can be the 
chemically bridged to each other With a linking group or 
With a direct chemical bond betWeen the tWo aryl groups to 
form a cyclic ring structure that includes a boron atom, With 
(b) at least one free radical polymeriZable monomer at 
ambient temperature to produce a polymer having a molecu 
lar Weight distribution (MW/Mn) of less than about 2. 

9. The process according to claim 8, Wherein the polymer 
product that is produced has a molecular Weight distribution 
(MW/Mn) of less than about 1.5. 

10. The process according to claim 8, Wherein said living 
free radical initiator comprises multiple (n>2) active sites 
and the polymer that is produced comprises a star-shape 
polymer having the same number of arms as the number of 
active sites on said living free radical initiator 

11. The process according to claim 9, Wherein said living 
free radical initiator comprises multiple (n>2) active sites 
and the polymer that is produced comprises a star-shape 
polymer having the same number of arms as the number of 
active sites on said living free radical initiator. 

12. The process according to claim 8, Wherein at least tWo 
free radical polymeriZable monomers are contacted With 
said living free radical initiator in sequence such that a ?rst 
of said at least tWo monomers is polymeriZed to form a ?rst 
polymer block before the second of said at least tWo mono 
mers is contacted With said living free radical initiator, 
thereby producing a block copolymer comprised of discrete 
blocks of polymer formed from said at least tWo free radical 
polymeriZable monomers. 

13. The process according to claim 9, Wherein at least tWo 
free radical polymeriZable monomers are contacted With 
said living free radical initiator in sequence such that a ?rst 
of said at least tWo monomers is polymeriZed to form a ?rst 
polymer block before the second of said at least tWo mono 
mers is contacted With said living free radical initiator, 
thereby producing a block copolymer comprised of discrete 
blocks of polymer formed from said at least tWo free radical 
polymeriZable monomers. 

14. The process according to claim 8, Wherein said at least 
one free radical polymeriZable monomer is selected from the 
group consisting of methyl methacrylate, ethyl methacry 
late, butyl methacrylate, octyl methacylate, methacrylic 
acid, methyl acrylate, ethyl acrylate, butyl acrylate, octyl 
acrylate, 2-hydroXyethyl acrylate, glycidyl acrylate, acrylic 
acid, maleic anhydride, vinyl acetate, acrylonitrile, acryla 
mide, vinyl chloride, vinyl ?uoride, vinylidene di?uoride, 
1-?uoro-1-chloro-ethylene, 1-chloro-2,2-di?uoroethylene, 
chlorotri?uoroethylene, tri?uoroethylene, tertra?uoroethyl 
ene, heXa?uoropropene, styrene, alpha-methyl styrene, sub 
stituted styrene, trimethoXyvinylsilane and triethoXyvinylsi 
lane and miXtures thereof. 

15. The process according to claim 9, Wherein said at least 
one free radical polymeriZable monomer is selected from the 
group consisting of methyl methacrylate, ethyl methacry 
late, butyl methacrylate, octyl methacylate, methacrylic 
acid, methyl acrylate, ethyl acrylate, butyl acrylate, octyl 
acrylate, 2-hydroXyethyl acrylate, glycidyl acrylate, acrylic 
acid, maleic anhydride, vinyl acetate, acrylonitrile, acryla 
mide, vinyl chloride, vinyl ?uoride, vinylidene di?uoride, 
1-?uoro-1-chloro-ethylene, 1-chloro-2,2-di?uoroethylene, 
chlorotri?uoroethylene, tri?uoroethylene, tertra?uoroethyl 
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ene, heXa?uoropropene, styrene, alpha-methyl styrene, sub 
stituted styrene, trimethoXyvinylsilane and triethoXyvinylsi 
lane and miXtures thereof. 

16. The process according to claim 10, Wherein the free 
radical polymeriZable monomer is selected from the group 
consisting of methyl methacrylate, ethyl methacrylate, butyl 
methacrylate, octyl methacylate, methacrylic acid, methyl 
acrylate, ethyl acrylate, butyl acrylate, octyl acrylate, 2-hy 
droXyethyl acrylate, glycidyl acrylate, acrylic acid, maleic 
anhydride, vinyl acetate, acrylonitrile, acrylamide, vinyl 
chloride, vinyl ?uoride, vinylidene di?uoride, 1-?uoro-1 
chloro-ethylene, 1-chloro-2,2-di?uoroethylene, chlorotrif 
luoroethylene, tri?uoroethylene, tertra?uoroethylene, 
heXa?uoropropene, styrene, alpha-methyl styrene, substi 
tuted styrene, trimethoXyvinylsilane and triethoXyvinylsi 
lane and miXtures thereof. 

