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ABSTRACT: Gradient copolymers, in which the instantaneous composition varies continuously along each chain, are
discussed in terms of theoretical background, significance and examples from the literature. The specific focus is the
use of atom transfer radical polymerization to synthesize gradient copolymers with various composition profiles.
Examples of gradient copolymers using ionic and controlled radical polymerization techniques are presented. Atom
transfer radical polymerization has been used under both batch and semi-batch conditions to produce gradient
copolymers. The physical properties of gradient copolymers and possible future work in the field of gradient
copolymers are discussed. Copyrigh2000 John Wiley & Sons, Ltd.

KEYWORDS: gradient copolymers; atom transfer radical polymerization

INTRODUCTION ties2 leading to their use in such applications as high-
bandwidth optical fibers.
It is the purpose of this paper to discuss an interesting The second method of producing gradient materials
class of materials, gradient copolymers, and in particular relies on the gradient copolymers or molecular gradients
to report the use of atom transfer radical polymerization and will be the primary focus of this report. Gradient
(ATRP) to prepare them. The constantly advancing copolymers are copolymers in which the instantaneous
technologies of the world demand newer, higher composition varies continuously along the chain con-
performance and more specialized materials to maketour* This is in contrast to block copolymers, in which
this technical progress become a reality. One solution tothe instantaneous composition changes discontinuously
this problem, which has recently been receiving attention, along the chain. As shown in Scheme 1, composition
is the preparation and use of gradient materi@3hese along the chain varies in different ways for block,
gradient materials blend the properties of two or more gradient and random copolymers. The composition does
materials in a continuous manner from one area of the not vary in a block copolymer until after the crossover
material to another. Two methods of making gradient point between blocks, a random copolymer shows no
materials have been studiédhe first is the construction  continuous change in composition and gradient copoly-
of macroscopic gradient materials, in which several mers have a continuous change in composition from one
homopolymers are prepared sequentially on a surface ofend of the chain to the other. In order to achieve this
other material. The various homopolymers and copoly-
mers diffuse within the gradient material leading to a
continuous and systematic macroscopic change in the

composition of the material. In this way the polymers OOO000OC0ee00000000
synthesized are chemically homogeneous, but the bulk Block

material is heterogeneous in composition. Materials of

this type have been reported from several sources, and COCe000ee00eee Ceeee

they have demonstrated numerous interesting proper- Gradient
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continuous change in instantaneouscomposition, all
chainsmustbeinitiated simultaneouslyandmustsurvive
until the end of the polymerization.Therefore,a living
(ionic) or controlled/living radical polymerizationtech-
nique must be employed,as the significantpresenceof
chain-breakingeactionswould leadto heterogeneityn
both compositionandmolecularweight.

In additionto thesemechanistiaequirementssynthe-
sizing well-defined gradient copolymersalso requires
facile cross-propagationThis is very hardto fulfill in
ionic copolymerizationsincereactivitiesfor monomers
in ionic systemsdo not favor cross-propagation.in
contrast, free radical polymerization abounds with
examplesof monomersthat easily cross-propagat2.
Therefore, for synthesizing a well-defined gradient
copolymer, controlled free radical copolymerizations
offer a very attractiveand powerful option. As the use
of ATRP to form thesegradientcopolymerss the focus
of this paper,t is necessaryo provideadiscussiorof the
fundamentalof ATRP and controlledradical polymer-
izationsin general.

Controlled radical polymerization

Thefield of controlledradical polymerization(CRP)has
becomethe subject of intense interest and research,
despitethe relatively recentbirth of the field.”** CRP
systemsarepolymerizationsn which the significanceof
chain-breakingreactionsis suppressedo essentially
negligible levels. This suppressioris typically achieved
by meansof a dynamic exchangebetween minute
amountsof active propagatingadicalsandthe predomi-
nant dormant species. Thesedormant speciesdo not
possessan active radical site and cannotpropagateor
participatein transferor bimolecularterminationreac-
tions. The suppressionof chain-breakingreactionsin
CRPleadsto the uniform growth of chains,resultingin
polymerswith well-defined molecularweights, narrow
molecularweight distributionsand a high level of end-
groupfunctionality.”

Oneparticulartype of CRPthathasbeenshownto be
robust, versatile and convenientis ATRP> 14 As
shownin Scheme2, the ATRP processheginswith the
activationof an alkyl halide (or pseudo-halide)RX, by
the reversibleabstractionof the halogenby a transition
metalcomplex,M;"/L, to form the activeradicalspecies,
R, which initiates polymerization. Since the halogen
abstraction is reversible, a dynamic equilibrium is
established between the active, propagating radical
speciesand the dormanthalogen-cappedpeciesSince,
in this equilibrium, the rate of deactivation kg, is very
largecomparedwith therateof activation,k,, the chains
arepredominantlyin thedormantstate . Theactiveradical
species propagate, k,, and terminate, k, as in a
conventional radical polymerization. However, the
proportion of chains which have been terminatedis
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Scheme 2. Schematic representation of the ATRP process.
M; represents a transition metal, L represents the ligands
complexed to the transition metal and RX is an alkyl
(pseudo)halide

RX + M{/L
kg~ 107 Ms™

muchsmallerthanthat of the dormantspeciesThus,the
systemstronglyresembles living polymerization.

