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SUMMARY: The addition of zero-valent copper to the self-condensing vinyl polymerization (SCVP) of
novel AB* (meth)acrylic monomers using atom transfer radical polymerization (ATRP) catalyst systems has
allowed for their successful polymerization. Polymerization under homogeneous and heterogeneous catalyst
conditions without additional Cu(0) were unsuccessful. The catalyst system that was designed comprised of
Cu(l) bromide, 4,4bis(5-nonyl)-2,2bipyridine, and Cu(0) metal (powder or turning). FréhkhNMR spec-
troscopy, the degree of branching was estimated for the acrylic poly®Brs,0.48. The degree of branching

could not be determined for methacrylates by this method due to overlapping signal$HhNIMR spectra.

Introduction Schemel.:

. . X AB* oA
The development of self-condensing vinyl polymeriza- ke k*, Ao i* :|3\*
tion (SCVPY has enabled the synthesis of hyperbranched 2 a—s* A—b—A*
polymers from vinyl monomers, Scheme 1; A = double B* } A—b—/|**
bond, B* = functional group that can initiate polymeriza- AB o—p

tion. While the original system reported by Freckéegl
was cationic in natufé SCVP has also been applied to Of these monomers, only BPEA was polymerized to
group transfer polymerizatidh ruthenium catalyzed successfully yield a hyperbranched polymer. Using hetero-
polymerizatio® and free-radical polymerizations geneous catalyst system comprising of Cu(l) and-di4
mediated by a nitroxyl radiciland atom transfer radical tert-butyl)-2,2-bipyridine at 50C was determined to be
polymerization (ATRPY®. In a previous report, 2-(2-bro- the optimal reaction conditions yielding hyperbranched
mopropionyloxy)ethyl acrylate (BPEA) as well as threeBPEAS®. Polymerization of BPEA did not occur at 30
other AB* (meth)acrylic monomers were proposed fowith a homogeneous Cu(l) bromide, 4bis(5-nonyl)-2-
the synthesis of hyperbranched polymers by ATRR'-bipyridine (dNbpy) catalyst. At 13CC, however, poly-

Fig. 19. merization with the homogeneous catalyst was obtained,
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Fig.1. AB* (methycrylic monomes usedfor SCVPby ATRP
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althoughside reactons were also obsened®. The other
acrylicAB* monomescoud notbesuccestully polymer
izeddespitevariationsin ligand structureandtemperature.
Neitherheterogneousor homog@eouscatalyst systems
atvarioustemperauresyieldedpolyme for BPEM, BIEA
andBIEM. It wasspeculatedhatthe tertialy radicalsites
generatedrom methacylate moieties(A) and/orthe 2-
bromoisolutyryloxy moieties(B*) coupledrapdly, form-
ing an excessiveamountof deactivathg Cu(ll) species
andprevente polymerization.

Scheme2:
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k,

Kk M
a
—_— X-Cu(llyLigand + R®
ke
AN
R-R
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Scheme illustratesthe generalATRP proces&™*%, R-
X is analkyl halidefrom aninitiator, which is catalyzed
by a Cu(l) bromide/bigyridine complex (Cu(l)/2ligand)to
generateradcals, R®, with a rate corstantof activation,
ka. Cu(l) is corvertedto an X-Cu(ll) complex by abstrac-
tion of the halogen (X) from the initiator. Radicalscan
then be deacivated by X-Cu(ll), with a rate corstantof
deactivaton, k4. Becawse ky is much greaterthan ks, a
low concentation of monomeric and polymeric radicals
is maintaned during the polymerizaion. This allows for
a controlled polymerizationto occur with a rate constat
of propagtion, k,. Termination, with rate consantof ter-
mination, k;, can not be avoided, but can be effectively
negleded dueto a low pseudostabnary concentation of
radicals.Recenly, the use of zero-vdent metals for the
ATRP of styrene and (meth)acylates was repoted.
Whenaddedto an ATRP reacton mixture, Cu(0) reduces
the X-Cu(ll) complexe to generatetwo equivalerts of
Cu(l). For polymerizationswhereexcessdeactivato (X-
Cu(ll)) is presentthe additionof Cu(0) enhancesthe rate
of the polymerization, while still maintaining control of
the molecular weights and polydispersitiesduring the
polymerization.