17. The process according to claim 11, Wherein the free 
radical polymeriZable monomer is selected from the group 
consisting of methyl methacrylate, ethyl methacrylate, butyl 
methacrylate, octyl methacylate, methacrylic acid, methyl 
acrylate, ethyl acrylate, butyl acrylate, octyl acrylate, 2-hy 
droXyethyl acrylate, glycidyl acrylate, acrylic acid, maleic 
anhydride, vinyl acetate, acrylonitrile, acrylamide, vinyl 
chloride, vinyl ?uoride, vinylidene di?uoride, 1-?uoro-1 
chloro-ethylene, 1-chloro-2,2-di?uoroethylene, chlorotrif 
luoroethylene, tri?uoroethylene, tertra?uoroethylene, 
heXa?uoropropene, styrene, alpha-methyl styrene, substi 
tuted styrene, trimethoXyvinylsilane and triethoXyvinylsi 
lane and miXtures thereof. 

18. The process according to claim 12, Wherein said at 
least tWo free radical polymeriZable monomers are selected 
from the group consisting of methyl methacrylate, ethyl 
methacrylate, butyl methacrylate, octyl methacylate, meth 
acrylic acid, methyl acrylate, ethyl acrylate, butyl acrylate, 
octyl acrylate, 2-hydroXyethyl acrylate, glycidyl acrylate, 
acrylic acid, maleic anhydride, vinyl acetate, acrylonitrile, 
acrylamide, vinyl chloride, vinyl ?uoride, vinylidene di?uo 
ride, 1-?uoro-1-chloro-ethylene, 1-chloro-2,2-di?uoroethyl 
ene, chlorotri?uoroethylene, tri?uoroethylene, tertra?uoro 
ethylene, heXa?uoropropene, styrene, alpha-methyl styrene, 
substituted styrene, trimethoXyvinylsilane and triethoXyvi 
nylsilane and mixtures thereof. 

19. The process according to claim 13, Wherein said at 
least tWo free radical polymeriZable monomers are selected 
from the group consisting of methyl methacrylate, ethyl 
methacrylate, butyl methacrylate, octyl methacylate, meth 
acrylic acid, methyl acrylate, ethyl acrylate, butyl acrylate, 
octyl acrylate, 2-hydroXyethyl acrylate, glycidyl acrylate, 
acrylic acid, maleic anhydride, vinyl acetate, acrylonitrile, 
acrylamide, vinyl chloride, vinyl ?uoride, vinylidene di?uo 
ride, 1-?uoro-1-chloro-ethylene, 1-chloro-2,2-di?uoroethyl 
ene, chlorotri?uoroethylene, tri?uoroethylene, tertra?uoro 
ethylene, heXa?uoropropene, styrene, alpha-methyl styrene, 
substituted styrene, trimethoXyvinylsilane and triethoXyvi 
nylsilane and mixtures thereof. 

20. The process according to claim 8, Wherein the poly 
mer that is produced contains from about 10 to about 
100,000 repeating monomer units. 

21. The process according to claim 9, Wherein the poly 
mer that is produced contains from about 10 to about 
100,000 repeating monomer units. 

22. The process according to claim 10, Wherein each of 
said arms of the star polymer contains from about 10 to 
about 100,000 repeating monomer units. 
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23. The process according to claim 11, wherein each of 
said arms of the star polymer contains from about 10 to 
about 100,000 repeating monomer units. 

24. The process according to claim 12, Wherein each of 
said discrete polymer blocks contains from about 10 to about 
100,000 repeating monomer units. 

25. The process according to claim 13, Wherein each of 
said discrete polymer blocks contains from about 10 to about 
100,000 repeating monomer units. 

26. The process according to claim 8, Wherein the poly 
mer that is produced contains from about 20 to about 30,000 
repeating monomer units. 

27. The process according to claim 9, Wherein the poly 
mer that is produced contains from about 20 to about 30,000 
repeating monomer units. 

28. The process according to claim 10, Wherein each of 
said arms of the star polymer contains from about 20 to 
about 30,000 repeating monomer units. 

29. The process according to claim 11, Wherein each of 
said arms of the star polymer contains from about 20 to 
about 30,000 repeating monomer units. 

30. The process according to claim 12, Wherein each of 
said discrete polymer blocks contains from about 20 to about 
30,000 repeating monomer units. 
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31. The process according to claim 13, Wherein each of 
said discrete polymer blocks contains from about 20 to about 
30,000 repeating monomer units. 

32. The process according to claim 8, Wherein the poly 
mer that is produced contains from about 50 to about 10,000 
repeating monomer units. 

33. The process according to claim 9, Wherein the poly 
mer that is produced contains from about 50 to about 10,000 
repeating monomer units. 

34. The process according to claim 10, Wherein each of 
said arms of the star polymer contains from about 50 to 
about 10,000 repeating monomer units. 

35. The process according to claim 11, Wherein each of 
said arms of the star polymer contains from about 50 to 
about 10,000 repeating monomer units. 

36. The process according to claim 12, Wherein each of 
said discrete polymer blocks contains from about 50 to about 
10,000 repeating monomer units. 

37. The process according to claim 13, Wherein each of 
said discrete polymer blocks contains from about 50 to about 
10,000 repeating monomer units. 