Both the high level of end-grougfunctionality andthe
lifetime of the polymerchainsin CRP (andin ATRP in
particular) makethis methodattractivefor synthesizing
gradientcopolymersAs discusse@bove endgroupsare
conservedn thesereactionssince chain-breakingeac-
tions are significantly suppressed.In addition, the
existence of the dynamic exchange,which strongly
favorsthe dormantspeciegreatlyincreaseghe lifetime
of a polymer chain’® In a conventional radical
polymerizationa polymer chainis initiated, propagates
to its maximumdegreeof polymerizationandterminates,
all within a matterof second$. However,in a CRPthe
time betweenthe initiation of a chain and the end of
propagationis of the order of hours®'%!% These
differencesbetweenconventionaland controlledradical
polymerizationsllow for a greateropportunityfor chain
modificationsandleadto the greatextentof controlthat
CRP gives over topology**®9 sequentialcomposi-
tion?®~23 and instantaneousompositionof a polymer
chain?24-28

Sincethe active specesin thesepolymerizationsare
radicals, CRPs have many of the same advantges of
conventionakadicalcopdymerizations including a high
level of toleranceto moisture and othe impurities?©
However,the similaiity that will be of mostconcernto
gradientcopolymes is the similarity of the chemoselec-
tivities of the two typesof polymeization. Sincein both
methods propagatio occurs through a free radical
mechanismmonomerpairsshouldhavesimilar reactivity
ratios in a CRP and a conventionalradical polymeriz-
ation, as observedby severallaborabries®>?%>?Some
small discrepanies are expected,and have been ob-
served,in the valuesof reactiviy ratiosfrom ATRP and
conventional radical polymeizations®® There are a
number of rea®ns for these discre@ncies, such as
obviousdifferences in reactiontempeaturesandsolvent
Additionally, differences in the rate of chaingrowth can
also alter the observe reactivity ratios, in that in a
controlled polymerization polymer is slowly formed
throughouthereaction whereasn aconventionabystem
high polymeris formed at the beginning of the reaction
andthe compositionof the polyme is establifiedat low
conversion This difference may also amplify the so-
called ‘bootstap’ effect proposedby Harwood>* The
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presenceof a transtion metal catalys in thesepolymer-
izationsfurthercomplicateshepictureby introducingthe
possibility of complexation of somemonomerswith the
weakly Lewis acidic transition metal catalysts>®> The
final, andperhapanostimportant,cawseof discrepancies
in reactivityratiosobservedn ATRP s thedifferencesin
methodologie®f measuing reactiviy ratiosin contolled
and conwentional radical polymeriztions.In a conven-
tional processthe monomer reactivity ratios can be
measuredat low convergon with different monomer
feeds However,in the ATRP processigh polymer is not
formedimmedately in thereaction Measuementsatlow
conversionscould be affected by the structure of the
initiator, which may react preferentially with one
comonomer For this rea®n, it is necessaryfo measure
the cumulative compogdtion of the copolymes at a
conversiorhigherthanwould bestudiedin aconventional
process.However, as the cumulative compositionof a
copolymerwill alwaysbe equalto the monomerfeedat
100%monamerconvers$on, the closerthereactiongetsto
100% conversion the less precise information on
reactivity ratios can be obtained.Thus, the conwersion
range20% to 50% may be mostappropriate.

It has been shown previously, however, that the
reactivity ratios of a monomerpair are not affectedby
differencesin the relative activation and deactivation
ratesof the monomers>3133 Another report from this
laboratoryshowsthat severalunique behaviorsseenin
copolymerizatios usingATRP arecausedy significant
differencesin the valuesof the activation/deactiation
equilibrium constantsof the two monomers,but the
reactivity ratiosremainunaffected?®

Gradient copolymers

In a batch copolymerizationusing a controlled/living
polymerizationtechniquesuch as ATRP, a gradientis
producedspontaneouslgueto thefeedcompositiondrift
that occursduring the reaction.In a non-living system
this drift is manifestedn a changan compositioramong
the chains,whereadn living polymerizationthe change
in compositioroccursin eachchain.Wewill applyherea
terminal model, meaningthat we ignore the effect of
penultimateunits and consideronly two homopropaga-
tion and two cross-propagatiorsteps;the ratio of the
correspondingate constantdefinesthe reactivity ratio
for monomerl (r;) andmonomer2 (r,). In systemswhich
obeythe terminal model, the compositionaldrift canbe
explainedby consideringthe equation

_ I':|_f12 + fifo
I']_flz + 2f1fo + r2f22

L)

1

wherer, andr, arethe reactivity ratios,f; andf, arethe
molefractionsof monomersl and2 in themonomerfeed
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andF, is the mole fraction of unitsfrom monomerl in
the copolymer®®

Under equimolar feed conditions f; (and f,) will
changedueto preferentialpolymerizationof one of the
monomers(unlessr, =r,), resulting in a continuous
changein F; (copolymercomposition).This continuous
changeof F; resultsin a composition gradient, the
significanceof which dependon the reactivity ratios of
the two monomerseing polymerizedandtheir concen-
trationin theinitial reactionfeed.