For SCVP, the inherently high initiator (monomer/
initiator) concentration favors a shift of the equiibrium
towardsthe active radicals,initially forming a large con-
centrationof radcals which terminate much more effi-
ciently, leaving an excessof X-Cu(ll). In the process
Cu(l) may be nearly consumed, or at least reducedto
levelspreveriing the (re)adivation monomer¢ andpoly-
meric alkyl halides.Becausehe radcal corcentrationis
dependen on the ratio of Cu(l) to Cu(ll), succeskul
SCVPby ATRPrequiresthata sufiicient conentrationof
Cu(l) be maintaned throughout the polymerization. A
heterogaeouscatalyst systemcan be emgdoyed for this
purposein the SCVP of BPEA by ATRP?, thuslimiting
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the solubility of the Cu(ll) speciesHowever in orderto
corduct the SCVP of BPEA, BPEM, BIEA and BPEM
using a homayeneousATRP catalyst, a bettermethod to
retain or rejuverate Cu(l) throughaut the reactionmustbe
desigqed.

Herein, we report the use of zero-valentcopper for
SCVP by ATRP of the aforemenibned AB* (meth)-
acnlic monomers.With the addition of Cu(0), we have
desiged a systemwhereby a sufficient amountof Cu()
is continwusly gereratedby the redox reactionof Cu(0)
with X-Cu(ll) (cf. Scheme), allowing for polymeriza-
tion with ahomogeneou<Cu(l) complex(Cu(l)/dNbpy).

Experimental part

Polymerizationof AB* monomersTo a 5 ml round bottom

flask with magneticstir bar was addeddNbpy?, Cu(l)Br,

copper(Q (Aldrich, copperfor organic synthesis,used as
received) and p-dimethoxybenzeng0.5g) as an internal

standardfor GC. An excessof ligand (3 eq.) was usedto

solubilizeadditionalCu(l) generatedrom the redoxreaction
of Cu(0)andCu(ll). The flask wasthenfitted with a rubber
septumand evacuatedand back-filled with N, (3 times).

Degassednonomer(27 mmol) was then addedto the reac-
tion vesselvia syringeandallowedto stir at the appropriate
temperatue. Sampleswere periodically removedto monitor
conversion(by *H NMR, GC) and evolution of molecular
weights (SEC). Molecular weightswere determinedby use
of a calibrationcurve preparedrom linear polystyrenestan-
dards.

Resultsand discussion

It hasbeenreportedthat for ATRP, tertiary alkyl halides
producehigherconcentrationsof radcals thanseconary
active sites (methyl methacrylag vs. methyl acrylate)?.
Becawse eachAB* monomercontinedvarying amaunts
of tertiaty and secondry active sites, both B* and A*,
the radical concentations for eachmonomerwould be
different under identical reacton conditons. Indeedthis
was true, as sone condifons genegated insolulde poly-
mer. To overcane theseproblems, we tried to slow the
overall rateof polymerizatian, which is directly relatedto
radcal concentation. This was acconplished by lower-
ing theinitial catalystconcentration(downto 0.1 mol-%
relative to monomey, dilution of the reaction,andvaria-
tion of the form of copper metal. As the reduction of
Cu(ll) to Cu(l) by Cu(0) must occurat the surfaceof the
copper metal, the use of metalswith lower sufface area
would slow the reductionof Cu(l), allow for fasterdeac-
tivation of the growing radicals and reducethe overall
polymerizdion rate. The condiions usedto polymerize
thefour monomes aresummarizedin Tab. 1.