Cumulativeandinstantaneousompositionsarecalcu-
latedfrom Eqns(2) and(3), %’ respectively

(%econv),[Md],
%conv); Myl + (Yoconv),[Ma],

(2)

Fcuml = (

AF
Finst1 = Feuma + (Yoconv) Wm @

where (% conv), denoteshe conversionof monomerl
and[M ], denoteghe initial concentratiorof monomer
(subscriptsl denotemonomerl). In general,plotting
compositionversuschain length helpsto visualize the
compositionchangesoccurring over the length of the
chain. The x-axis, in plots of compositionversuschain
length,canalsobe conversiongsincethe two arerelated
by the equation

AlM]
Il
Figuresl and?2 plot the cumulativeandinstantaneous

copolymercompositionversuschainlengthfor simulated
statistical copolymerizatios of two monomerswhose

Yn = (4)
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Figure 1. Simulated F.,m, M7 versus normalized chain length
for a living batch copolymerization of M; and M, with
different reactivity ratios. [Mqlo=[Mylo=5M; [I[p=0.1 M.
Rate constants of initiation for both monomers are assumed
to be equal
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Figure 2. Simulated £, M1 versus normalized chain length
for a living batch copolymerization of My and M, with
different reactivity ratios. [Mqlo=[Mlo=5M; [llo=0.1M.
Rate constants of initiation for both monomers are assumed
to be equal

concentrationsin the feed are equal. These figures
resemblethe dependencef cumulativecompositionon
conversiorin aconventionafradicalpolymerizationln a
living systemhowever this compositionchangewill be
evident along the chain, whereasin a conventional
radicalpolymerizationthis changen compositionwould
be manifestedamong chains made at different times
during the reaction.

FromFig. 2, it is seenthatthe gradientis non-existent
for monomerpairswith reactivityratioswhicharer, =r».
Figure2 alsoillustratesthatfor pairswith bothreactivity
ratios<1, in this caser; = 0.8 andr, = 0.2 (to modelthe
behaviorof styreneandn-butyl acrylate)?® thechangen
instantaneouscomposition is relatively small. The
gradientis seento be much strongerfor copolymeriza-
tions with large differencesin the values of the two
reactivity ratios. Three examplesof this behavior are
shownin Fig. 2, ry =2; r, = 0.5 (approximatemodel of
methyl methacrylate and methyl acrylate)®” r,=3;
r,=0.3 (model of methyl methacrylateand n-butyl
acrylate)?® and r;=10; r,=0.1 (model of methyl
methacrylateand vinyl chloride)®® As the differences
in the two valuesof reactivity ratio increaseso doesthe
steepnessf the gradientin instantaneousomposition.

Figures3 and 4 show cumulative and instantaneous
compositionin a copolymerizationof styrenewith n-
butyl acrylate with constantreactivity ratios (r; =0.8;
r, =0.2) but different initial monomerfeed ratios. The
variancein the gradientis muchmorevisible in the plot
of instantaneousomposition(Fig. 4) thanin the plot of
cumulativecomposition(Fig. 3). Figure 4 demonstrates
that changing the initial monomer feed of the two
monomerssignificantlyaffectsthe shapeof the gradient.
There is essentially no variation in instantaneous
compositionat f; =0.75in the feed, owing to the nearly
azeotropicconditions of this reaction (azeotropicco-
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Figure 3. F,, M, for a simulated living batch copolymer-
ization with reactivity ratios r1=0.8 and r»=0.2 with
different monomer feed ratios. [Mlg=10M; [llp=0.1 M.
Rate constants of initiation for both monomers are assumed
to be equal

polymerizationwould occurat f; =0.80in this system).
As the shapeof the gradientformedin batchcopolymer-
izations dependson the reactivity ratios of the two

monomersbeing polymerizedandtheir relative concen-
trations, additional manipulation of the shapeof the

gradientmay be accomplishedy feedingone comono-
mer during the polymerization,i.e. in a semi-batch
process.

EXAMPLES OF GRADIENT COPOLYMERS

Gradient copolymers from living ionic
polymerization

Thefirst living polymerizationemployedanionicmech-
anisms: Since controlled/living polymerizations are
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Figure 4. F,i;, M for a simulated living batch copolymeriza-
tion with reactivity ratios r; = 0.8 and r; = 0.2 with different
monomer feed ratios. [M]g=10M; [llp=0.1 M. Rate con-
stants of initiation for both monomers are assumed to be
equal
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required for the synthesisof gradient copolymers,it

follows that the first reported examplesof gradient
copolymerswere basedon living anionic polymeriza-
tions>°*3 The most common examplesof gradient
copolymers prepared anionically are copolymers of

styrene, or styrene derivatives, with butadiene or

isoprend®~** and copolymersof ethylene oxide and
butyleneoxide** Thesecopolymershavebeenprepared
by both simultaneouscopolymerization of the two

monomer&*~** and by the partial homopolymerization
of one monomerfollowed by the introduction of the

secondnonomemhich wasthencopolymerizedvith the

first monomerresulting in a ‘taperedblock’ architec-
ture?®* Living anionic polymerizations have some
drawbackssuchasthe rigorouspurificationrequiredfor

these polymerizations and large differences in the

reactivity ratios of anionic monomerswhich limits the

monomer pairs that can be employed® Recently
introducedCRPtechnique®ffer aconvenienglternative
to living ionic polymerizations.

Gradient copolymers from controlled radical
polymerizations

The use of CRP techniquesto synthesize gradient
copolymershas not, as yet, beenvery thoroughly ex-
plored. The use of stable free radical (nitroxide
mediatedj?**>°and ATRP"24-30:3251.5%4achniquesin
simultaneouscopolymerizationhas beenreportedto a
limited extent. The useof nitroxide mediatedpolymer-
izationhasbeenshownto be effectivefor the synthesiof
not only homopolymersand block copolymersbut also
randomand statisticalcopolymersof styrene Examples
of copolymerizatiorof styrenewith comonomersuchas
4-hydroxystyrend® 4-acetoxystyren& n-butyl acry-
late*® butadiené” methylmethacrylaté’? chloromethyl-
styrene>? acrylonitrile 2 2-hydroxyethylmethacrylaté'?
4-(hydroxymelyl)styrene’®  vinylpyrrolidone’® and
maleic anhydridé® have recently beenreported. These
reportsindicate that copolymersof thesecomonomers
with styrenecan be formed using a nitroxide-mediated
CRP.The gradientnatureof thesecopolymershasonly
beenexploredin afew of thesereports andin manycases
the monomer feeds and reactivity ratios were not
conduciveto the formation of substantialgradientsin
instantaneousomposition.Also, owing to the natureof
nitroxide-mediatecCRP,manyreportsshowedhatasthe
amountof styrenein the monomerfeed was decreased,
the level of controlin the polymerizationdecreasedas
evidencedy increasegbolydispersitiesTheintroduction
of newmoreuniversalnitroxide mediators>>*will allow
for the synthesif awider rangeof gradientcopolymers
with acrylatesandacrylamides.

Severalreports have also claimed the synthesisof
gradient copolymersby iniferter techniques>=>’ Co-
polymersin thesesystemsdisplayedratherbroad mol-
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ecular weight distributions (Mw/M,, > 2), suggesting
heterogeneityn both compositionand moleculararchi-
tecture(no precisecompositiondatawerereported).

One of the newest methodsof CRP is reversible
addition—fragmenté&n chain transfer (the RAFT pro-
cess)® Although no examplesof simultaneouscopoly-
merization using RAFT have yet been reported, the
RAFT processhouldbejustasusefulfor the synthesiof
gradientcopolymersasany of the otherCRPtechniques.
Theuseof ATRP to preparegradientcopolymerswill be
discussedn detail below.

Examples from ATRP

A numberof authorshavereportedthe useof ATRP for
the synthesisof statistical copolymers,and several of
thesereports have targetedthe study of the gradient
nature of these copolymers>4-26:28-3032.582  Tyq
methods of gradient copolymer synthesishave been
reported.Thefirst is the useof batchcopolymerizations
in which a spontaneousgradient in instantaneous
compositionis formed basedon the differencesin the
reactivity ratios of the comonomersandthe concentra-
tionsof comonomersn themonomerfeed?4-26-28-30.51.52
The secondmethodis the useof semi-batchcopolymer-
izations to form controlled gradientsin instantaneous
composition?4:26-32

Batch copolymerization

Batchcopolymerizatiorusing ATRP to preparegradient
copolymershasbeenshownto besuccessfulor anumber
of monomerpairs. Work performedin this laboratory
using batch copolymerizationhas, thus far, focusedon
styrene—acrylaté8 2> and methyl methacrylate—acry-
lates®?° basedgradientcopolymers Figure5 illustrates
the results of severalstyrenen-butyl acrylate copoly-
merizations® At the three different styrene feed
conditions,the measuredraluesof cumulativecomposi-
tion agree well with the dependencepredicted by
simulationsof the copolymerizatio, usingrs=0.8 and
rea = 0.2. This figure showsthat compositionmeasured
from NMR analysis agrees well with composition
calculated from conversiondata measuredusing gas
chromatographySome small deviationsin cumulative
compositionare observedin Fig. 5. Thesedeviations
would be greatly amplified in the calculation of
instantaneousomposition, making these calculations,
in somecases|imited in significance.

The composition gradient observedfor the batch
copolymerizationof styreneand n-butyl acrylateis not
very large, and demonstratesomelimitations of batch
copolymerization processes.In a batch process,the
reactivity ratios of the monomerpair stronglylimits the
shapeand significanceof the compositiongradientthat
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Figure 5. F.,, styrene for the simultaneous copolymeriza-
tions of styrene and n-butyl acrylate, initiated with methyl 2-
bromopropionate and catalyzed with CuBr-2(4,4’-di(5-non-
yI)-2,2"-bipyridine) at 110°C, [M]o:[llo = 100:1. Simulations
used rs=0.8 and rga =0.2; rate constants of initiation for
both monomers are assumed to be equal. Different symbols
correspond to different experiments characterized either by
GC or NMR

can be formed. This is also shownin recentwork by
Sawamotoand co-worker$? using a batch copolymer-
ization of styrene—methyimethacrylateand by Li and
co-workers>* usinga batchcopolymerizatiorof styrene
andvariousmaleimides.Owing to the similar reactivity
ratios of styrene and methyl methacrylate(rsiyrene~
rama =~ 0.5), the polymerspreparedin a batchprocess
must be essentiallyrandom(Sawamotoand co-workers

ingenious method of avoiding this will be discussed

below), andin the caseof styreneand maleimidesthe
reactivity ratios of monomers(rsiyrene = 'valemides~ 0)
dictate that nearly alternating copolymers have been
formed.

The use of ATRP in the batch copolymerizationof
methyl methacrylatewith various (meth)acrylateshas
also been reported recently by a number of labora-
tories?62%:3952Work recentlycompletedin this labora-
tory hasshownthatthebatchcopolymerizatiorof methyl
methacrylater-butyl acrylatecould be usedto prepare
gradientcopolymersusing a variety of ATRP catalyst
systemsFigure 6 showsthe cumulativecompositionof
methyl methacrylatén threecopolymerspreparedising
three different catalystsat a constantinitial monomer
feed containing15% methyl methacrylate® This parti-
cular monomerfeed conditionwas chosenowing to the
effectivenes®f all threecatalystsystemsstudiedat this
monomer feed. At high concentrationsof methyl
methacrylate the MegTREN catalyst did not give

controlledpolymerization.This plot providesagreement

between the various experimental points and the
dependencepredicted by simulationsof the reactions