The polymerizationof BPEAwith a 1% Cu(l)Br/dTbpy
(dTbpy = 4,4-di-tert-butyl-2,2-bipyridine) catalyst,was
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Tab.1. Reactionconditionsandtheresultsof the SCVPof AB* (methgacrylic monomer3

Monomer Catalyst Timein h Tempin°C Bulk/Soln. Conv® M M,/MP MO MJ/MO
BPEA 1 mol-% Cu(l)Br/dThpy 7.0 50 bulk 0.99 1820 6.4 — —
BPEA 1 mol-% Cu(l)Br/dNbpy 25 50 bulk 0.99 2950 47 5690 25
1 mol-% Cu(0) powder

BIEA 1 mol-% Cu(l)Br/dNbpy 0.5 24 bulk 099 2270 142 7830 35
1 mol-% Cu(0) powder

BPEM 1 mol-% Cu(l)Br/dNbpy; 26 24 benzene 0.95 1990 6.6 9600 1.6
1 mol-% Cu(0) powder (20vol.-% monamer)

BIEM  0.1mol-% Cu(l)Br/dNbpy, 24 24 benzene 0.67 650 43 2650 1.4

Cu(0)turning

(20vol.-% monamer)

@ As determinel by 300MHz *H NMR (consumptionof doublebonds).
®  Molecular weight valuesbase& on SECin THF againstlinear polystyrenestandads (prior to precipitationandincluding mono-

mer).

9 Molecular weightsdetermingl after precipitationof the polymer.

usedasa standird systemto comparethe effect of Cu(0)
on the polymerizationof AB* (methacrylic monomer$.

Polymeriation of BPEA using the Cu(l)/dNbpy/Cu(0)

(dNbpy = 4 4'-bis(5-nony)-2,2-bipyridine) catalystsys-
temreachechigh converson (p = 0.99)in 2.5h, ascom

paredto the polymerization using the lesssoluble Cu(l)/

dTbpy catalyst which required7.0 h to reachcomparable
conversionslt shodd be noted that polymerization was
not obsenedat50°C usingCu(l)Br/dNbpy? unlessCu(0)
was added.Reactons with the Cu(l)/dNbpy/CuQ) cata-
lyst systemwere faste primarily becase of the redox
reactionof Cu(0) with Cu(ll) to form Cu(l). Despitethe
differerces in reaction time, compaable molecubr
weights and polydispersitieswere obtained for poly-

(BPEA) preparel using eitherthe Cu(l)/dNbpy/Cu(0), or

Cu(l)/dThpy catalyst systens.

BIEA, in the presencef a 1% Cu(l)/dNbpy/Cu(Q cat-
alyst system,polymerized rapidly at room tempeature,
reachinghigh convesion (p = 0.99) in 0.5 h. The dra-
maticdifferercein reacton time betweerthe polymeriza-
tion of BIEA and BPEA, both usinga 1% Cu(l)/dNbpy/
Cu(0) catalystsystem could be attributedto the enhanced
reactiviy of the bronoisobutyrjyoxy groups (tertiary
halides) vs. bromopropioryloxy groups (secondary
halides).In generalactivation of the B* sitesis faster for
BIEA, i.e., more radicalsare formed. While the M, for
poly(BPEA) and poly(BIEA) madeusingthe Cu(0) sys-
tems are comparable the polydispesity of poly(BIEA)
was significantly larger (M,/M, = 14.2) than that of
poly(BPEA) mack with the samecatalystsystem(M,,/M,
= 4.7), Fig. 2. The convesion in the polymerizaion of
both BPEA andBIEA, asdeternined by consumption of
doublebonds by 'H NMR, wasdeternined to be at least
99%. While smal differencesin converson abore 99%
are beyond the sensitivity of the 'H NMR integration,
thesedifferencesmay account for the dispariy in the
moleculr weight distributions of poly(BPEA) and poly-

(BIEA) asboth DP, and DR, /DP, arestrangly dependen
on convesion'.