using ryma =3.0 and rn,ga =0.3. The instantaneous

compositionversusconversion(chain length) is shown
in Fig. 7. Thesetwo compositionplots demonstratehat
the batch copolymerizationof methyl methacrylateand
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Figure 6. f.,, methyl methacrylate for the simultaneous
copolymerizations of methyl methacrylate and n-butyl
acrylate, initiated with methyl 2-bromopropionate and cata-
lyzed with CuBr-2(4,4'-di(5-nonyl)-2,2’-bipyridine) (dNbpy)
in bulk at 90°C ([Mlp:[l]o:[catalyst] =300:1:1), CuBr-
N,N,N’,N’,N"-pentamethyldiethylenetrimamine (PMDETA) in
bulk at 60°C ([M]o:[llo:[catalyst] = 300:1:1), and CuBr—tris[2-
(dimethylamino)ethyllamine (MegTREN) in 20% (v/v) ethy-
lene carbonate at 60°C ((M]o:[lo:[Cu(l)Brlo:[Cu(ll)Brly:
[ligand]p =300:1:0.5:0.1:0.6). In all cases the initial mono-
mer feed contained 15% methyl methacrylate. Simulations
used fma = 3.0 and rpa = 0.3; rate constants of initiation
for both monomers are assumed to be equal

n-butyl acrylateresultsin a copolymerwith a significant
gradientin both instantaneouand cumulativecomposi-
tion. Thiswork demonstratethatanappreciableradient
can be formed in a batch copolymerizationif the
reactivity ratios of the monomerpair are sufficiently
different.

Sawamotoand co-workers have reportedthe batch
copolymerizationof methyl methacrylateboth with n-
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Figure 7. F., methyl methacrylate for the simultaneous
copolymerizations of methyl methacrylate and n-butyl
acrylate, initiated with methyl 2-bromopropionate and cata-
lyzed with CuBr-2(4,4'-di(5-nonyl)-2,2’-bipyridine) (dNbpy)
in bulk at 90°C ([Mly:[llp:[catalyst] =300:1:1), CuBr—
N,N,N’,N’,N"-pentamethyldiethylenetrimamine (PMDETA) in
bulk at 60°C ([M]o:[l]o:[catalyst] =300:1:1) and CuBr—tris[2-
(dimethylamino)ethyllamine (MegTREN) in 20% (v/v) ethy-
lene carbonate at 60°C ((Mlo:lo:ICu(Brlo:[Cu(iDBrlo:
[ligand]o =300:1:0.5:0.1:0.6). In all cases the initial mono-
mer feed contained 15% methyl methacrylate. Simulations
used fiuma = 3.0 and rsa = 0.3; rate constants of initiation
for both monomers are assumed to be equal
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butyl acrylateandwith methyl acrylate,usinga nickel-

basedATRP catalystsystent? It can be assumedhat
thesecopolymerswerein fact gradientcopolymerswith

fairly significant changesin composition along the
polymer chain. Haddleton et al. reporteda thorough
investigation of monomer reactivity ratios in which

ATRP and severalotherliving polymerizationmethods
were usedto copolymerizemethyl methacrylateand n-

butyl methacrylate® The focus of this paperwas the
comparison of reactivity ratios obtained from the
differentpolymerizatiormechanismsBasedonthesmall
differencesin the reactivity ratios of this monomerpair,
however, it must be assumedthat the composition
gradients in these polymerizations were not very

significant. B
hesereportsshowthat, underthe correctconditions,

gradientcopolymerscanbemadein batchcopolymeriza-
tions using ATRP. However, in a batch process,the
strengthof the gradientis dictatedonly by the reactivity
ratiosof the monomerpair andinitial monomerfeedand
cannotbe further controlled.

Semi-batch copolymerization

Continuouslyaddingonecomonometo a copolymeriza-
tion is a way to form a more significantcompositional
gradientalongthechain.Theformationof the gradientis

influencedby continuouschangesn the monomerfeed
causedoy addition of the comonomerUsing thesetwo

conceptsone can synthesizea larger rangeof possible
compositiongradientsfor a given monomerpair, since
effectscausedby differencesin reactivity ratios can be

compensatedhrough appropriate rates and order of

addition of one monomerto the other. That is, strong
gradients of monomerssuch as styrene and n-butyl

acrylatecan be formed by choosingappropriateexperi-
mental conditions, even though these monomersform

smallgradientsin batchprocesses.

0.7 ,
— rate of addition 0.08ml/min :
% 0.6 | —o— rate of addition 0.02ml/min
> PR
: :
]
|
TR
| 1
0 0.2 0.4 0.6 0 8 1

normalized chain length

Figure 8. F,s, n-butyl acrylate for copolymerizations of
styrene and n-butyl acrylate, initiated with methyl 2-
bromopropionate and catalyzed with CuBr—2(4,4'-di(5-non-
y)-2,2"-bipyridine) at 110°C. [Styrenelo:[l]o:[catalyst]y =
8.7:0.04:0.04, with continuous addition of n-butyl acrylate
at a rate as indicated. Initial volume of styrene, 7.7 ml
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Figure 9. F, acrylonitrile for copolymerizations of styrene
and acrylonitrile, initiated with 1-phenylethyl bromide and
catalyzed with CuBr-2(2,2’-bipyridine) at 80°C. [Styrene]y:
[o:[catalyst]o =8.7:0.1:0.1, with continuous addition of
acrylonitrile at a rate as indicated. Initial volume of styrene,
10.0ml

The control of compositionalgradientthroughthe use
of controlled monomeraddition hasbeendemonstrated
through the atom transferradical copolymerizationof
styreneand n-butyl acrylate. Figure 8 showsthat by
slowly addingn-butyl acrylateto a batchpolymerization
of styrenea muchmoresignificantgradientin composi-
tion is obtained, as opposedto the behavior of this
monomerpair in a batchcopolymerizationasdiscussed
above®” It is alsoshownthat the shapeandsignificance
of the compositioncanboth be manipulatedoy changing
the rate and order of monomer addition. The lines
connectingthe datapointsin Fig. 8 and the following
compositionplots aremeantonly asguidesto the eye.

Semi-batchcopolymerizatiorcanallow the formation
of agradientcopolymerwhenthetwo monomergendto
polymerizein analternatingfashion,asis the casein the
copolymerizationof styreneand acrylonitrile. Figure 9
showstheinstantaneousompositiorversuschainlength
for two rates of addition, demonstratingthat adding
monomerto the copolymerizatio mixture resultsin an
instantaneousompositiondifferentfrom whatwould be

e o
o o

% acrylonitrile
»

o o
N
T T T

]
1
1

.

rilllrwdll) B R RS | -
02 04 0 6 0 8
normalized chain length

Figure 10. f,, acrylonitrile and Fe,,, acrylonitrile for the
copolymerization of styrene and acrylonitrile, initiated with
1-phenylethyl bromide and catalyzed with CuBr-2(2,2-
bipyridine) at 80°C. [Styrenely:[llo:[catalyst]o =8.7:0.1:0.1,
with contmuous addition of acrylonitrile at a rate of 0.01 ml
min~". Initial volume of styrene, 10.0 ml
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expectedfor two monomerswith alternating tenden-
cies?® Furthermore the rate of addition influencesthe
gradientformedin thesetwo reactionsaswasobserved
in the caseof n-butyl acrylate and styrene.Both the
cumulativeandinstantaneousompositionof copolymer
preparedthrough the semi-batchcopolymerization of
styreneand acrylonitrile, are shownin Fig. 10, further
demonstratinghat a significantcompositionalgradient
wasachievedusingthe techniqueof controlledmonomer
addition?®

Work doneby Sawamotandco-workerswith styrene
and methyl methacrylate has shown an interesting
modificationof the semi-batchprocess? In this report,
randomcopolymerizationof styreneand methyl metha-
crylate is allowed to progressto 52% conversionof
styrene,at which point an additional aliquot of methyl
methacrylatenonomeiis added.Thecopolymerizations
allowed to progressfurther, to 89% conversion of
styrene; at which time another aliquot of methyl
methacrylates added.This resultsin whatis essentially
atriblock copolymer,in which eachof thethreeblocksis
acopolymerof styreneandmethylmethacrylateontain-
ing different compositionsof the two monomers.The
compositionshouldchangealongthe chainin the second
andthird blocks owing to the changingcompositionof
monomerfeed.

PHYSICAL PROPERTIES OF GRADIENT
COPOLYMERS

One of the main motivationsfor the study of gradient
copolymersis the possibility that gradientcopolymers
should have physical propertieswhich differ consider-
ably from those of block or random copolymerswith

analogouscompositions.Various compositiondistribu-

tionsof specificallyinteractingcomonomeralongchains
shouldleadto variationof possibilitiesandscalesof the

spatialorganizationof comonomersndconsequentlyo

variousproperties.

The uniquenes®f the physicalpropertiesof gradient
copolymersis seenin the DSC thermogramsshownin
Fig. 11,*®whichindicatesgheglasstransitionregionsof a
diblock, randomandgradientcopolymersall containing
similar final cumulative monomer compositions of
styrene and methyl acrylate. As expected,the block
copolymer shows two distinct glass transitions corre-
spondingto the T, of polystyreng(Ty ~ 100°C) andthat
of poly(methyl acrylate) (T4 ~ 10°C), and the random
copolymershowsa single glasstransition (Ty ~ 75°C,
between the two Ty values of the corresponding
homopolymersThis indicatesthat the block copolymer
existsin a stronglymicrophasesegregatedtatewhereas
the randomcopolymerexistsas a single-phasesystem.
Thethermodynamibehaviorof thegradientcopolymers,
however, is more complicated.Figure 11 shows two
thermograms for the gradient copolymer samples
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Figure 11. Comparison of DSC thermograms for styrene—
methyl acrylate diblock, gradient and random copolymers.
Quenched and annealed samples of the gradient copolymers
are shown. The block copolymer (B1) contained 40 mol%
methyl acrylate and had an M, value of 16000 and a
polydispersity value of M,/M,=1.42. The random copoly-
mer (R1) contained 57 mol% methyl acrylate and had an M,
value of 22000 and a polydispersity value of M,/M, =1.18.
The gradient copolymer (G2) contained a final cumulative
composition of 57 mol% methyl acrylate and had an M,
value of 12000 and a polydispersity value of M/M,=1.19

obtainedby different thermaltreatment:(1) the rapidly
cooledsamplefor which the thermogramindicatesone
broad glass transition above the Ty of poly(methyl
acrylate) and (2) the sample of the same gradient
copolymer but annealedabove 50°C for which an
additionaltransitionat ~70°C is observed.This shows
thatnotonly is the phasestateof the gradientcopolymer
differentfrom boththerandomandblock copolymer but
alsothatit is stronglydependenbnthethermalhistory of
the sample>®

Similar effectsareillustratedin Fig. 12, which shows
thetemperaturelependencesf thesheamoduli (G, G”)
for samplesof the three copolymersdiscussedn Fig.