While the AB* methacrylate monomes, BPEM and
BIEM, also polymerized in bulk with a 1% Cu(l)Br/
dNbpy/Cu(0) powder catalyst systemat 24°C, their ten-
dercy to gel dependedbn the monomerand/or catalyst
corcentrationsBecatse of the fasterrate of polymeriza-
tion by ATRP of methacylatesversusthoseof acrylates,
the polymeizationswerecarriedoutat 24°C. In the poly-
merization of BPEM using a 1% Cu(l)Br/dNbpy/Cu(Q
powder catalystsystem in solution (80% benzene)high
corversion (p = 0.95; t = 26h) was acheved. As
expected, the low monomer (initiator) conentration
required longer reactiontimesto reachconmparablecon
versions than when polymerizd in bulk. But, more
importantly the addtion of solvent lowered the radical
corcentrationduring the polymerization,allowing for the
synhesisof soluble poly(BPEM).

While a 1% Cu(l)Br/dNbpy/Cu(0) powdercatalyst sys-
temyieldedsolublepoly(BPEM)in an80vol.-% benzee
soluion, the synthegs of solwble poly(BIEM) also
required the useof a lower catalyst concentration(0.1%
Cu()Br/dNbpy with a Cu(0) turning). For BIEM, the
polymerizdion rate was atteruatedby changirg the sur
faceareaof Cu(0), i. e., powderto turning. By increasimgy
the patticle size and reducirg the surfaceareaof Cu(0),
theregeneation of Cu(l) is presumedto occu ata slowe
rate, which lowered the radcal concentation, reduced
temination and allowed for the syntesis of soluble
poly(BIEM).

In general,hyperlyranchedpolymers prepared by the
SCVP of AB* acrylic monomes hawe low molecula
weightsandhigh polydispersiies. Thereportedmolecubr
weights and polydispesities for thesepolymersare only
apparentsincelinear polystyrere standard were usedto
calibratethe SEC.The high polydispersitiesobservedor
hyperbrarthedacrylic polymersareindicative of branch
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Fig. 3. Microstructuesof linear vs. branchedacrylic polymers.R; = H
for poly(BPEA) and pay(BIEA), and R; = CH; for poly(BPEM) and

poly(BIEM)

ing in the polymer architecture asit is the result of the
mixed step-gowth/chain growth natue of SCVP. Addi-
tionally, to conformto theoreticalpredictiors of molecu-
lar weight growth'®, the molecuar weights were calcu-
lated by including monomer unfortunatey sone residual
ligandremairedthatcould notberemoved.

The SEC chromatogams of the polymers obtained
from the differert monomes areshown in Fig. 2. As can

be seenthe polymershavequite broadmolecuar weight
distributions. However only poly(BPEA), poly(BIEA)
and poly(BIEM) appearto be hyperbrancheddue to the
presenceof both low and high moleculr weight species
in the SECchromatogram.For poly(BPEM), the absence
of oligomeiic specis andthe relativdy narow distribu-
tion of the high polymer (polymer only: M, = 9600, M,,/
M, = 1.6) implied that the architectire of the polymer
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'H NMR spectraof: a) poly(BIEA) preparedisingl mol-% Cu(0) powder, 1

mol-% Cu()Br/dNbpy at 24°C, DB = 0.48, conv = 0.99; b) poly(BPEA) prepared
using1 mol-% Cu(0) powder 1 mol-% Cu(l)/Br/dNbpy at 50°C, DB = 0.48,conv. =
0.99; c) poly(BPEA) preparedusing 1 mol-% Cu(l)Br/dThpy at 50°C, DB = 0.46,

conv. =0.99

wasmainly linear. This resultwas not unexpectd asthe
secondey B* groups,2-bromoproponyloxy, are known
to be inefficient initiators for methacylate polymeriza-
tion'®, The formation of linear polymer is the result of
the apparentrate of activationof the secondaryhalogen
of the initiator (B* group),being slower thanthat of the
tertiary halogenat the endof the polymer chair in linear
polymerizations of MMA, slow initiation was observed
Basedon this evidence, it can be concludel that in the
SCVPof BPEM, the pendentB* groups wereinefficient
in initiating polymerization, and formed only a small
numberof branch pointsalong the methacrylc backbone.