log G', log G"

T T

TrCl 100 150

Figure 12. Temperature dependencies of the storage (G')
and loss moduli (G") for styrene-methyl acrylate diblock,
gradient and random copolymers. The block copolymer (B1)
contained 40 mol% methyl acrylate and had an M,, value of
16000, and a polydispersity value of M,/M,=1.42. The
random copolymer (R1) contained 57 mol% methyl acrylate
and had an M, value of 22000 and a polydispersity value of
M,/M,=1.18. The gradient copolymer (G2) contained a
final cumulative composition of 57 mol% methyl acrylate
and had an M, value of 12000 and a polydispersity value of
Mu/Mn=1.19
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Figure 13. Temperature dependences of the storage (G')
and loss moduli (G”) for styrene-acrylonitrile gradient
copolymers. Both gradient copolymers contained a final
cumulative composition of 59 mol% acrylonitrile and had an
M, value of 11000 and a polydispersity value of M,/M, =
1.15, and an M, value of 25000 and a polydispersity value of
MM, =1.08, as indicated in (a) and (b), respectively. For
comparison, results for a random copolymer are shown
(M, =39000, M,/M,=1.08, pan = 0.45)

1158 In this figure, it canagainbe seenthat two distinct
segmentatelaxationprocessearepresenin thediblock
copolymer whereasonly one is seenfor the random
copolymer. For the gradient copolymer, one but ex-
tremely broadsegmentatelaxationis seen,indicatinga
broad concentrationdistribution relatedto a continuous
compositionchangen the microphase-separatetiateof
the gradientcopolymer:®

The aboveresultsshowthatin the caseof copolymers
consistingof monomerswith distinctly different seg-
mental mobilities, the variation of compositionprofiles
along copolymer chains can lead to considerable
differencesin the physicalbehaviorrelatedto the main
softeningtransitionin the material.

Similar studiesof the physical propertieshave been
conductedalso for the gradientcopolymersof styrene
andacrylonitrile,i.e. copolymersonsistingof monomers
which form homopolymer$avingalmostthe sameglass
transitiontemperaturesThe resultsof dynamicmechan-
ical testingof a styrene—acrylonitré gradientcopolymer
are displayedin Fig. 13. In this specific case,various
distributions of comonomersin chainsdo not involve
remarkablechangesn segmentaimobilities, i.e. in the
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Figure 14. Small-angle x-ray scattering of two gradient
copolymers. Both copolymers contained 59 mol% acrylo-
nitrile, gradient 1 had M, =25000 and M,,/M,, =1.08, and
gradient 2 had M, = 11000 and M,/M, =1.15

positionof the a-relaxationtransitionon the temperature
scale. The transition remains at almost the same
temperaturdor block, randomandgradientcopolymers.
The storage(G') andloss(G”) moduli presentedor the
two gradientcopolymerswhich differ in the molecular
weightshow,however distinctdifferencesn behaviorat
highertemperaturesBoth copolymerscontain59 mol%
acrylonitrile, sample 1 had M, =25000 with a poly-
dispersity of M,/M,=1.08, while sample2 had M, =
11000 with a polydisperity of M,,/M,,=1.15. For the
polymerwith the smallermolecularweight, the typical
flow regimeis observedabove 150°C which probably
indicatesa homogeneoumelt state whereador the high
molecular weight polymer the long high-temperatre
plateausuggestshe microphaseseparatiorstill existing
in this temperatureangein the gradientcopolymer.

The above conjectureshave been confirmedby the
structuralevidenceobtainedfrom the small-anglex-ray
scattering.Figure 14 showsthe results of small-angle
x-ray scatteringfor samplesof the two abovegradient
copolymersdiffering only in total molecularweight. In
examiningthe resultsfor the two gradientcopolymersijt
is observedthat both samplesshow the periodicity
dependingon molecularweight. The higher molecular
weightsampledisplayeda periodicityof 22.4nm,andthe
lower molecular weight sample had a periodicity of
13.4nm. The higher molecularweight samplestayedin
thephase-separatedgimeattemperatureabove200°C.
For the lower molecularweight sample,however,the
orderdecreasewvith increasingemperatureanda single
phasewas formed at temperaturesabove 150°C. This
indicatesthat it is possibleto manipulatephasetransi-
tions by changing molecular weights and, perhaps,
compositionsandthe shapeof the gradient.

It canbe seenin Figs 11-14thatgradientcopolymers
do, in fact, exhibitthermalandmechanicapropertieghat
are different from those of both block and random
copolymers.This differencein mechanicabpropertiesis
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Figure 15. Stress—strain curves recorded for the two triblock
copolymer samples during cold drawing of films with a
constant rate of 1 min~'. ABA-isolated sample was a clean
triblock, with an M, =65200 central block of n-butyl
acrylate, two blocks of methyl methacrylate with M, =
13150 and an overall polydispersity of M,/M, = 1.34. ABA-
seguential contained a clean central block of n-butyl acrylate
of M,=67500 and two end blocks which were gradient
copolymers containing 13 mol% n-butyl acrylate and 87
mol% methyl methacrylate, with M, = 10 600 and an overall
polydispersity of M/M, = 1.24. The insert shows the small-
angle x-ray scattering intensities for these samples