Deternination of the degee of branchng (DB) for the
hyperbrachedpolyacrylates wasperformedby 'H NMR.
In amethoddescribedprevicusly”, therelative proportion
of B* and b groupsin poly(BPEA) was deternined by
H NMR andby usingthestatistical predictonsderivedby
Mller'>1?, an estimation of DB was deternined (DB =
0.48). This approachwas feasiblebecawse of the differ-
encesdn the chenical shift betweernthe methyl protonsin
theB* (1.8ppm)andb (1.2 ppm)groupsFig. 3illustrates
thestructuraldifference of methylprotansfrom B* andb
groupsn thefour AB* monomes.

Thesestatistcal modelswere basedn ideal SCVP sys-
tems wheresidereactiors, suchasintramoleailar cycliza-
tion, areavoided.Becausehe statistical modelsarebased
on ided SCVP reactons, calculatims of DB from this
method canonly betakenasapproimationsof the actual
valuesof DB.

Fig.4 shows the 'H NMR specta of hyperbrached
polymers,poly(BIEA) and poly(BPEA), obtaned with a
1% Cu(l)Br/dNbpy/Cu(Q catalyst system and poly(-
BPEA) syntheged using the Cu(l)Br/dTbpy catalyst. In
the caseof poly(BPEM) and poly(BIEM), the propation
of B* and b coud not be deternined by this method
becase of overlgping signalsof methyl protonsin the
polymer backbor (R,) with the methyl protonsfrom the
B* andb groups.

As seenin Fig. 4, the methyl protonsassgnableto the
B* groups for the polyacrylates were obseved at 6 =
1.9 ppm and 1.8 ppm for poly(BIEA) and poly(BPEA),
respectively®. The methyl grougs from the b-groupswere
obsevedato = 1.2ppm for both poly(BIEA) and poly(-
BPEA). For both poly(BIEA) (Fig. 4a) and poly(BPEA)
(Fig. 4b), polymerized using the Cu(0) system a DB =
0.48 was calcuated’. Degreeof branching was compar

b In the*H NMR specta, the remainingsignalsweregiven the following peakassignmentsa smalltriplet atd = 0.9 ppmfrom the
methyl protors of the dNbpy ligand, a sharpsingletaté = 1.5 ppm from the tert-butyl protonsof the dTbpy ligand,ill-resolved
peaksfrom ¢ = 1.2ppmto 2.8 ppmwereassignedo the protors in the polymer backtone,a broadmultiplet ato = 4.3 ppmfrom
protors of the ethyleneoxide linkage andthe protongemind to Br in BPEA, two sharpsingletsatd = 3.7 ppm andd = 6.8ppm
from theinternalstandard1,4-dimeéhoxybenzengpanda sharpsinglet atd = 7.24 ppm from CHCI; impuritiesin CDCls.

¢ A perfectlylinear polymeris definedashavinga degreeof branching,DB = 0. A perfectlybranchedoolymer; i. e.,a dendrimer
DB = 1. Accordingto theoreti@l calculationsthe maximumDB for anAB* monorreris 0.5.
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able for poly(BPEA) (Fig.4c) syntheized from the
Cu()/dTbpy system(DB = 0.46).

Conclusion

We havedenonstratedhe utility of zerovalent copperin
ATRP catalystsystemsto polymerize AB* (meth)acylic
monomers. The use of zero valert copper metds has
allowedfor the polymerization of threemonomerswhich,

previously werenot ableto be polymerized.The success

of the polymeriationswas attributedto the reduction of
excesgdeactvator, Cu(ll), by reducton with Cu(0). Two
of the polymers, poly(BIEA) and poly(BPEA), were
detemined to be hyperbrarthed by *HNMR (DB =
0.48). It wasnot possble to determinedegreeof branch
ing in poly(BPEM) andpoly(BIEM), dueto the complex-
ity of the 'H NMR spectraHoweve, SECindicatedthat
poly(BPEM) may be primarily linear. Finally, it should
be notal that the useof Cu(0) enhancesandis possbly
required for, polymerizationswherethe [R-X] > [Cu(l)],
and not just specificaly for the prepaation of hyper
branchedoolymersby SCVP
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