alsodemonstrateth Fig. 15, which showsanexampleof
tensiletestingon two ABA triblock copolymerspoth of
which contain a clean central block of poly(n-butyl
acrylate) with M, valuesof 65200and67500.0Oneof the
sampleshad two clean poly(methyl methacrylate)end
blocks (M, =13150), the other sample had two end
blockswhich weremethyl methacrylater-butyl acrylate
gradient copolymers (13 mol% n-butyl acrylate and
M, =10600). It canbe seenthatthe additionof gradient
natureto the endblocksof the triblock copolymerled to
reducedultimate stressbut much longer elongationsat
break-evenin the case when for both samplesthe
microphaseseparatedstate was observedby meansof
the small-anglex-ray scattering(seethe inset)>°
Sincegradientcopolymersarechemicallyanisotropic,
they may be useful as compatibilizersfor immiscible
polymer blends. Copolymerscompatibilize blends by
acting as large surfactants,decreasingthe interfacial
tensionat an immiscible interface®® The ability of a
copolymerto reduceinterfacial tensiondependson the
orientationof the copolymerat the interface.In turn, for
linear chains, this orientationis a strong function of
instantaneouscomposition. Block copolymers orient
orthogonal to the interfacial surface, extending into
regions of both homopolymers.In contrast, random
copolymerslocalize at the interfacebut may weavein
and out of each componentof the blend, with little
extensioninto homopolymerdomains. Since gradient
copolymerscombine structural characteristicof block
andrandomcopolymerstheir orientationat aninterface
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may be betweenthese two extremes.Consequently,
gradient copolymersmay be able to compatibilize an
interfacealmostasefficiently asblock copolymersputat
a significantlylower cost.

Various aspectf simulatedbehaviorrelating to the
compatibilizingability of gradient,random,anddiblock
copolymersare shownin Fig. 16, which points to the
conclusion that for most aspectsof compatibilizing
behavior, the behavior of gradient copolymers lies
somewherebetweenthose of the random and block
copolymersAs seerin Fig. 16(a)>® boththerandomand
gradientcopolymersgive broaderconcentratiorprofiles
that are close to the virtual homopolymerinterface.
Figure 16(b) showsthat all of the copolymerssuppress
non-uniformityin the distribution of centersof massof
the polymer chainswith the block copolymershowing
the strongesteffect, but a significantreductionin chain
orientationpreferences only seerfor block andgradient
copolymersasshownin Fig. 16(c). Figure 16(d) shows
that the gradient copolymeris the most effective in
reducingnon-uniformityin thedistributionof chainends.
Figure 16(e) demonstrateshat the gradientcopolymer
hasan intermediateposition betweenblock andrandom
copolymeron affectingthe contactshetweerntwo phases
along the direction perpendicularto the interface.The
resultsin Fig. 16 showthat gradientcopolymersshould
be as effective as block copolymersin compatibilizing
polymer blends but with an additional advantageof
strongerreductionof variousheterogeneitieichainends,
orientations) which might influence the mechanical
strengthof the interfaces.However,their concentration
at the interface may be higher than that of the block
copolymers, which may form micelles and reverse
micellesin both of the homopolymers.

FUTURE DIRECTIONS OF THE STUDY OF
GRADIENT COPOLYMERS

Gradientcopolymerdorm a novelclassof materialsthat
only came into existencewith the advent of living
polymerizationtechniquesAs yet, the field of gradient
copolymershasnot beenthoroughlyexplored,andthere
is much opportunity for researchinto the synthesisof
gradient copolymersand the characterizationof their
unique physical properties ATRP and other CRP tech-
niguesare perhapsthe most attractive methodsfor the
synthesisof gradientcopolymersowing to the conve-
nienceand versatility of thesetechniquesandthe facile
cross-propagatiothat thesetechniquesexhibit.

Both the physical propertiesof gradientcopolymers
and the mechanisticaspectsof their synthesismust be
further studiedin orderto understandully the advan-
tagesandlimitations of this classof materials.

Further information on the rheological, mechanical
and thermal propertiesof gradientcopolymersmustbe
collectedbeforeall of the possibleapplicationsof these
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Figure 16. Distributions of (a) concentration, (b) centers of
mass of polymers, (c) orientation factor of chain end-to-end
vectors with respect to the normal to the interface, (d) chain
ends and (e) A-B contacts along a direction perpendicular to
the interface (x distance, in units of lattice constant, along
this direction). Various interfaces are considered: (1) a virtual
interface in a homopolymer, (2) A-B interface of strongly
incompatible polymers and (3), (4) and (5) A-B interfaces
modified with diblock, gradient and random copolymers,
respectively

materials can be determined.Additionally, there are
currently no convenientor effective methodsof directly
measuringsequencalistribution of monomerunitsin a
gradient copolymer?® Developing methodsto analyze
the microstructureof these copolymers better would
allow for a morecompleteunderstandingf the relation-
ship betweenmicrostructureand the physicalproperties
of the materials.
Properlyunderstandinggradientcopolymerswill also
requireamorecompleteunderstandingf themechanism
of thesecopolymerizatims. One particular mechanistic
aspectof thesecopolymerizationsis the effect of the
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dynamicsof the exchangebetweenactive and dormant
speciesin a living polymerization.It is known that the
dynamicsof this exchangehas a strong effect on the
control of molecular weight and molecular weight
distribution in a controlled/living polymerization’ but
it is not entirely clear how it influencesthe gradientin
compositionof a copolymer.

Preliminaryresultson the physicalpropertiesof these

materialsindicate that their propertieswill warrant a
greatdealof study.In additionto the uniguemechanical,
thermaland optical propertiesof thesematerials,it also
appearsthat gradient copolymersmight be useful as
blend compatibilizers.The field of gradientcopolymers
hasnotyetbeenstudiedextensivelyenougho realizethe
full potentialof thesematerials.
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